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Application of Spectrometry for Determining the Solar Radiation of Deciduous Trees’ Shade: A
Passive Energy ConservationApproach for Mediterranean Climates
Reprinted from: Buildings 2023, 13, 1130, doi:10.3390/buildings13051130 . . . . . . . . . . . . . . 110

Esam M. H. Ismaeil and Abu Elnasr E. Sobaih
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Preface

In the pursuit of sustainable development, the built environment is undergoing a profound

transformation. With a pressing need to address environmental concerns and energy efficiency, the

discourse surrounding buildings’ thermal behavior has become increasingly significant. This topical

collection, titled “Buildings’ Thermal Behaviour and Energy Efficiency for a Sustainable Construction”, stands

as a testament to the growing importance of sustainable practices in the construction industry.

Within these published papers, readers will find a comprehensive exploration of the intricate

relationship between buildings, their thermal dynamics, and energy efficiency. Authored by leading

experts and scholars in the field, each chapter delves into various facets of this critical subject matter,

offering invaluable insights, innovative approaches, and practical solutions.

From the fundamentals of heat transfer and building envelope design to advanced technologies

such as passive heating and cooling systems, this collection encapsulates the latest advancements

shaping the future of sustainable construction. Moreover, it examines the multifaceted impact of

thermal behavior on occupant comfort, indoor air quality, and overall building performance.

At its core, this collection serves as a beacon for architects, engineers, policymakers, and

stakeholders alike, guiding them towards informed decision-making and responsible practices in

building design and construction. By fostering a deeper understanding of buildings’ thermal behavior

and energy efficiency, we aim to catalyze positive change and propel the industry towards a more

sustainable and resilient future.

We extend our heartfelt gratitude to the contributors whose expertise and dedication have

enriched this compilation. Their unwavering commitment to advancing knowledge and driving

innovation is a testament to the collective effort required to tackle the challenges of the 21st century.

As editors, it is our sincere hope that this collection inspires dialogue, sparks creativity, and serves

as a catalyst for transformative action in the pursuit of sustainable construction practices.

Paulo Santos and Mark Bomberg

Editors
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Techno-Economic Analysis of the Energy Resilience
Performance of Energy-Efficient Buildings in a Cold Climate
and Participation in the Flexibility Market

Ashish Saini *, Ala Hasan * and Jari Shemeikka

VTT Technical Research Centre of Finland, Otaniemi, 02044 Espoo, Finland; jari.shemeikka@vtt.fi
* Correspondence: ashish.saini@vtt.fi (A.S.); ala_hasan@hotmail.com or ala.hasan@vtt.fi (A.H.)

Abstract: Unexpected power outages and extreme weather encouraged research on energy-resilient
buildings throughout the world. Resilient building research mainly focuses on hot weather rather
than cold extremes. This study defines resilience terminologies based on the available literature
and discusses the impact of energy efficiency on energy resilience performance in energy-efficient
buildings due to abrupt power outages in an extremely cold climate. The assessment involves the
case simulation of a multistory apartment located in southern Finland at design outdoor conditions
(−26 ◦C) in IDA-ICE 4.8, a dynamic building simulation software, and its techno-economic assessment
to ensure building resilience for up to 7 days of power outages. The assessment shows the efficient
building envelope can enhance the time taken by the building to drop the indoor temperature to the
threshold by approximately 15%. Additionally, the efficient heating system along with the building
envelope can reduce the instantaneous power demand by up to 5.3 times, peak power demand by
up to 3.5 times, and on average power consumption by 3.9 times. Similarly, the study finds that
the total energy requirement during a blackout can be reduced by 4.1 times. The study concludes
that enhanced building resilience is associated with energy-efficient parameters such as an efficient
energy system and an efficient building envelope that has low thermal losses and high thermal
inertia retention. The batteries contribute the maximum proportion to the overall retrofitting cost,
and the proportion can go up to 70% in baseline configurations and 77% in efficient configurations of
buildings. The analysis concludes that the required investment varies largely with the technologies
involved and the combination of components of these energy systems. The assessment finds that the
high investment costs associated with batteries and battery recharging costs are the main bottlenecks
to feasible flexibility in market participation.

Keywords: building resilience; energy-efficient building; energy flexibility; energy resilience;
habitability; survivability

1. Introduction

A prominent approach to decarbonization is the increasing penetration of renewables
in energy generation. An Intergovernmental Panel on Climate Change (IPCC) report
warned about the serious health risks for more than 350 million people due to the after-
effects of climate change [1]. Recent worldwide events show the susceptibility of energy
infrastructure to failure during extreme situations, such as extreme weather, natural disas-
ters, and international conflicts [2]. Lack of planning for resource utilization in development
strategies can lead to tragic consequences during extreme weather.

Residential, commercial, and public services encompass approximately 30% of Eu-
rope’s total energy consumption. Among this major portion are buildings and common
areas [3]. Abrupt weather can lead to abnormal temperatures within buildings and com-
mon areas. Thus, the buildings require retrofitting with insulators and energy systems
that can satisfy the energy demand to maintain indoor conditions during the disruption.

Buildings 2023, 13, 2936. https://doi.org/10.3390/buildings13122936 https://www.mdpi.com/journal/buildings
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This integration of energy systems, or retrofitting, involves extra investment and opera-
tional and maintenance costs. The cost involved varies with the technology used and is
constrained by numerous factors, including technological maturity, geographical locations,
local availability, and policies.

2. State of the Art

Although resilience research has been ongoing for a while, it primarily focuses on
the grid system rather than the building system. Among building resilience research,
overheating scenarios studies fill the major research proportion, and very limited research
is available on extremely cold weather conditions. Lisa and Graham examined passive
survivability assessment protocols and metrics and proposed an evaluation methodology
for building resilience. The research includes power outage simulation and analyzing
the results of building design in a multifamily building [4]. Hamdy et al. introduced the
cost-effective flexibility index (CEFI) and active survivability index (ASI) as comparison
indicators of building design to analyze survivability from an economic viewpoint in fully
electrified buildings in the cold climate of Norway [5]. Homaei and Hamdy experimented
with the quantification of thermal resilience in buildings for prolonged power outages and
formulated a standard framework for the cold climate. The study introduces weighted
unmet thermal performance as an indicator to benchmark the building resilience class [6].
Zhivov intensified the role of thermal mass in building resilience. It scrutinizes the system’s
resilience through a quantitative approach derived from analytical and experimental studies
of the extremely cold climate [7].

Ozkan and Good established the positive impact of the building envelope on main-
taining thermal resilience in both temperature extremes. They performed a comparative
evaluation of different envelope conditions within the same building with defined per-
formance indicators such as energy use intensity, thermal energy demand intensity, and
thermal autonomy [8]. Kesik et al. used thermal autonomy, passive habitability metrics,
and other critical building parameters to establish a standard framework for building
resilience benchmarking using a common set of conventions and protocols [9]. Nik et al.
discussed the different resilience definitions, emphasizing the energy systems and the
associated framework of the resilient energy systems. The paper highlights that the lack
of a standardized framework and ambiguity in resilience definitions exhibit challenges in
designing climate-resilient energy systems [10]. Attia et al. examined resilience through
varied terminologies such as vulnerability, resistance, robustness, and recovery from a
disruptive event. The difference in these terminologies thwarts reaching a consensus over
resilience calculation methodology and framework for buildings [11]. Referring to the
literature considered, it is clear that an opportunity exists to analyze building resilience in
an extremely cold climate, which will enrich the existing research and help in achieving
more resilient buildings.

As discussed above, research on resilience has been going on for some time. Along with
cold climate resilience research, there have been research studies about resilience targeting
overheating in buildings. Wang et al. developed a forecast model for heating and cooling
and analyzed the overheating severity and duration in high-thermal-performance buildings
across varied climate zones in China [12]. Roostaie and Nawari built a comprehensive
building assessment framework, integrating the sustainability framework and resilience
indicators. The paper assessed the impact of resilience indicators on building sustainability
through a decision-making trial and evaluation laboratory (DEMATEL) approach [13].
Zhang et al. investigated and highlighted the importance of resilience criterion inclusion
in the design phase in achieving resilient cooling. The technological performance was
analyzed for different cooling technologies for heatwave and power outage situations [14].
Tariq et al. scrutinized the efficacy of natural ventilation to achieve resilience during a
heatwave for locations with future warm climate scenarios by maintaining thermal comfort
and acceptable indoor air quality [15]. Shady et al. analyzed critical resilience cooling
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parameters within the building and suggested performance-driven thermal environmental
quality indicators for resilience against power outages and heatwaves [11].

3. Objective and Novelty

As seen in the state of the art, very little research focuses on resilience in cold cli-
mates. Even though the population residing in cold climates is small compared to hot or
tropical climates, extreme weather in cold regions is equally fatal and needs research and
assessment. The logistic disruption in extreme cold exacerbates the situation, apart from
infrastructure challenges. This research aims to define resilience and establish survivability
conditions for building parameters during power cut-offs in extremely cold climates. The
study paper performs a case simulation in an energy-efficient multiapartment building in
Southern Finland to present the impact of energy-efficient systems on building resilience.
Furthermore, the assessment shows the type and extent of the system required for different
resilience durations and the associated investment for retrofitting or installation. The study
explores the possibilities of the system’s participation in the flexibility market to achieve a
return on investment and increase the system’s operational time.

4. Methodology

This study first establishes its definition of resilience, habitability, and survivability
based on the technical literature in the scientific community. Similarly, this study establishes
the minimum threshold boundary condition of relevant parameters based on the academic
literature and discussions with experts.

After the parameter setup, the system proceeds to the case study simulation. The
case study progresses by developing both configurations of the buildings within IDA-ICE
4.8, a dynamic building simulation software. The building model resembles the real-
life multiapartment positive energy building located in Southern Finland [16]. IDA-ICE
provides the localization of Finland, which encompasses the standard climate file, wind
profiles, and relative humidity. Since the study aims for blackout analysis in extremely
cold climates, there was no radiation during the simulation duration, and the outdoor
temperature was modified to −26 ◦C, the design temperature condition of Southern Finland
according to the Finnish decree [17]. After establishing the model and the parameters within
the software, the study proceeds to simulate the building operations for two weeks and
record the temperature within the typical apartments. During the first week, the building
maintains the normal temperature, and grid power is available. During the start of the
second week, a blackout occurs. The study includes the simulation of two weeks to smooth
the simulation process.

The study moves ahead with the processing of simulation results in Microsoft Excel
(version 1808) to plot them as graphs. To obtain the energy and power matrix, the system is
simulated again to turn on the power supply as soon as the setpoint touches the survivabil-
ity threshold. The new simulation results are plotted as graphs to provide the energy and
power matrix sizing points for different resilience durations. Further on, the assessment
explores different energy system components that fulfill the technical requirements to
ensure building resilience during the blackout while following the pertinent constraints.
The relevant technical specifications of selected components are assumed based on real-life
components available on the market. After the selection of technologies and the sizing of
the energy system, the study performs an economic assessment of the participating energy
systems. The costs of components are comparable to those of real-life components with
similar technical specifications, and specific caution is considered for the application of
value-added tax.

Toward the end of the study, it explores the participation of the proposed energy
system in the flexibility market under two scenarios to check the return on investment of
the integrated system. The formulae used and assumptions are discussed in the respective
sections. The study performs only theoretical analysis and simulation due to the unavail-
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ability of blackout data for the Finnish region. The study finishes with the findings of the
assessment and the possible future work.

5. Material and Simulation Setup

5.1. Definitions of Resilience in Building

The state-of-the-art section depicts the variations in building resilience terminologies.
A consensus over definitions, parameters, and terminologies can expedite further research
on the same. This section presents the different definitions of building resilience and
represents the author’s definitions.

UN (United Nations) General Assembly resolution 71/276 describes resilience as
“the ability of a system, community or society to resist, absorb, accommodate, adapt
to, transform and recover from the effects of a hazard in a timely and efficient manner,
including through the preservation and restoration of its essential basic structures and
functions through risk management” [11]. The resilience definition and the associated
characteristics vary with the domain of study performing the investigation.

From an engineering perspective, a resilient building is a building that can withstand a
power outage while maintaining safe indoor environmental conditions such as operational
temperature and ventilation rate, along with the supply of minimum energy required for a
definite time or before being recovered. Table 1 shows the different definitions of building
resilience among different engineering disciplines.

Table 1. Different definitions of resilient buildings.

S. No. Definition Resilience Characteristics

1 Building resilience is the ability of a building to cope with severe weather
disruptions and recover in a timely and efficient manner [18]

Withstand, mitigation, recoverability,
rapidity

2

A resilient building is a building that is not only robust but can also fulfill its
functional requirements (withstand) during a major disruption. Its
performance might even be disrupted, but it must recover to an acceptable
level promptly in order to avoid disaster impacts [19]

Withstand, absorption, recoverability,
rapidity

3

A resilient built environment is one that is designed, located, built, operated,
and maintained in a way that maximizes the ability of built assets, associated
support systems, and the people that reside or work within the built asset to
withstand, recover from, and mitigate the impacts of threats [14]

Withstand, recoverability, mitigation

4
Resilience is the intrinsic ability of the system to proactively react to the
disruption (external or internally generated), adapt, and recover to reach a new
state of the system to serve the normal functionalities [20]

Vulnerability, adaptation,
recoverability

5

Resilient urban energy systems need to be capable of planning and preparing
for, absorbing, recovering from, and adapting to any adverse events that may
happen in the future. The complex, dynamic, and adaptive system (for
example, cities) would not necessarily return to an equilibrium state [21]

Preparation, absorption,
recoverability, adaptation

From a thermally resilient building standpoint, resilience is the ability of a building to
adapt thermally and maintain safe thermal conditions indoors during power disruptions.
Thermal conditions can be classified as habitable conditions or survivable conditions
while assessing the building’s resilience. Different terminologies, such as habitability or
survivability, define the building’s resilience based on the conditions maintained within
the building. The next paragraph presents the authors’ definitions of habitability and
survivability.

“Habitability refers to the time duration for which the building remains habitable in
case of energy supply disruption to the building due to seen or unseen circumstances”.
Habitability can further be classified as active or passive based on the components used to
maintain the indoor conditions. Passive habitability indicates the situation in which the
thermal inertia retained via the building envelope maintains the thermal conditions within
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the building. In the case of active habitability, an on-site energy system or an external
energy source assists in maintaining indoor conditions.

Moreover, “Survivability indicates the ability of a building to maintain thermal condi-
tions along with minimum operational capabilities during a power outage”. Habitability
ascribes to thermal resilience, while survivability employs thermal resilience along with
minimum operational capabilities such as lighting, appliances, sewage, and domestic hot
water. Apart from minimum operational capabilities, survivability encompasses a broader
temperature range compared to the comfortable range.

5.2. Boundary Conditions

This section explores the parameters used in building resilience and establishes a
recommended range to maintain survivability conditions within the building based on the
different literature.

According to the American Society of Heating, Refrigerating, and Air-Conditioning
Engineers (ASHRAE), the acceptable temperature range for naturally ventilated build-
ings ranges from 10 to 34 ◦C. The ASHRAE-55 model confers a prevalent mean outdoor
temperature range of 10 ◦C to 33 ◦C for passive survivability. Additionally, the ASHRAE
Thermal Environmental Conditions for Human Occupancy standard 55-2004 [22] defines
a comfort temperature range of 19–26 ◦C for winters at a maximum humidity ratio of
0.12 Kgwater/kgdryair [4]. The guide for resilient thermal energy systems design in cold
and arctic climates prescribes a minimum temperature of 16 ◦C indoors during emergency
situations such as blackouts for human comfort and maintaining dexterity in critical opera-
tions [23]. Homaei and Hamdy define the lower threshold of the habitability range in the
Norwegian environment as 15 ◦C in their work on the quantification of energy flexibility
and survivability with batteries. The habitability defined in their work is analogous to
survivability in this study [5]. Similarly, Kesik et al. define the lower temperature threshold
for passive habitability as 15 ◦C in mechanically cooled buildings. Their habitability temper-
ature corresponds to the survivability temperature threshold of this study [9]. Compiling
all the work, the advocated lower temperature threshold is 15 ◦C. This study only defines
the lower temperature threshold because the study focuses on resilience in a cold climate.

High relative humidity also impacts human health with extended exposure, but
this study considers a short-duration exposure in exceptional circumstances (one-week
blackout). Thus, this study employs standard relative humidity values, which are shown
in Table 2. The Federation for European Heating, Ventilation, and Air Conditioning
Associations prescribes 1000–2000 ppm CO2 concentration in an indoor environment and
suggests intervention if concentration goes out of this range [24]. Contrary to this, the
Finnish decree advocates an upper threshold limit in the range of 1500–1600 ppm in an
indoor environment [25]. Incorporating recommendations, the study considers the upper
threshold limit of CO2 as 1500 ppm and the lower ventilation setpoint as 1.26 m3/h/m2.
Air change within the building maintains the CO2 concentration and is depicted by the
ventilation setpoint.

The expected operational household equipment during the blackout includes a fridge,
freezer, microwave oven, communication devices (laptop, Wi-Fi, and mobile charger), and
minimum lighting. There was no usage of dishwashers, saunas, laundry, or showers during
the blackout. Figure 1 shows the typical occupants’ household behavior in the Finnish
region in terms of the proportion of average peak power used per hour of the day. The
profile incorporates the usage of the above-mentioned necessities only and is modified
based on online tools and the available literature [26,27]. Survivability conditions for a
short duration require a minimum of 5 to 7 L of hot water per day, according to the Safe
Drinking Water Foundation [28]. The study assumes an even distribution of hot water over
24 h to simplify the simulation. Table 2 represents the building’s indoor parameters for
survivability and normal conditions.
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Table 2. Building indoor parameters (setpoints) for survivability and normal conditions.

Parameters Survivability Condition Normal Condition Units

Lower temperature threshold 15 21 ◦C
CO2 upper threshold concentration 1500 800 ppm

Ventilation lower threshold 1.26 1.8 m3/h
Outside temperature −26 −26 ◦C

Domestic hot water consumption 7 48 liters/person/day
Domestic hot water idling load 1.2 1.2 W/m2 [29]

Relative humidity NA, restricted by microbial growth 20–80 %
Occupancy presence 100 60 %/24 h

 
Figure 1. Assumed power consumption profile for residents during the blackout.

Based on assumed occupants’ behavior and power consumption during a blackout, a
typical apartment consumes an average power of 113 W and 341 W of peak power. The
typical energy consumption per day, excluding space heating and domestic hot water
energy, is 2.7 kWh. Table 3 shows the space heating and domestic hot water temperatures
for the blackout duration, which follow the Finnish standards for net-zero energy buildings.

Table 3. Temperature maintained for heating and hot water within the building [29].

S. No. System Temperature Range

1 Space heating 20–35 ◦C
2 Domestic hot water 58 ◦C

This study scrutinizes an urban building block located in the Kalasatama urban area,
Helsinki, in Southern Finland, containing residential apartments and commercial spaces.
It comprises two towers with 5 floors and 13 floors, respectively, with an aggregated
area of 7391.5 m2 and an effective apartment area of 5863.84 m2. Figure 2 shows the
3D (3-dimensional) diagram of the reference building in IDA-ICE simulation software,
Version: 4.8.
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Figure 2. A 3D model of the building in IDA-ICE software [29].

The study performs a resilience simulation for two sets of energy efficiency parameters
for buildings. The two sets are named baseline configuration and efficient configuration.
The baseline configuration building derives its U-values and glazing values for the building
envelope from the Finnish building code. Similarly, the efficient configuration building
acquires these values from the Flexible user-centric energy-positive houses (EXCESS) project
under EU Horizon 2020. The district heating system ratifies the heating and domestic hot
water requirements for the baseline building configuration. However, a heat pump suffices
all the heating energy requirements in an efficient configuration building. Table 4 illustrates
the parameter values for both configuration buildings.

Table 4. Building parameters for simulation scenarios [29,30].

Building Parameters Baseline Configuration Efficient Configuration

External walls (W/m2k) 0.17 0.15
Internal walls (W/m2k) 4.02 4.02
Internal floors (W/m2k) 2.37 2.37

Roof (W/m2k) 0.09 0.09
Slab toward ground (W/m2k) 0.18 0.16

Glazing (W/m2k) 0.70 0.60
Heating type District Electric

Heating Coefficient of
Performance (COP) 0.97 4.60

Domestic hot water type District Electric
Domestic hot water COP 0.97 2.50

Ventilation control Constant air volume Constant air volume
VHR efficiency [%] 60 75

The default configuration of IDA-ICE employs ideal heaters and coolers for heating
and cooling and operates on a proportional–integral (PI) controller. These controllers cannot
record the data for the individual zones. Thus, both buildings employ a custom macro-
controller that can document individual zone temperatures. The macro-controller operates
on PI logic and maintains the normal condition and survivability condition setpoints
accordingly. After setting up the building parameters, survivability parameters, and macro-
controller, the system simulates for two weeks in both building configurations and records
the temperature profiles for all typical apartments. Both buildings withstand the blackout
in the same conditions, except for their building envelope and heating system.
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5.3. Energy and Power Required

The indoor temperature can drop below the threshold value during the blackout if no
external power is supplied. Thus, to calculate the required power to maintain survivability
temperature thresholds, the system is modified to turn on the power supply within the
building as soon as the indoor temperature touches the survivability threshold.

The hourly time-series data provide the power required at each hour to maintain the
survivability conditions. The product of the power supplied and the duration for which the
power is supplied calculates the energy required for the specific duration. In this way, the
assessment provides the power and energy matrix, which specifies the power and energy
required for each resilience duration.

5.4. Energy System for Building Resilience

The scenario under consideration includes a blackout; hence, no power is available
from the grid. Thus, external energy systems need to support the energy supply post ther-
mal inertia depletion of the building. Multiple energy systems possess the potential to fulfill
the energy requirements but are thwarted by practical constraints such as availability at the
site, space availability for installation, technological maturity, and local policies. Therefore,
diesel generators, oil boilers, and lithium-ion batteries turn out to be the most feasible
solutions considering different constraints, such as technical, economical, geographical,
and local constraints.

Diesel generators produce one-phase or three-phase electrical energy, depending on
the type of generator. The reference building employs a three-phase diesel generator and
lithium-ion batteries coupled with the inverter to supply electrical energy while the oil
boiler and heat pump deliver the heating, depending on the building configuration. The
technical specifications of the considered components reflect the technical specifications of
real-life components that can be used in the building.

As shown in Table 4, both configuration buildings require electricity as an input for
necessities other than space heating and domestic hot water. The baseline configuration
building fulfills the heat energy requirement through district heating, while the efficient
configuration building generates the heat energy through the heat pump. Since the baseline
configuration building connects to the district heating system, it needs heat as an energy
input for space heating and domestic hot water. The efficient configuration building
requires electricity as an energy input, even for space heating and domestic hot water, due
to the connection with the heat pump.

Since the baseline configuration building requires heating and electrical energy sep-
arately as input, the sizing requires two types of duration curves. On the contrary, only
electrical energy duration curves show the energy required within the efficient config-
uration building. The delivered power simulation results plot the duration curve after
sorting. The baseline configuration plots the electrical and heating energy duration curves
separately, while the efficient configuration building only plots the electrical duration curve.

5.5. Energy Systems Cost

The energy system tries to simulate real-life work. Thus, the cost of system compo-
nents also matches real-life values. The cost includes all product costs, shipment costs, and
installation costs, with special consideration of appropriate value-added tax (VAT) applica-
bility. Relevant assumptions are made for installation costs in cases of data unavailability
as per reference product installation instructions. Appendix A shows the reference costs of
the products. The prices of diesel fuel and heating oils are dynamic; thus, the final price in
the study is the average market price from 18 July to 24 October 2022. Table 5 depicts the
additional costs and fuel costs associated with the energy system integration.
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Table 5. Additional costs and fuel costs associated with the integration of energy systems.

Parameter Value Unit

VAT 24 %
Average monthly salary—skilled labor 3311 EUR/month [31]

Diesel cost 2.14 EUR/L [32]
Heating oil cost 0.096528 EUR/L [33]

Heating installation cost 10% of equipment [34]
Occupancy (area of component/total area) 70 %

Other electronics cost 0.05 EUR/W
Battery system operation and maintenance cost 5 EUR/Wp/a

5.6. Energy Flexibility

The integration of the energy system is a precautionary measure to withstand un-
planned power outages. Since the integrated system includes different components, with
strategic implementation, some components can operate during normal duration without
impacting the building’s resilience potential. The expanded operation opens the possibility
of increased operational time for the system and helps in achieving a return on investment.

The increased renewable energy penetration in electricity and energy-intensive equip-
ment usage has increased power quality disruptions in the form of harmonics, voltage,
and frequency disruptions [35]. A new market emerged due to these disruptions, ensuring
the grid’s operation according to the National Code. Energy reserves with rapid power
delivery capabilities can participate in this market and earn revenue for their service. These
energy markets are called ancillary services markets or flexibility markets. The differ-
ent types of ancillary markets include frequency containment reserve (FCR), frequency
restoration reserve (FRR), and fast frequency reserve (FFR), depending upon the activation
time from the start of disruption. These energy markets operate in the form of a yearly
market or hourly market, based on which participation requirements change. Each market
requires a minimum size of bid to participate [36]. The systems with less power reserve
availability can participate through an aggregator who charges a fee in exchange for its
service. The aggregator combines the smaller power reserves and regulates them according
to the TSO’s requirements.

Due to the smaller size of building power reserves, the study considers participation in
the hourly market. This study performs a perfunctory calculation to assess the impact of the
participation of energy systems in the flexibility market on achieving a return on investment.
Appendix B describes the assumptions for participation in the flexibility market in both sce-
narios. It describes the system characteristics participating in the flexibility market for both
building configurations. The first scenario considers daily participation with full reserve
activation, while the second scenario considers daily participation with no reserve activa-
tion. Economic calculations assess the system’s feasibility to participate in the flexibility
market and achieve a return on investment using the system’s characteristics. The revenue
calculation employs the capacity fee calculation formula prescribed by FINGRID for partic-
ipation in the respective flexibility markets, which are shown in Equations (1) and (2) [37].
The return-on-investment time calculation and net yearly revenue calculations employ
Equations (3) and (4).

Capacity fee (€) = maintained reserve capacity (MW,h) × hourly market price (€/MW,h) − sanctions (€) (1)

Sanctions (€) = reserve capacity not delivered (MW,h) × 3 × hourly market price for specific hour (€/MW,h) (2)

Return on investment (years) = system cost/net yearly revenue (3)

Net yearly revenue (€) = yearly revenue (€) − yearly recharging cost (€) (4)
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6. Simulation Results and Discussion

The simulation duration is two weeks, during which the building operates at normal
conditions for the first week. The blackout occurs at the start of the second week, and
the building tries to maintain the survivability conditions indoors. This section discusses
the results of the building simulations performed in IDA-ICE with the above-mentioned
boundary conditions.

6.1. Temperature Decay Profile

The custom macro-controller records the temperature profile in all typical apart-
ments for both building configurations. The temperature decay profiles are represented in
Figures 3 and 4 for efficient and baseline building configurations, respectively. The build-
ing operates at normal conditions during the first week, and then the blackout occurs at
the 168th hour. The indoor temperature within both buildings starts to drop and follows
the curve as shown in the figures. The multiple lines imply the variation in temperature
drop rate in different apartments due to the number of parameters such as the size of the
apartment, location within the building, and so on. The apartments’ names follow the
building drawing convention for both configuration buildings [38].

 

Figure 3. Temperature decay profiles of all typical zones in the efficient configuration building.

Table 6 presents the maximum, minimum, and average time taken by the apartments to
drop the indoor temperature to the survivability condition threshold. From Figures 3 and 4,
and Table 6, it is clear that the typical apartments with an efficient configuration building
take more time to drop the indoor temperature to the lower temperature threshold value of
the survivability parameters. The analysis shows that on an average basis, a typical apart-
ment with the efficient configuration takes 15% more time than the baseline configuration
building apartment to drop the indoor temperature to the lower temperature threshold.
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Figure 4. Temperature decay profiles of all typical zones in the baseline configuration building.

Table 6. Maximum, minimum, and average time taken by the typical zones to drop the zone temperature
to 15 ◦C.

Time Taken in Hours to Drop
the Temperature to 15 ◦C

Baseline Configuration
Building (in Hours)

Efficient Configuration
Building (in Hours)

Minimum time 36 42
Maximum time 131 151
Average time 79 93

Figure 5 represents the temperature profile of apartments, which takes the maximum,
minimum, and closest to the average time to drop the indoor temperature to 15 ◦C. The
efficient configuration building apartments take more decay time. The blackout occurs
at the same temperature in both configuration buildings while maintaining the same sur-
vivability conditions. The only difference among buildings lies in the building envelope
parameters and energy system for heating. Since no heat supply occurs during the black-
out, it is clear that the improved building envelope parameters, higher thermal inertia
retention, and lower thermal loss rate enhance the decay time in efficient configuration
building apartments.
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Figure 5. Temperature decay profile for apartments with maximum, minimum, and closest to
the average time in both configuration buildings (dotted lines represent baseline configuration
building zones).

6.2. Delivered Power

As evident from Figure 5, the temperature within the building keeps dropping below
the survivability threshold if no power is supplied during the blackout. Hence, the system
is simulated with the macro-controller to turn on the power supply as soon as the setpoints
touch the survivability threshold. The simulated results provide the temperature and
power required to maintain the survivability parameters within the building. Additionally,
IDA-ICE can classify the total power consumption among different components.

As discussed previously, both buildings differ in the building envelope and the heat-
ing system used. Thus, space heating–electric and domestic hot water–electric represent
typical electrical energy consumption in maintaining thermal setpoints of space heating
and domestic hot water production in an efficient configuration building. Similarly, space
heating–thermal and domestic hot water–thermal illustrate heat energy input for the base-
line configuration building. HVAC implies the ventilation system power that maintains the
CO2 concentration and moisture level within the building. Equipment resident and lighting
resident refer to the electrical energy consumption for household amenities and light bulbs,
respectively. Figure 6 shows the power consumption among different components during
the simulation period in both configuration buildings.

Both configuration buildings have almost equal power requirements for equipment
resident and lighting resident because of the same occupant behavior and the same house-
hold appliance usage. The slight difference observed in equipment energy consumption is
due to the variation in internal gains due to the different thermal envelopes and thermal
loss rates. HVAC electricity consumption in an efficient configuration building is less
due to the lower ventilation setpoints. The efficient configuration building’s peak power
consumption in space heating and domestic hot water is much less compared to the base-
line configuration building. This is due to the highly efficient heat pump, better thermal
envelope, and low thermal losses. The heat pump operates at a COP ranging from 3 to 5
against the standard district heating COP of 0.98 as per the Finnish localization of IDA-ICE.
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Figure 6. Power delivered during the simulation period in both configuration buildings (dotted lines
represent the baseline configuration building).

The combined effect of the improved building envelope and highly efficient heat pump
leads to 3 to 5.3 times less peak power requirement in the efficient configuration building
compared to the baseline configuration building, which is shown in Figure 7. On an average
consumption basis, the baseline configuration building consumes 3.9 times more power.
This indicates that more energy-efficient heating systems, along with improved building
parameters, help achieve building resilience.

 
Figure 7. Power required to maintain survivability parameters within both configuration buildings
(the dotted line represents the baseline configuration building).

6.3. Power and Energy Matrix for Building Resilience

The section explores the peak power and total energy required to maintain the sur-
vivability conditions for different resilience durations within both configuration buildings
based on the simulation results from the delivered power section. Figure 8 depicts the peak
power and peak power per m2 needed in both configuration buildings to maintain the
survivability conditions for resilience duration varying from 1 to 7 days.
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Figure 8. Peak power and power per m2 needed in both configuration buildings for different
resilience durations (circle represents the baseline configuration building).

The peak power required in both configuration buildings increases with the resilience
duration. The rate of increment is higher in baseline configuration building because of
the less efficient heating systems, reduced thermal inertia retention, and higher thermal
losses from the building envelope. From Figure 8, it is clear that the baseline configuration
building dissipates 3.1 to 3.6 times more peak power than the efficient configuration
building. The peak power per m2 follows the same trend as peak power, as both buildings
occupy the same area. The use of a less efficient heating system and a less thermal-
resistant building envelope causes increased power consumption within the baseline
configuration building.

Therefore, an efficient heating system and an improved building envelope, which
help in higher thermal inertia retention and fewer thermal losses, enhance the building’s
resilience prospects.

Table 7 depicts the peak power requirement among different components for both
configuration buildings. Analyzing Table 7 shows that within the baseline configuration
building, space heating consumes the maximum power amount followed by equipment
resident and domestic hot water for all resilience durations. Less efficient heating systems,
higher thermal losses, and lower thermal inertia retention cause the maximum power
requirement in space heating, hence this power consumption trend.

Considering the efficient configuration building’s power consumption trend, the order
for the first two days is equipment resident, followed by space heating and domestic
hot water. From the third day, the power dissipation order among components is the
same as in the baseline configuration building. In an efficient configuration building, the
power consumption trend among components during the initial days varies due to higher
thermal inertia retention for the increased duration due to the efficient building envelope.
Table 8 shows the peak power per m2 among different components in both configuration
buildings, and the consumption trend is the same as observed in peak power for the
respective buildings.
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Figure 9 shows the total energy and energy per m2 required in both configuration
buildings for different resilience durations. Similar to the peak power, total energy and
energy per m2 needed in both configurations increase with enlarged resilience duration.
The rate of increment in the baseline configuration is much higher than in the efficient
configuration building. Through analysis of Figure 9, it is evident that the baseline config-
uration building consumes 3.7 to 4.1 times more energy than the baseline configuration
building. The energy consumption ratio and rate of energy consumption increase with
resilience duration more in the baseline configuration building because of the less efficient
heating system and higher thermal losses. The less efficient heating system and high
thermal losses mandate the steady usage of higher average power for a longer duration,
which causes this energy requirement trend. Tables 9 and 10 depict the classification of
total energy and energy per m2 consumed by different components in both configuration
buildings, respectively.

 

Figure 9. Total energy and energy per m2 needed in both building configurations for different
resilience durations (circle represents the baseline building configuration).

On analyzing Tables 7–10 together, it is clear that the same components occupy the
maximum proportion of total energy consumption as in peak power consumption for
the baseline configuration building. The order of energy consumption in an efficient
configuration building is space heating, followed by equipment resident and domestic hot
water. It is clear from Figure 6 that the equipment resident consumes more peak power
than space heating for the first two days, but the duration of peak power is relatively small
during the entire day. The total energy is the average power consumed throughout the
resilience duration. Thus, on an average power basis, space heating consumes more energy
throughout the day, which leads to the above-discussed trend of energy consumption
within an efficient configuration building.
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6.4. Energy System Sizing for Building Resilience

The Energy System for Building Resilience section discussed the different energy
systems that possess the capability to fulfill the energy requirement following the different
constraints. This section deals with the sizing of those components to ensure building
resilience for different resilience durations.

As mentioned before, efficient configuration building plots the electrical energy dura-
tion curve, which is shown in Figure 10. The duration curve in Figure 10 shows that 75%
of the total time requires less than 40 kW of peak power for 1-day resilience. Similarly,
for 2- and 3-day resilience, 84% and 70% of total time require less than 45 kW of peak
power; 80% of total time requires less than 50 kW of peak power for a resilience duration of
4 to 7 days.

 

Figure 10. Electrical power duration curves for an efficient building configuration.

Figure 11 shows the electrical power consumption within the efficient configuration
building. It also describes the average power consumption for each resilience duration.
Along with these, it also depicts the duration for which the power requirement is fulfilled if
different generators (with technical specifications similar to real life) provide power supply
for the mentioned resilience duration.

Peak power consumption occurs for a very short duration, and average power is more
than instantaneous power for the majority of the time, as shown in Figure 11. Therefore, the
generator fulfills the energy supply until the above-mentioned power consumption point
to avoid excess oversizing of the generator. The battery assists in fulfilling the remaining
energy peak.

Similarly, Figure 12 shows the electrical and thermal power duration curves for each
resilience duration for the baseline configuration building. Figure 13 represents the instan-
taneous heating and electrical power curve for the baseline configuration building. The
electrical power duration curves have steep peak power for a short duration, as shown in
Figure 13. Thus, the electrical power is divided among batteries and generators in such
a way that the generator compensates for more than the average power and the battery
assists with the remaining peak power. The heating power is separately provided using
the boilers.

The combined analysis of Figures 10–13 gives the sizing points for power distribution
among electrical (generator and battery) and heating. Table 11 represents the discussed total
power distribution among heating and electrical components for both configuration buildings.

The technical specifications, such as the rated power of selected generators, are closest
to the average required power and resemble the power rating of real-life equipment. The
battery and power conversion device’s technical specifications also resemble those of a real-
life product with the potential to fulfill energy requirements. Major technical specifications
for generators and batteries are shown in Appendix A.
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Figure 11. Peak power, average power needed, and average generator power for different resilience
durations of an efficient configuration building.

 

Figure 12. Electrical and heating power duration curves for the baseline configuration building
(electrical power is represented by dotted lines).
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Figure 13. Peak power, average power needed, and average generator power for different resilience
durations in the baseline configuration building.

Table 11. Peak power distribution among heating and electrical components for both building
configurations.

Resilience
Duration

Efficient Configuration Building Baseline Configuration Building

Total
Power

Generator-Rated
Power

Generator
Power

Battery
Power

Total
Power

Heating Power
Required

Electrical Power Required
Generator Battery

kW kW kW kW kW kW kW kW

1 day 53 64 40 13 167 137 20 10
2 days 59 64 45 14 173 143 20 10
3 days 60 64 45 16 180 149 20 11
4 days 62 80 50 12 187 156 20 11
5 days 63 80 50 14 195 165 20 10
6 days 65 80 50 15 209 178 20 11
7 days 67 80 50 17 223 193 20 10

The system assesses the combination of energy system components that can ensure
building resilience for different durations for both configuration buildings. The assess-
ment of energy systems assesses the different scenarios of system components for both
configuration buildings. The baseline configuration includes a system containing all boilers,
generators, and batteries, a system containing only boilers and generators, and a system
containing only boilers and batteries. Similarly, the efficient configuration building assess-
ment includes scenarios combining both generators and batteries, only generators, and
only batteries. The scenarios in both configuration buildings give the range of components
needed for any resilience duration in each configuration building, for any resilience dura-
tion of up to 7 days. The assessment ensures that the combination of components in each
system fulfills the power and energy requirements for each duration while following the
electrical technical constraint.

Table 12 shows the different combinations of components of energy systems in an
efficient configuration and baseline configuration building, respectively, that fulfill the
energy requirements during the power outage.
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Analyzing Table 12, within the efficient configuration building, the number of battery
modules used observes a dip after 3 days due to a change in the prime-rated power of
generators used. The baseline configuration building shows an increasing trend in the
number of batteries used with the resilience duration due to the constant rated power of
the generator for all resilience durations. Two sets of generators in both buildings ensure
that the system can withstand the worst scenario, which is a blackout when the batteries
are discharged.

6.5. Energy System Cost Matrix for Resilience Duration

This section discusses the retrofitting cost of energy systems within the buildings
calculated using the product and the additional costs mentioned in Appendix A and
Table 5. Table 13 represents the overall cost needed and cost per m2 needed to maintain
resilience through different combinations of components within both configuration build-
ings. Compared to the system with no batteries, the retrofitting cost is low in the efficient
configuration building. The same component ensures the energy supply for both energy
types (heat and electricity). Hence, the observed trend is due to the single energy input in
the efficient configuration building versus two separate energy inputs in the baseline con-
figuration building. The two separate energy requirements imply the usage of two types of
components, which means more initial investment. Both configuration buildings consume
similar amounts of energy, except for thermal temperature maintenance. Thus, the cost
increment rate with prolonged resilience duration is low in the efficient configuration build-
ing because of fewer thermal losses and a more efficient heating system, which together
lead to less fuel consumption to maintain survivability conditions.

Analyzing the no-generator systems, the batteries supply electrical energy in this
case. The baseline configuration building directly obtains heat from the boiler and has
less associated investment and operational costs. In an efficient configuration building,
electricity is required as an input, even for heating. The heat pump consumes electricity
to produce heat energy, thus requiring additional energy conversion. More batteries are
required to fulfill the energy demand, thus resulting in more investment costs. Hence, the
single type of energy input leads to a higher retrofitting cost in an efficient configuration
building. The trend in the proposed system (containing both batteries and a generator) for
retrofitting costs varies with the rated power of the generator included in the system to
supply electricity.

Figure 14 depicts the distribution of overall cost among different components of the
system containing both generators and batteries for both building configurations. Both
graphs show that the batteries occupy the maximum proportion of the overall cost for all
resilience durations, and the proportion varies from 40% to 77% of the overall cost. In
an efficient configuration building, for a small resilience duration, the generator cost is
higher than the safety and storage cost at constant generator power, while for a higher
resilience duration, the safety and storage cost is higher. This trend appears due to the
increasing area required by the system and the additional safety compliance arrangements
associated with that area. For short-period resilience, the system requires a smaller number
of batteries and generators, resulting in less area and a low proportion of overall cost.
With increased resilience duration, the number of batteries required increases even with a
constant number of generators. Therefore, with increased resilience duration, safety and
storage cost constitute the second-largest proportion of the overall cost. A similar trend
is observed in the baseline configuration building: for smaller resilience durations, the
generator and boiler occupy a higher proportion of the overall cost against the safety and
storage cost. With the increased resilience duration, the area requirement increases, thus
safety and storage cost become the largest contributor to the overall cost next to the battery
in retrofitted energy systems.
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Figure 14. Component distribution in the overall cost of the proposed system ((a): efficient configura-
tion building and (b): baseline configuration building).

Figure 14 shows that batteries constitute the maximum proportion of the overall cost,
and the associated initial investment cost is also higher. Thus, the efficient configuration
building has a higher resilience cost because the heating energy required is supplied
through a heat pump, which requires electrical input. However, the boiler supplies the
heat directly in the baseline configuration building, thus resulting in less retrofitting costs.

6.6. Flexibility Market Participation

This section assesses the participation of both configuration building energy systems
in the flexibility market under two scenarios. The first scenario involves daily partici-
pation with full reserve activation all the time, and the second scenario considers daily
participation with no reserve activation. Appendix B describes the assumptions for both sce-
narios’ participation in the flexibility market. Additionally, it discusses the characteristics
of integrated energy systems for both configuration buildings.

Table 14 shows the yearly recharging cost and the revenue generated through partici-
pation in different flexibility markets at the full activation scenario at March 2022 electricity
prices for both configuration buildings. The analysis of Table 14 shows that the yearly
recharging cost of participation in the flexibility market is more than the revenue earned
through participation in the respective flexibility market for efficient configuration building.
While in the baseline configuration building, the revenue is higher than the recharging cost
in the case of the aFRR market with the most favorable bidding price. Even in this case
of higher revenue, the return-on-investment time is higher than 10 years, which is more
than the lithium-ion battery shelf life. Hence, the system becomes non-feasible in a full
activation scenario at the March 2022 electricity prices. Since the electricity price in October
2022 is almost 3–4 times higher than March 2022 electricity prices, there is therefore no
return on investment at higher electricity prices in both configuration buildings’ energy
systems under the full reserve activation scenario.

The above-discussed energy market compensation is capacity-based. Thus, the sce-
nario with an equal number of hours of participation per day with no reserve activation will
not have any recharging costs. Hence, the system will have a return on investment even
within the feasible time limit. Table 15 shows the revenue earned through participation in
the energy market in the case of no activation of the reserve.

24



Buildings 2023, 13, 2936

T
a

b
le

1
4

.
Ye

ar
ly

re
ch

ar
gi

ng
co

st
an

d
p

ot
en

ti
al

re
ve

nu
e

fr
om

p
ar

ti
ci

p
at

io
n

in
va

ri
ou

s
fl

ex
ib

ili
ty

m
ar

ke
ts

by
th

e
en

er
gy

sy
st

em
s

of
bo

th
co

nfi
gu

ra
ti

on
bu

ild
in

gs
at

M
ar

ch
20

22
el

ec
tr

ic
it

y
pr

ic
es

in
fu

ll
ac

ti
va

ti
on

sc
en

ar
io

.

R
e
si

li
e
n

ce
D

u
ra

ti
o

n

E
ffi

ci
e
n

t
C

o
n

fi
g

u
ra

ti
o

n
B

u
il

d
in

g
B

a
se

li
n

e
C

o
n

fi
g

u
ra

ti
o

n
B

u
il

d
in

g

Y
e
a
rl

y
R

e
ch

a
rg

-
in

g
C

o
st

Y
e
a
rl

y
R

e
ch

a
rg

-
in

g
C

o
st

fo
r

F
C

R
-N

M
a
rk

e
t

P
o

te
n

ti
a
l

R
e
v

e
n

u
e

Y
e
a
rl

y
R

e
ch

a
rg

-
in

g
C

o
st

Y
e
a
rl

y
R

e
ch

a
rg

-
in

g
C

o
st

fo
r

F
C

R
-N

M
a
rk

e
t

P
o

te
n

ti
a
l

R
e
v

e
n

u
e

P
a
rt

ic
ip

a
ti

o
n

in
F

C
R

-N
P

a
rt

ic
ip

a
ti

o
n

in
F

C
R

-D
P

a
rt

ic
ip

a
ti

o
n

in
a
F

R
R

P
a
rt

ic
ip

a
ti

o
n

in
F

C
R

-N
P

a
rt

ic
ip

a
ti

o
n

in
F

C
R

-D
P

a
rt

ic
ip

a
ti

o
n

in
a
F

R
R

6
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

2
0
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

6
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

2
0
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

6
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

2
0
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

6
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

2
0
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

6
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

2
0
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

6
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

2
0
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
da

y
29

.0
2.

3
7.

7
0.

2
0.

8
4.

6
15

.3
26

.6
2.

3
7.

7
0.

5
1.

7
10

.5
35

.0
2

da
ys

48
.4

3.
8

12
.8

0.
4

1.
3

7.
7

25
.5

53
.2

4.
6

15
.3

1.
0

3.
5

28
.0

70
.0

3
da

ys
12

5.
7

11
5.

2
10

.0
33

.2
1.

0
3.

3
19

.9
66

.4
77

.4
70

.9
6.

1
20

.4
1.

4
4.

6
37

.3
93

.3
4

da
ys

67
.7

62
.1

5.
4

17
.9

0.
5

1.
8

10
.7

35
.7

10
6.

4
97

.5
8.

4
28

.1
1.

9
6.

4
51

.3
12

8.
3

5
da

ys
96

.7
88

.6
7.

7
25

.5
0.

8
2.

5
15

.3
51

.0
12

5.
7

11
5.

2
10

.0
33

.2
2.

3
7.

5
60

.7
15

1.
7

6
da

ys
15

4.
7

14
1.

8
12

.3
40

.8
1.

2
4.

1
24

.5
81

.7
16

4.
4

14
1.

8
13

.0
43

.4
3.

0
9.

8
79

.3
19

8.
3

7
da

ys
26

1.
1

23
9.

3
20

.7
68

.9
2.

1
6.

8
41

.3
13

7.
8

18
3.

7
16

8.
4

14
.6

48
.5

3.
3

11
.0

88
.7

22
1.

7

T
a

b
le

1
5

.
Ye

ar
ly

re
ch

ar
gi

ng
co

st
an

d
p

ot
en

ti
al

re
ve

nu
e

fr
om

p
ar

ti
ci

p
at

io
n

in
va

ri
ou

s
fl

ex
ib

ili
ty

m
ar

ke
ts

by
th

e
en

er
gy

sy
st

em
s

of
bo

th
co

nfi
gu

ra
ti

on
bu

ild
in

gs
at

M
ar

ch
20

22
el

ec
tr

ic
it

y
pr

ic
es

in
no

ac
ti

va
ti

on
sc

en
ar

io
.

R
e
si

li
e
n

ce
D

u
ra

ti
o

n

E
ffi

ci
e
n

t
C

o
n

fi
g

u
ra

ti
o

n
B

u
il

d
in

g
B

a
se

li
n

e
C

o
n

fi
g

u
ra

ti
o

n
B

u
il

d
in

g

S
y

st
e
m

C
o

st

P
o

te
n

ti
a
l

R
e
v

e
n

u
e

S
y

st
e
m

C
o

st

P
o

te
n

ti
a
l

R
e
v

e
n

u
e

P
a
rt

ic
ip

a
ti

o
n

in
F

C
R

-N
P

a
rt

ic
ip

a
ti

o
n

in
F

C
R

-D
P

a
rt

ic
ip

a
ti

o
n

in
a
F

R
R

P
a
rt

ic
ip

a
ti

o
n

in
F

C
R

-N
P

a
rt

ic
ip

a
ti

o
n

in
F

C
R

-D
P

a
rt

ic
ip

a
ti

o
n

in
a
F

R
R

6
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

2
0
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

6
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

2
0
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

6
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

2
0
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

6
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

2
0
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

6
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

2
0
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

6
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

2
0
0
%

o
f

A
v

e
ra

g
e

P
ri

ce

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
0
0
0
×E

U
R

1
da

y
15

2.
2

2.
6

8.
6

0.
2

0.
8

6.
9

23
.0

17
1.

0
2.

6
8.

6
0.

2
0.

8
6.

9
23

.0
2

da
ys

20
6.

3
4.

3
14

.3
0.

4
1.

4
11

.5
38

.3
24

9.
6

5.
1

17
.1

0.
5

1.
7

13
.8

45
.9

3
da

ys
41

3.
1

11
.1

37
.1

1.
1

3.
6

29
.9

99
.5

30
4.

4
6.

9
22

.9
0.

7
2.

2
18

.4
61

.2
4

da
ys

27
0.

0
6.

0
20

.0
0.

6
1.

9
16

.1
53

.6
38

6.
1

9.
4

31
.4

0.
9

3.
0

25
.3

84
.2

5
da

ys
34

8.
5

8.
6

28
.6

0.
8

2.
8

23
.0

76
.5

44
0.

9
11

.1
37

.1
1.

1
3.

6
29

.9
99

.5
6

da
ys

50
4.

9
13

.7
45

.7
1.

3
4.

4
36

.7
12

2.
5

54
6.

5
14

.6
48

.6
1.

4
4.

7
39

.0
13

0.
1

7
da

ys
79

0.
1

23
.1

77
.2

2.
2

7.
4

62
.0

20
6.

7
60

1.
2

16
.3

54
.3

1.
6

5.
2

43
.6

14
5.

4

25



Buildings 2023, 13, 2936

From Tables 14 and 15, it is clear that the possible reasons for no return on investment
in energy systems include the high electricity cost of battery recharge and the high initial
investment of battery modules. However, an increasing number of battery energy storage
system plants as reserves in the flexibility market indicates the probable future feasibility
of the technology. The reduction in battery investment costs may help make this concept
more feasible. Additionally, an onsite renewable energy system also supports the flexibility
and market participation of energy reserves.

7. Conclusions

The recent trends indicate the challenge of climate change to human health and
dwellings. The study shows the lack of research on resilience in extremely cold climates.
The existing research does not assume consensus over terminologies, characteristics, or
thresholds for relevant parameters. This study establishes the terminology and threshold
parameters by compiling the available literature. This will further support resilience
analysis in extremely cold climates.

Simulation results from IDA-ICE show that the time taken by the building to drop
the indoor temperature to the threshold value from the normal temperature increases by
15%. The efficient building envelope, having higher thermal inertia retention and low
thermal losses, enhances the building’s resilience. The integration of an efficient heating
system along with the building envelope reduces instantaneous power consumption by
3 to 5.3 times and, on an average basis, by 3.9 times. While peak power reduces by a
range of 3.1 to 3.6 times, depending on the resilience duration, the total energy required
similarly reduces by 3.7 to 4.1 times due to the efficient building envelope and efficient
heating system.

Withstanding all the technical requirements and applicable constraints for energy
systems—diesel generators, lithium-ion batteries, and oil boilers—are found apt and sized
for usage in both buildings. Real-life products’ analogous technical specifications and
prices simulate the system closer to reality. The economic assessment shows that bat-
tery proportions in overall cost can go up to 70% and 77% in the baseline and efficient
building configuration, respectively. The range of investment needed highly depends
upon the number of batteries involved in the system. The range of investment varies
from 10.09 EUR/m2 to 10.86 EUR/m2 for the efficient configuration building and from
15.97 EUR/m2 to 20.84 EUR/m2 for the baseline configuration building in the case of no
battery system. For the system with no generator, the efficient configuration building’s
resilience cost varies from 107 EUR/m2 to 922 EUR/m2. The baseline configuration build-
ing’s resilience cost varies from 59 EUR/m2 to 367 EUR/m2 depending upon the duration
of resilience. The system containing no batteries has a very low retrofitting cost because of
the lower initial investment and the lower associated fuel cost.

Ancillary services markets emerged as the outcome of grid fluctuations. The reserves
can participate within them to ensure the grid’s operation according to the National Code
and earn revenue for their service. This study assessed the participation of building reserves
in different hourly ancillary markets for two scenarios, including full activation of reserves
and no activation of reserves. In the full activation scenario, the recharging cost of the
battery is higher than the potential revenue in both configuration buildings. Thus, no return
is feasible in the situation of recharging from grid electricity. The scenario with no activation
of reserves implies a feasible return on investment because no battery recharging cost is
incurred during participation. The increasing number of renewable-integrated battery
reserve pilot plants participating in the flexibility market also corroborates the same. Thus,
more of these systems can participate in flexibility markets in the future if battery costs are
reduced, or an onsite renewable energy generation system is installed.
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8. Future Work

This work can be further extended to assess and establish the resilience characteristics
of buildings in extreme cold climates. The assessment included the case simulation in
the multiapartment building, which primarily comprises the newly built buildings. Thus,
the study can be expanded to the different building stocks available. The energy system
retrofitting varies with the type of building and location of the site, thus also extending
the techno-economic assessment to the different building stocks. This study assesses the
participation in the flexibility market for a range of revenue with appropriate assumptions
to simplify the calculations. Thus, participation in the flexibility market can be assessed for
the more realistic operational scenario.
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Appendix A

• Battery cell specifications

Parameter Value Unit

Rated power 7 kW
Peak power 11 kW

Battery efficiency 90 %
Area 0.15 m2

Product cost 8987 EUR
Shipment cost 95 EUR

• Inverter

Parameter Value Unit

Maximum power input 45 kW
Maximum current input 43.5 Adc

Input voltage 680–1000 Vdc
Maximum power output 29.9 kW
Maximum current output 43.5 Aac

Output voltage (line to neutral) 230 Vac
Output voltage (line to line) 400 Vac

Inverter efficiency 98 %
Area 0.12 m2

Product cost 2190 EUR
Shipment cost 70 EUR

Maximum power input 45 kW
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• Generators

Parameter Type 1 Type 2 Type 3 Type 4 Type 5 Unit

Rated power 24 32 48 64 80 kW
Fuel consumption at full 6.7 9.4 19.2 19.2 23.8 L/h

Fuel consumption at (3/4)th 5.9 7.1 14.6 14.6 17.9 L/h
Generator area 1.26 1.97 2.79 2.90 2.90 m2

Product cost 12,350 13,400 16,700 17,150 18,950 EUR
Shipment cost 155 155 155 155 155 EUR
Rated power 24 32 48 64 80 kW

• Boilers

Parameter Value Unit

Thermal power 70 kW
Effective thermal power 65.43 kW

Electrical power 6 kW
Efficiency 93.47 %

Area 0.49 m2

• Boiler burner

Parameter Value Unit

Power rating (up to) 120 kW
Area 0.18 m2

Appendix B

The following are the assumptions made in the calculation of potential revenue
through participation in the flexibility market:

1. During analysis, the battery reserve participates in only one type of flexibility market
for the entire year;

2. The time duration of January 2022 to October 2022 has been analyzed to calculate the
potential number of bids;

3. The bid is procured daily for the entire year, and procurement of the bid is conducted
in the same proportion as it was conducted from January 2022 to October 2022;

4. In the case of full activation, the reserve is activated all the times for which the bid
is accepted;

5. In case of no activation, the bid is accepted, and the reserve will provide the flexibility
capacity, but the reserve will not be activated;

6. The price for which the bid is accepted is considered constant, which is the average of
the actual bidding price in the respective market for the mentioned time duration;

7. Aggregator facilitates the small reserves’ participation in the flexibility market and
charges 20% of revenue for the service;

8. The electricity price in the year 2022 varies a lot. Thus, the calculations are performed
with the average electricity price for March 2022. Sensitivity analysis was performed
with an electricity price of October 2022;

9. No replacement of batteries is considered. Hence, no replacement cost is included in
the calculations;

10. The participation of batteries is considered in the complete number of hours;
11. Batteries’ charging and discharging times are considered equal;
12. In the case of participation in the FCR-N market, the batteries are to be maintained at

a 50% state of charge at all times due to their symmetric nature. Therefore, only half
of the energy reserve can be used.
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Abstract: Ensuring good indoor air quality in the spaces within educational centres is essential
for the health and academic performance of students. In this sense, studying the evolution of
health pollutants and their relationship with the environmental parameters of indoor humidity and
temperature presents a challenge for the design of more efficient and comfortable buildings with a
lower risk of virus infection. In this work, the relationship between pollution levels and SARS-CoV-2
virus infections in the academic year 2021/22 is shown, comparing the pollution values measured
on-site with the value of the official measuring stations of the Community of Madrid. In addition,
the impact of ventilation measures implemented during this period is assessed, aiming to establish
guidelines for ensuring a safer and healthier school environment. It was found that during winter
months, when there is less outdoor ventilation, pollution levels exceeded the recommended limits,
according to reference regulations. This highlights the need for interior conditioning strategies in
educational spaces. Thus, this multidimensional approach, considering both airborne pollutants and
weather conditions, provides a comprehensive perspective on indoor air quality in school buildings
in the central area of a metropolitan city, such as the Community of Madrid.

Keywords: indoor air quality (IAQ); educational buildings; classrooms; contagion risk; pollutants

1. Introduction

Sustainability is nowadays a major concern for the building and civil engineering
industries, which have been embracing three major performance assessment criteria: (a) en-
vironmental; (b) economic; and (c) social [1]. Regarding buildings’ life-cycle social assess-
ment [2], there are several performance evaluation categories, namely: (i) Accessibility;
(ii) Adaptability; (iii) Health and Comfort; (iv) Impacts on the Neighbourhood; (v) Main-
tenance and Maintainability; and (vi) Safety and Security. Concerning the (iii) Health
and Comfort category, Santos et al. [3] assessed the indoor air quality (IAQ) and thermal
characteristics of three Portuguese schools for higher education, making use of numerical
simulation models, instead of in situ measurements.

In another research work about the same educational buildings, Santos et al. [4]
performed a more complete social performance evaluation, where, besides the above-
mentioned sub-criteria (thermal characteristics and IAQ), three additional buildings’ charac-
teristics were evaluated, specifically: acoustic, visual comfort and spatial. It was concluded
that one of the evaluated school buildings had a much better IAQ, i.e., smaller indoor CO2
concentration above the external environment, due to increased natural ventilation (larger
windows’ area) and a consequent higher air renewal rate.
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There are several studies showing how poor IAQ in classrooms has a negative impact
on student learning [5]. More specifically, it has been corroborated that low IAQ levels
decrease school performance [6] and can have harmful effects on the physical and mental
health of students, because of prolonged periods of time spent inside school buildings [7,8].
In Spain, many educational centres are outdated and do not have support systems and
controlled indoor air renewal, which makes it difficult to establish efficient ventilation
and appropriate thermal comfort conditions [9]. For this reason, the development of
studies aimed at guaranteeing the well-being of students and improving their academic
performance is of vital importance today [10]. In this regard, following the experiences
of the SARS-CoV-2 (Severe Acute Respiratory Syndrome Coronavirus 2) pandemic that
affected the world in 2020, multiple research projects have been launched that have tried to
address this issue from different application perspectives [11].

Firstly, from a practical point of view, Harvard University established a guide that
compiled measures to improve ventilation in classrooms and prevent contagion [12]. In
the Spanish case, this guide was considered for its application together with the guidelines
established by the Ministry of Health to minimise infections in the classroom [13]. In
these guidelines, among other things, natural or forced ventilation of rooms and periodic
monitoring of the concentration of carbon dioxide in the environment were recommended.
In general terms, as shown in simulation studies by Na et al. [8] and Chen et al. [14], the
establishment of effective cross-ventilation flows allows the indoor air in classrooms to
be renewed and the level of pathogens in the environment to be reduced. In this regard,
multiple studies have shown that without effective ventilation, CO2 concentrations in
excess of 1500 ppm can be reached [15,16], which can lead to breathing difficulties for
students, as well as headaches, fatigue and reduced ability to concentrate and learn [17].

On the other hand, although CO2 is not responsible for SARS-CoV-2 infection, it is
an effective indicator of indoor air renewal rate [18]. Thus, by setting maximum CO2
concentrations as a function of occupancy rate, a rough idea of IAQ and the associated risk
to students can be established [19]. Other studies have established a direct relationship
between the value of fine particulate matter (PM) in the air and the risk of viral infection
indoors [12]. In line with this idea, Ramalho et al. observed that airborne dust particles
from Saharan winds contributed directly to the spread of respiratory diseases [20]. Thus,
the higher the exposure to PM 2.5 and PM 10, the higher the long-term mortality risk. The
European Union (EU) and the World Health Organisation (WHO) have taken this into
account by setting daily and annual maximum values for exposure to PM 2.5 and PM 10,
as shown in Table 1.

Table 1. Limit values for PM 2.5 and PM 10 [21,22].

WHO European Environment Agency
PM 2.5 PM 10 PM 2.5 PM 10

Annual (μg/m3) 10 20 25 40
24 h (μg/m3) 15 40 — 50

Thus, as stated by Tikul et al., microparticles are strong pollutants that contribute
to the toxicity of cities, and they recorded a strong correlation between health problems
and the concentration of ambient PM 2.5 in the city of Chiang Mai (Thailand), where
students had great difficulty maintaining attention in the classroom [10]. Other studies have
corroborated how in large cities, despite the incorporation of natural ventilation systems
in schools, having a highly polluted outdoor environment can increase the concentration
of fine particles in the classroom and can be harmful, making it necessary to use filtration
systems [23]. In this sense, architectural design that considers effective ventilation based
on quantified and reliable data, together with the use of simulation software, is crucial to
obtaining effective and economical strategies to improve student health in schools [24].

Formaldehyde (HCHO) is another of the most abundant pollutants in the indoor
classroom environment and has been classified as carcinogenic by the International Agency
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for Research on Cancer (IARC) [25]. Concern about this indoor pollutant has increased as a
result of the increased use of hydroalcoholic gels since the COVID-19 pandemic [26]. Yu
et al. demonstrated that short-term exposure to HCHO causes respiratory tract irritation
and eye reddening, while prolonged exposure can lead to asthma and even cancer [27]. In
general terms, HCHO concentration is directly related to temperature and relative humidity
and is inversely proportional to the age of the building and outdoor air exchange [28,29].
In this regard, it is worth noting the study carried out in France by Hu et al. where
a decrease of more than 25% in the concentration of formaldehyde in classrooms was
observed if windows were opened regularly and the abusive use of cleaning products was
controlled [30].

The main goal of this research is to study the evolution of CO2, PM 2.5, PM 10 and
HCHO parameters in a typical school in the Community of Madrid during a complete
academic year. In this way, the aim is to establish a relationship between the values
determined for these pollutants with the environmental conditions of ambient temperature
and relative humidity, as well as with the pollution values determined by the reference
measurement stations of the Madrid City Council. The intention is to show in detail, and
with the support of various statistical analyses, the correlation between the contagions
produced during the course and these pollutants. Thus, we analyse the possible causes, as
well as preventive measures that can be extrapolated from this case study to other schools
located in large urban centres.

2. Methodology

This section describes both the building under study and the process of taking mea-
surements for data collection and subsequent analysis.

2.1. Contextualisation and Description of the Educational Establishment

Currently, the Community of Madrid has a population exceeding 6.75 million inhab-
itants in an area of 604.45 km2 [31] and has become one of the European metropolitan
areas with the highest mortality rate attributed to pollution. The education centre used as
a reference for this research is located in the Carabanchel district, in the San Isidro neigh-
bourhood (Madrid, Spain) with a population density of 183.55 inhabitants/km2. Regarding
the origin of PM 2.5 suspended particles, these would be attributed to road traffic (55% of
total emissions), industrial activities (35.9%) and airport traffic (0.9%), with the remaining
sources of the emission classified as “unknown” [32]. On the other hand, the city also
has a high source of CO2 emissions into the atmosphere and PM 10 particles of natural
origin, which include wind-transported silt-sized sediments. Finally, the ageing of the
Carabanchel district and the lack of renovation of the building stock significantly contribute
to increasing the concentration of formaldehyde in the environment.

According to current regulations [33], the metropolitan area of the Community of
Madrid is characterised by a temperate type C climate. All the classrooms in the building
have the same orientation of windows to the east and access on the west side. In order
to carry out the monitoring and periodic follow-up of the evolution of pollutants in its
interior, periodic data have been collected in two classrooms located on the third floor of
the building. The distribution and measurement points can be seen in Figure 1a, where
the data were collected at a height of 1.2 m. In Figure 1a, it can be seen that Classroom 1 is
a large space that provides access to an outdoor terrace and is ventilated at four distinct
points: the entrance door to the classroom, the access door to the terrace and the classroom
windows on both sides of the building, whose orientation is east–west, thus ensuring a
continuous flow of fresh air. On the other hand, Classroom 2, adjacent to the previous
one and with independent access through the hall, has four windows on the east side and,
on the west side, only the access door to the classroom. Figure 1b shows an image of the
building studied. In addition, Table 2 shows some of the most relevant data for this research
regarding the configuration of the classrooms studied.
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Figure 1. (a) Classrooms under study and locations of monitoring equipment (orange circles),
(b) exterior image of the building.

Table 2. Characteristics of the studied classrooms.

Classroom Students Age (Year) S (m2) V (m3) m2/Student m3/Student

1 10 20 ± 1 80.32 200.80 8.03 20.08
2 15 22 ± 2 57.17 173.16 3.84 11.54

Neither of the two classrooms included in this study had forced ventilation systems,
making it necessary to open doors and windows to establish indoor air renewal flows.
The Spanish Regulation of Thermal Installations in Buildings (RITE) [34] establishes that
classrooms must have an indoor air quality type IDA-2, which implies a renewal flow of
12.5 dm3/s and maximum CO2 concentrations of 500 ppm above the concentration in the
outside air. However, the necessary hygrothermal conditions to meet these requirements
were not met throughout the course due to the climatic and pandemic requirements.

2.2. Collection and Analysis of Experimental Data

Figure 2a shows a detail of the measuring equipment used for periodic data collection
(Temtop M2000 2nd model), with records taken between 8:00 a.m. and 02:00 p.m. at a
frequency of one measurement per minute. This measuring equipment uses laser scattering
sensors to irradiate airborne particles, and then collects the scattered light to obtain the light
change curve over time. The microprocessor calculates the equivalent particle diameter and
the number of particles with different diameters per unit volume. This Temtop M2000 2nd
equipment has allowed real-time data capture of PM 2.5, PM 10, CO2 and HCHO particles,
as well as being equipped with a thermo-hygrometer to monitor indoor temperature
and humidity conditions. During the measurement process, the recommendations of the
European Commission were followed, as set out in the EMEP/EEA air pollutant emission
inventory guidebook—’the Guidebook’, which establishes the methodology for data collection
and time series consistency [35].

On the other hand, in the case of suspended particles PM 2.5 and PM 10, the values of
the two meteorological stations closest to the educational centre under study were compiled
daily. Thus, in the case of the Community of Madrid, these stations are Plaza Elíptica
(Figure 2b) and Farolillo (Figure 2c), with the latter measuring only PM 10 particles. These
stations were equipped with a microbalance system to analyse the amount of pollutants in
the air and report their data periodically with a frequency of one measurement per hour.
In this way, by collecting these values, it was possible to establish differences between the
measurements provided by official sources and the actual measurements taken in situ.
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Figure 2. (a) Temtop M2000 2nd measuring equipment used for indoor data collection; (b) Farolillo
measuring station; (c) Plaza Elíptica measuring station.

It should be noted that the values of CO2, HCHO, temperature and humidity were
taken as univariable, so that their comparison was carried out in relation to the values
established by the different applicable regulations. The measuring equipment located
inside the classroom was distributed in such a way that it did not interrupt the teaching
activity, avoiding areas of direct radiation and with the clear objective of determining the
state of the air at the height of the working plane. Once the data from the stations in the city
of Madrid had been collected, they were exported to an Excel spreadsheet to be organised
together with the values collected in the classroom; this process was carried out during the
eight months of the school year in which the measurements were collected. The data were
then exported to SPSS version 29.0 software for statistical analysis of the results.

3. Results and Discussion

In this section, the results obtained for the different parameters evaluated in this
research are presented in an organised manner, including a critical discussion of the values
presented in each analysis.

3.1. Indoor Hygrothermal Conditions

Firstly, Figures 3 and 4 show the descriptive values for interior humidity and room
temperature in the classrooms studied. These graphs have been made with the help of Box-
Plot diagrams that allow us to visualise the monthly average evolution of these parameters
throughout the academic year.

 

Figure 3. Evolution of indoor relative humidity throughout the academic year.
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Figure 4. Evolution of the indoor temperature throughout the academic year.

The relative humidity values established in the RITE as recommended for occupied rooms
are set between 40.0 and 50.0% in winter and 45.0 and 60.0% in summer [34]. Thus, if we look
at Figure 3, except for the months of September and October, the average relative humidity
values collected throughout the academic year were below the recommended minimum.

After analysing Figure 4, it can be seen that in the winter months of November (mean
temperature 20.0 ◦C) and December (mean temperature 20.5 ◦C), the indoor temperature
in the classrooms studied did not meet the minimum values recommended by the current
standard of 21–23 ◦C in winter conditions [34]. Similarly, in the month of May (mean tem-
perature 26.3 ◦C), the temperature exceeded the maximum recommended by the standard
of 25 ◦C. This shows how the need for ventilation caused by COVID-19 reduced the thermal
comfort in the classrooms, even though each classroom was equipped with a 10 kW heat
pump air-conditioning unit.

In view of the results, it is possible to reflect on the need to incorporate forced ventila-
tion systems inside these educational buildings to improve student comfort. Likewise, as
Varela et al. have shown, a commitment to energy rehabilitation of the façade by means
of external thermal insulation systems (ETICS) would be very beneficial and would have
a positive impact on improving the indoor thermal comfort and quality of life of the in-
habitants of the Carabanchel district (Madrid) [36]. The average annual values of 21.9 ◦C
temperature and 36.5% relative humidity are below the minimum recommended for the
interior of educational centres.

3.2. CO2 Concentration Measurements

In this section we first show the average evolution of CO2 in the interior of the
classrooms analysed during the academic year. These values are shown with the help of a
Box-Plot diagram in Figure 5. When interpreting these results, it is necessary to point out
that the usual average values for outdoor atmospheric CO2 range between 420 ppm and
450 ppm, depending on whether the environment is rural or urban [34]. For the specific
case of this study, it is considered appropriate to use the upper limit of 450 ppm, since the
school is located in the central area of the Community of Madrid, being an urban centre
with a high population density and vehicle traffic. Likewise, at indoor CO2 concentrations
300 ppm higher than outdoor atmospheric CO2, it is understood that indoor air quality
may be compromised and affect student performance [37].
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Figure 5. Indoor CO2 concentration evolution during the academic year.

First, Figure 5 shows how the average CO2 value inside the classrooms was higher
than 450 ppm in all months. These elevated average CO2 levels, despite having natural
ventilation flows to the outside, are due to the high atmospheric pollution in the city, with
many buildings adjacent to the educational centre with fuel oil or gas boilers and high
permanent vehicular traffic. Likewise, there is an upward trend in CO2 levels in the period
September–December, and then decreases in the period January–May. This trend has a
clear explanation in the closing of windows in winter during class time and ventilation
between sessions, which contributed to increasing the indoor temperature and thus CO2
levels, since as Zhang et al. have established, the human CO2 emission rate increases
by approximately 3.5% when the temperature increases by 1 ◦C [37]. On the other hand,
particularly alarming are the maximum values above 1000 ppm reached in the months of
November and December, which far exceed the recommended maximum value of 750 ppm
indoor concentration.

Table 3 presents a more generalised analysis with a grouping of the daily measure-
ments by quarterly assessments, corresponding to the usual academic year of Vocational
Training in Spain. In this way, a univariate test is presented, where the mean difference
between the CO2 concentrations of each assessment compared to the mean outdoor CO2
value set at 450 ppm is established.

Table 3. Test for difference of means at 99.5% confidence for CO2 concentration.

Evaluation Period Time Interval (Days) Difference of Means (ppm)

First
(September–December) 46 287

Second
(January–March) 55 179

Third
(April–May) 26 86

Thus, in the analysis by academic evaluations, it can be seen that the first evalua-
tion period, corresponding to the winter months, showed a higher average indoor CO2
concentration. In fact, the value obtained for the mean difference (287 ppm) is close to
the maximum permitted value of 300 ppm above the outdoor CO2 concentration. Table 3
shows how indoor air quality decreases in the colder months when ventilation was less
pronounced. However, it is necessary to highlight that, as a limitation of this study, the
evolution of CO2 in the outdoor environment could not be monitored. Knowing these
outdoor values would be of great utility for interpreting the results in order to implement
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efficient natural ventilation systems. Otherwise, with high levels of atmospheric CO2,
ventilation measures without prior purification of the air blown in could be harmful and
counterproductive.

3.3. Concentration Measurements of Suspended Particulate Matter PM 2.5 and PM 10

The analysis of suspended particles is fundamental to understand viral propagation
through the air. Thus, first of all, the monthly daily evolution over the course of the year
for PM 2.5 and PM 10 is shown in Figures 6 and 7.

 
Figure 6. PM 2.5 concentration trend over the academic year.

 
Figure 7. PM 10 concentration trend over the academic year.

It can be seen that both the mean concentration values obtained for PM 2.5 in Figure 6
and for PM 10 in Figure 7 maintained a constant tendency throughout the course of the
year of around 10 μg/m3 and 20 μg/m3, respectively. However, when analysing the annual
evolution, the most critical months correspond to December, February and March. The
increase in concentration during the month of December is associated with the Christmas
holiday period and the increase in vehicle traffic. In addition, a continuous trend was
observed throughout the school year, with concentration peaks occurring in the first hour
of the school day, corresponding to the arrival of students and workers, and during the last
hour of the school day at dismissal time when there was a greater traffic flow. Similarly, the
increase in suspended particulate concentration during February and March is due to the
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wave of haze from Morocco that affected the Community of Madrid at that time, leading
to severe asthma episodes and an increase in viral contamination. This wind of haze took
place in the first week of February 2022 and in mid-March of the same year.

Thus, although the WHO sets the maximum permitted 24 h air pollutant concentration
at 15 μg/m3 for PM 2.5 and 45 μg/m3 for PM 10, the students involved in this study
were frequently subjected to episodes wherein the average concentration exceeded these
recommended health limits. Concentrations of PM 2.5 were higher than 30 μg/m3 in
February and 40 μg/m3 in March, which are high risk levels for people with respiratory
diseases. Likewise, PM 10 exceeded the concentration of 60 μg/m3 on more than one
occasion, which affected the normal course of classes.

Next, the results measured in situ in the classroom were cross-checked with the values
collected from the official measuring stations of the Community of Madrid (Farolillo and
Plaza Elíptica). Firstly, as shown in Table 4, the normality test was performed for the
measurements of suspended particulate matter taken in each of the three school evaluation
periods studied. In Table 4, the Kolmogorov–Smirnov–Lilliefors test (for sample size
n > 30) and the Shapiro–Wilk test (for sample size n < 30) were performed.

Table 4. Normality test for suspended particulate matter concentration by school evaluation periods.

Particle Evaluation Period
Measuring

Station
Number of

Days

Kolmogorov–Smirnov–Lilliefors Shapiro–Wilk

Statistic p-Value Statistic p-Value

PM 2.5

First
Educational Centre

46
0.127 0.055 0.931 0.008

Plaza Elíptica 0.095 0.200 0.967 0.211

Second
Educational Centre

55
0.132 0.016 0.848 0.000

Plaza Elíptica 0.121 0.040 0.824 0.000

Third
Educational Centre

26
0.138 0.199 0.955 0.287

Plaza Elíptica 0.213 0.003 0.914 0.029

PM 10

First
Educational Centre

46
0.115 0.146 0.932 0.009

Plaza Elíptica 0.121 0.082 0.974 0.375
Farolillo 0.113 0.175 0.960 0.105

Second
Educational Centre

55
0.151 0.003 0.809 0.000

Plaza Elíptica 0.265 <0.001 0.469 0.000
Farolillo 0.312 <0.001 0.380 0.287

Third
Educational Centre

26
0.106 0.200 0.972 0.654

Plaza Elíptica 0.140 0.188 0.954 0.266
Farolillo 0.195 0.010 0.848 0.001

From the analysis of Table 4, it can be seen that only the period comprising the first
assessment complies with the assumptions of normality for PM 10 and PM 2.5, i.e., they
had a significance level α > 0.05. Similarly, the second and third assessments did not meet
the assumption of normality for at least one of the analysed measurement stations (i.e., they
had a significance level of at least α < 0.05). This initial analysis justifies the application of
the different analysis tests (parametric or non-parametric) used in this section. For ease
of interpretation, PM 2.5, for which only two measurement stations are available, will be
studied first, followed by PM 10, with three measurement stations.

Thus, in Tables 5 and 6, the comparative study between the values collected by the
Plaza Elíptica station and the values measured in situ for PM 2.5 particles is carried out.
In the case of the first evaluation, which complies with the assumptions of normality, a
parametric comparison of means is performed using Student’s t-test (Table 5). On the other
hand, the second and third assessments did not meet the normality test, so a non-parametric
study was performed using the Mann–Whitney U test, comparing medians instead of mean
values (Table 6).
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Table 5. Independent samples test for PM 2.5 in the first assessment.

Equality of Variances
Levene’s Test for Equality of Variances t-Test for Equality of Means

F p-Value t N. Combinations

Assumed 32.700 <0.001 −3.750 92.000
Not-Assumed — — −3.750 69.702

Table 6. Mann–Whitney test and descriptive statistics for PM 25 in the second and third assessments.

Evaluation
Period

Mann–Whitney U p-Value
Educational Centre (μg/m3) Plaza Elíptica (μg/m3)

Mean Interquartile Range Rank Mean Interquartile Range Rank

Second 1274.500 0.087 12.5 11.0 10.0 8.0
Third 296.500 0.238 11.0 8.0 9.0 7.0

In the analysis presented in Table 5, the homogeneity of variances is rejected, as well as
the hypothesis that the means behave in the same way (Welch = −3.75; p-Value < 0.001). In
this way, we proceeded to a descriptive analysis, verifying that the mean value determined
for the concentration of PM 2.5 inside the school was significantly higher than that collected
at the nearest measuring station (Plaza Elíptica). These mean values for the first evaluation
were 15.25 μg/m3 for the school, compared to 10.34 μg/m3 at the official reference station.

On the other hand, Table 6 does not show statistically significant differences between
medians in the second evaluation (U = 1274.5; p-Value = 0.087), nor in the third evaluation
(U = 269.5; p-Value = 0.238). For this reason, Table 6 also includes a descriptive study of the
medians determined for the two measurement points analysed, the educational centre and
Plaza Elíptica. In this sense, the median concentration of PM 2.5 in these school periods is
significantly higher at the school than at the reference station, being 20% and 18% higher
for the second and third evaluations, respectively.

Hence, the results show that in the school period analysed, in the first evaluation,
the maximum permitted values for exposure to PM 2.5 set by the WHO were exceeded
by 15 μg/m3, with the average values of the other evaluations being very close to this
limit. This alarming situation reflects the reality of the educational centres in the area, with
an ageing building stock that is inefficiently ventilated, keeping the air polluted for long
periods of time.

In the following, we proceed with the analysis of PM 10 particulate matter, including
in Table 7 the analysis for the first evaluation and in Table 8 the study corresponding to
the second and third evaluations. In this way, the analysis in Table 7 is carried out using
an ANOVA table, since it was verified in Table 4 that the assumptions of normality were
fulfilled for this school period. On the other hand, in Table 8 the non-parametric study is
carried out using the Kruskal–Wallis test for comparison with more than one assumption,
since for these larger particles, the measurement data from two stations close to the school
(Farolillo and Plaza Elíptica) were available.

Table 7. PM 10 ANOVA for the first evaluation period and post hoc test for multiple comparisons.

ANOVA between Groups Multiple Comparison (Plaza Elíptica—Educational Centre)
F (Statistic) p-Value Mean Difference Standard Deviation p-Value

3.403 0.036 −4.809 1.904 0.036

In Table 7, it can be seen that there are statistically significant differences between
the daily measurement of PM 10 in the centre and at least one of the reference stations in
the Community of Madrid (F = 3.403; p-Value = 0.036). For this reason, a post hoc test of
multiple comparisons between in situ measurements and those obtained from the Plaza
Elíptica station (which turned out to be the only statistically significant comparison) has
been presented in Table 7. Thus, it was found that during the first evaluation, the daily
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monitoring of the classroom showed an average concentration of 21.4 μg/m3, compared to
the 16.5 μg/m3 measured by the station.

Table 8. Kruskal–Wallis test for PM 10 in the second and third evaluation periods and pairwise
comparisons of stations.

Evaluation
Period

Kruskal–
Wallis H

p-Value
Plaza Elíptica—Farolillo Farolillo—Educational Centre Plaza Elíptica—Educational Centre

Statistic p-Value Statistic p-Value Statistic p-Value

Second 0.341 0.843 0.000 1.000 0.143 0.705 0.143 0.705
Third 6.212 0.045 0.074 0.785 3.711 0.054 4.800 0.028

Table 8 shows that there are statistically significant differences in medians when
comparing at least one pair of measurement stations during the third evaluation (H = 6.212;
p-Value = 0.045). For this reason, a post hoc test was performed to check this effect
from an analytical point of view. Table 8 shows that during the period corresponding
to the third evaluation, the stations of the Community of Madrid presented statistically
significant differences between medians with the values measured in situ (Plaza Elíptica,
p-Value = 0.054; and Farolillo, p-Value = 0.028). These differences amounted to 19 μg/m3

for the concentration at the school, compared to 15 μg/m3 for the median of the reference
measurement centres.

As for PM 2.5, the values collected for PM 10 were on average higher than those
collected by the reference measurement centres. For this reason, it was decided to construct
95% confidence intervals for the school period analysed in each quarter and considering
the value of suspended particulate matter measured in situ. These results are presented in
Table 9.

Table 9. Confidence intervals for PM 2.5 and PM 10 during the course.

Particle Type
Evaluation

Period

95% Interval Confidence
Mean Error Lower Bound Upper Bound

PM 2.5
First 12.764 1.203 10.328 15.147

Second 11.317 1.734 7.884 14.750
Third 15.695 1.366 12.990 18.400

PM 10
First 17.131 1.942 13.286 20.975

Second 15.366 2.595 10.226 20.505
Third 21.974 2.044 17.927 26.022

It can be seen in Table 9 that, although the average values sometimes did not exceed
the maximum permitted by the WHO at 24 h, if the upper limits of the intervals are
observed, in the case of PM 2.5, the value of 15 μg/m3 was exceeded in two evaluations.
Furthermore, this type of airborne particulate matter is more harmful to health and causes
more respiratory problems than PM 10 particles [38], which, although they did not exceed
the WHO limit, also had concentrations above 15 μg/m3 on average over the whole school
year. Figure 8 shows a graph with the daily evolution of PM 2.5 and PM 10, together with
the number of SARS-CoV-2 virus infections during the same period in the Community
of Madrid.

Figure 8 shows that, in general terms, the trend in the evolution of suspended particles
was similar to that of the number of COVID-19 infections. However, it is true that during
the Christmas period, due to the festive season, the number of infections shot up. The effect
of the haze can be seen in the graph with point values for PM 10 measured at 87 μg/m3

inside the classroom, which doubles the maximum value permitted by the WHO and
highlights the vulnerability of the current building stock to this type of situation, which is
repeated annually.
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Figure 8. Daily evolution of the concentrations of PM 2.5 and PM 10 during the school period
Sep–May and number of infected people in Madrid due to SARS-CoV-2 virus.

Analysis of the Effect of Hygrothermal Conditions on PM 2.5 and PM 10

The aim of this section is to check whether there is an effect of ambient temperature
and relative humidity on the evolution of suspended particulate matter. Some studies
in the literature show the importance of controlling these hygrothermal parameters to
obtain good indoor air quality, with the concentration of PM 2.5 and PM 10 increasing as
the values of these comfort-related variables increase [39,40]. Thus, first, the normality,
homoscedasticity and independence of the values collected during the course were tested,
and the results obtained for the normality test are presented in Table 10.

Table 10. Normality test for the effect of hygrothermal conditions on PM 2.5 and PM 10.

Particle Evaluation Period N. Kolmogorov–Smirnov (p-Value) Shapiro–Wilk (p-Value)

PM 2.5
First 46 0.016 <0.001

Second 55 0.199 0.287
Third 26 0.055 0.008

PM 10
First 46 0.003 <0.001

Second 55 0.200 0.654
Third 26 0.146 0.009

Table 11 determines the strength of this correlation in the daily measurements of
PM 2.5 and PM 10, together with the effect of relative humidity and indoor temperature
analysed individually and combined. This study has been carried out monthly rather than
by evaluations, as the correlation obtained in this case was higher and better accuracy
is obtained.

Table 11. Analysis of interactions between particle concentration and hygrothermal effects.

Particle Cross-Variable * Sum of Squares Mean Square F p-Value

PM 2.5
Relative humidity 589.354 65.484 1.079 0.384

Indoor temperature 396.239 44.027 0.725 0.685
Relative humidity and indoor temperature 542.341 60.260 0.993 0.451

PM 10
Relative humidity 1394.511 154.946 1.131 0.347

Indoor temperature 821.166 91.241 0.666 0.738
Relative humidity and indoor temperature 1274.024 141.558 1.034 0.418

* The average daily values measured during the nine months of the school year (df = 9) were taken into consideration.
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After analysing Table 11, it can be seen that all the factors included were statistically
significant and showed a correlation with the particulate matter measurements. These
results make physical sense, as the values measured in situ in the classroom correspond
to the same conditions of ventilation and student concentration. On the other hand, the
temperature factor showed the highest correlation for both PM 2.5 (p-Value = 0.685) and
PM 10 (p-Value = 0.738), values much higher than those obtained when analysing the effect
of relative humidity. This effect has already been corroborated by other researchers, who
have demonstrated a positive correlation between temperature and the accumulation of
atmospheric pollutants, especially in buildings located in urban areas with high traffic
flow [10,41].

3.4. Measurements of HCHO Concentration

The last parameter analysed in this study was the evolution of the concentration
of formaldehyde (HCHO). The monitoring of this atmospheric agent has experienced
a growing interest among the scientific community as a result of the widespread use
of hydroalcoholic gels in classrooms. This sanitary measure, in principle beneficial for
sanitising and reducing viral contagion, leads to an increase in HCHO concentration in
inadequately ventilated spaces [42]. Figure 9 shows the evolution of this parameter over
the academic year under study with the help of a Box-Plot diagram.

 

Figure 9. Evolution of formaldehyde concentration over the academic year.

To discuss Figure 9, it is useful to consider the maximum permissible exposure values
for HCHO set by the Scientific Committee for Occupational Exposure Limits (SCOEL),
which were published by the European Commission in 2016. These values are set at a
maximum exposure of 0.3 ppm in 8 h and 0.6 ppm in short exposure periods, which is
equivalent to 0.37 μg/m3 and 0.74 μg/m3, respectively [43]. Thus, when analysing Figure 9,
it can be seen that in general terms the average values remained below the maximum
permitted, although it is true that in all months there were specific situations that exceeded
the optimal exposure range for health. In the specific case of the school studied, these
values were the consequence of the repeated use of hydroalcoholic gel in interiors and
other cleaning products. Therefore, in line with other studies, hand washing with toilet
soap and the use of non-alcohol-based products is considered more favourable, as these
solutions, which are increasingly used after the COVID-19 pandemic, may be carcinogenic
in the long term [44].

Table 12 shows the results obtained for the daily average for each of the three evaluations.

44



Buildings 2023, 13, 2780

Table 12. Analysis of the average evolution of HCHO in each school evaluation period.

Evaluation Period Sample HCHO Mean Concentration (μg/m3)

First 46 0.3295 < 0.37 *
Second 55 0.2115 < 0.37 *
Third 26 0.3417 < 0.37 *

* Maximum short exposure value.

The overall analysis by evaluations in Table 12 shows that, although the maximum per-
mitted values were not exceeded, concentrations very close to 0.37 μg/m3 were obtained in
both the first and third evaluations, thus requiring a reduction in the use of hydroalcoholic
solutions to minimise health risks to students. These results are in line with those obtained
by other researchers [45].

4. Critical Discussion and Implications of the Obtained Results

In recent decades, the construction industry has been striving to develop new solutions
and eco-friendly designs to advance towards the European sustainability targets for build-
ings included in the 2030 Agenda [46]. Some of these initiatives are based on the design of
climatically functional buildings using passive bioclimatic systems [47]; other studies focus
on the development of new, more sustainable building materials produced under circular
economy criteria [48], while another large number of studies seek to optimise the design of
the urban environment by showing the possibilities of construction systems such as green
façades [49], green roofs [50] or water-reserved roofs [51], among many others.

Hence, the current climate emergency and the growing concern about the deterioration
of the urban and rural environment are shaping the course of building research in the
attempt to mitigate the ecological impact of buildings and considering their economic and
social context [52]. In this sense, large European cities are suffering a progressive increase
in their average temperature (heat island effect) [53], while increasing their pollution levels
and decreasing air quality [54] and experiencing increasingly frequent violent weather
events such as acid rain, floods, droughts or heat waves [55].

This research is a clear example of the need to rehabilitate and refurbish the ageing
building stock, highlighting the damage caused to students’ health by deficiencies in the
current design of some urban educational centres. In the specific case of Spain, 60% of
existing housing was built before the 1980s and is still in use without having undergone
any refurbishment [56]. This implies that more than half of today’s buildings were built
without taking into consideration any standards that include relevant issues such as the
design of air renewal systems or effective thermal insulation. For this reason, in order to
improve the IAQ of existing schools located in the urban centre of the city of Madrid, it
is necessary to promote a retrofitting initiative taking into consideration some relevant
aspects such as those included in Figure 10.

However, until actions such as those shown in Figure 10 are implemented, teachers
and school management teams are the key actors in improving IAQ in classrooms. In view
of the results obtained in this research, it is clear that in-situ measurements are necessary
to carry out a critical analysis of the air situation in occupied classrooms, using the values
obtained by the reference centres as a guide and initial information. In addition, the need to
promote more effective and regular ventilation practices is highlighted, in order to reduce a
double risk linked to a decrease in academic performance and, worse still, the appearance
of respiratory diseases in students.

Finally, it is necessary to appreciate the increases in danger generated by the increment
in suspended dust. For this reason, concentrations of harmful gases for health, formation
of stale air, increased risk of diseases and other key points linked to IAQ can be effectively
mitigated by establishing an efficient ventilation system equipped with soundproofing
systems and professional filters, including IR filters, located at the entrance and exit of
the classrooms.
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Figure 10. Schematic compilation of possible alternatives for improving indoor air quality in schools.

5. Conclusions

In this work, a monitoring of the IAQ of two classrooms belonging to an educational
centre located in the urban centre of the city of Madrid was carried out during a complete
academic year. Measurements of the daily evolution of airborne particles harmful to
health such as CO2, PM 10, PM 2.5 and HCHO, as well as a control of the hygrothermal
comfort parameters of relative humidity and ambient temperature, were collected during
the monitoring. It was also possible to visualise the trend in the number of SARS-CoV-2
virus infections and the concentration of suspended particles detected in the classroom,
yielding alarming results that call for an urgent renovation of the current building stock.
The most relevant conclusions that can be drawn from this work are as follows:

• The lack of refurbishment of the school centre since its foundation in the 1970s has
been reflected in a decrease in hygrothermal comfort, with relative humidity values
below those recommended by the RITE regulations and an indoor temperature lower
than recommended in winter and higher in summer.

• Regarding CO2 concentration, during the school period of the first evaluation, val-
ues close to the maximum permissible level of 700 ppm were recorded, sometimes
exceeding 1000 ppm inside the classroom.

• In the analysis of PM 2.5 particles, values close to the maximum recommended by
the WHO of 15 μg/m3 were observed during the months studied, although it was
only exceeded in specific situations. PM 10 particles showed a behaviour close to 20
μg/m3 on average during the academic year. For both types of suspended particles,
statistically significant differences were observed between the values measured in situ
and those obtained from the two reference stations available in the Community of
Madrid, highlighting the need for regular monitoring in the classroom.

• In line with other studies, a strong correlation has been observed between the evolution
of hygrothermal conditions in the classroom and the concentration of PM 2.5 and
PM 10 suspended particulate matter, which underlines the importance of energy
retrofitting of the building.

• Finally, high formaldehyde concentration values were found in the classroom. On
average, values of 0.34 μg/m3 were obtained during the period corresponding to the
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third evaluation, very close to the risk concentration set at 0.37 μg/m3 for this type
of space.

The main limitation of this work has been the impossibility of monitoring a larger
number of classrooms in the building in order to make a comparison between different
orientations, room volumes and student concentrations, which would have enriched the
analysis of the results. On the other hand, a limitation of the measurements is the absence
of data corresponding to NOX concentrations, CO concentrations (whose high volumes of
accumulation in cities can promote diseases such as Parkinson’s) and the lack of measure-
ments outside school hours. As future lines of work, we propose that a CFD simulation
model be carried out based on the data obtained and use different constructive solutions to
establish strategies to improve the IAQ in the monitored classrooms. At the same time, we
intend that a numerical analysis be carried out to establish statistical models that describe
the behaviour of the air throughout the normal academic year under different assumptions
about particle concentrations and environmental conditions.
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Abstract: The demand for renewable resources in building construction is increasing, and wheat
straw is an excellent option due to its superior environmental performance compared to traditional
insulation materials. However, the hygrothermal properties of chopped wheat straw insulation have
remained largely unexplored. At the moment, blown-in straw is only blown in vertically, although
horizontal blowing would be more efficient depending on the situation. This study investigates the
effect of different blowing techniques on the thermal properties of chopped wheat straw insulation,
focusing on the difference between vertical and horizontal blowing techniques. In-situ-measured
thermal conductivities were compared with design values used in energy balances. In addition,
the long-term hygrothermal behavior of chopped wheat straw insulation treated with flame retar-
dants was investigated. The methodology included heat flow plate measurements, needle probe
measurements and laboratory measurements using the hot plate method. The results show that there
is no significant difference in thermal performance between the blowing techniques. The measured
thermal conductivities were lower than expected, challenging the current general normative moisture
surcharge on the thermal conductivity of natural fiber insulation. The addition of the flame retardant
had no noticeable effect on the hygrothermal properties of the chopped straw. Chopped wheat straw
can be regarded as a highly ecological insulation material with great potential for the future.

Keywords: bio-based building materials; blow-in insulation; chopped straw; ecological insulation;
flame retardants; hygrothermal behavior

1. Introduction

The use of environmentally sustainable building elements is becoming increasingly
important in the context of the current climate crisis. The urgency of addressing climate
change and its impacts is demonstrated by the United Nations Sustainable Development
Goal No. 13, which calls for immediate action to combat these issues, along with the
European Green Deal. Within this broader context, there is a growing need to implement
sustainability in the construction industry and to use building materials with low primary
energy consumption in their manufacture [1]. Sustainable construction aims to reduce
environmental impact throughout the whole life cycle. Achieving this goal involves various
strategies, including the selection of environmentally friendly building materials, the
utilization of renewable energy sources, and a reduction in overall energy consumption. It
is crucial that our “built environment” meets both current requirements and those of the
future generations.

The use of biomass waste as a substitute for traditional materials appears to be a viable
solution to address pollution issues, reduce CO2 emissions and promote the development of
energy-efficient, cost-effective and durable building materials [2,3]. One of the agricultural
wastes that is produced in large quantities and is available in most parts of Europe is wheat
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straw. Straw, a renewable by-product of grain production, offers a low primary energy
content and minimal environmental impact. It is biodegradable and can be seamlessly
returned to the natural cycle.

Many studies have focused on wheat straw as a by-product. Liu et al. investigated
wheat straw as an aggregate and geopolymer as a binder and showed that such a novel
kind of bio-insulation material exhibits satisfactory thermal and mechanical performances,
allowing it to be applied as a thermal insulation material in building, especially focusing
on prefabricated buildings [4]. Researchers also focus on the usage of earth mixed with
bio-based materials [5]. Agave and wheat straw fibers in hybrid boards with different
compositions and densities are an environmentally friendly material that can contribute
to energy-efficient building insulation [6]. Date palm tree leaves and wheat straw fibers
demonstrate low thermal conductivity, excellent sound absorption, and potential suitability
for building insulation and soundproofing applications [7].

When pure, untreated wheat straw is used, there are currently two options: straw
bales and chopped straw for blow-in insulation. Straw bales have been proven in numerous
studies to be cost-effective and energy efficient as insulation materials that are easy to
handle [8–10]. Typically installed between wooden frame structures, straw bales have
demonstrated their capacity to serve as effective thermal and moisture buffer materials [2].
Moisture buffering materials are able to absorb and release moisture through interaction
with the environment, which is strongly influenced by the hygrothermal properties of the
material [11]. Active moisture management through hygroscopic building materials can
reduce the energy demand and stabilize the indoor climate of buildings [12].

While straw bales may require thicker layers than conventional insulation materials
such as extruded polystyrene (XPS) or expanded polystyrene (EPS) to achieve similar
insulation performance, their low embodied emissions make them an environmentally
friendly alternative building material [13]. The usage of blow-in insulation in timber
frame construction, even though still not as studied as the usage of straw bales, is gaining
traction, with materials such as wood fiber and chopped straw experiencing a surge in
popularity [14]. The main advantage of this insulation type over the usage of straw bales is
the ability to prefabricate. The focus of production shifts from the job site to the factory. All
timber components can be manufactured here with great care and expertise, on time and at
low cost. This allows the straw to be blown into prefabricated wooden frames, whereas
straw bale construction usually involves long and tedious manual labor.

In order to ensure the continuous improvement of manufacturing processes, it is
imperative to address concerns regarding the orientation of straw fibers during horizontal
blowing. Previous studies have indicated that vertically oriented straw bales and similar
elements exhibit higher thermal conductivities compared to those with a horizontal or
random orientation [15,16]. The OIB (Vienna, Austrian Institute for Building Technology)
provides specifications for the manufacturing process of blow-in insulation in Austria,
which must be properly executed. This procedure only allows blow-in for vertical wall
elements [17]. Although horizontal blowing is sometimes more efficient for the factory
production of building components, research on the effectiveness of this approach is
currently lacking.

According to ÖNORM B6015-2, a higher thermal conductivity is attributed to natural
fibers by adding 20% due to their moisture characteristics and it is generally assumed that
a condition of 80% humidity is reached in their steady state [18]. Current research suggests
that a higher moisture content and, therefore, higher thermal conductivity could be due to
latent heat effects during measurements with a plate-measuring device [19], which do not
occur under real conditions. For this reason, measurements of the thermal conductivity
under real conditions are of great importance.

Striking a balance between ecological building practices, the use of renewable and
biodegradable materials, and fire safety requirements presents a formidable challenge, as
these aspects often appear contradictory. Optimizing the fire properties of organic building
materials frequently requires the incorporation of flame retardants, which can impact the
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moisture behavior of blow-in insulation. Flame retardants may elevate the concentration of
salts, leading to hygroscopic effects that hinder the material’s ability to absorb and release
moisture [8]. The long-term consequences of such effects can include mold growth and the
deterioration of insulation material. Therefore, the inclusion of flame retardants demands
careful consideration, taking into account their potential ramifications [9].

To address these research gaps, this study investigated the following research questions:

• What is the difference in the thermal conductivity due to the blowing technology
(horizontal and vertical)?

• What difference occurs between real-life measurements of the thermal conductivity
and measurements in laboratory experiments?

• Does the addition of a flame retardant affect the hygrothermal properties of chopped straw?

2. Materials and Methods

The following investigations were carried out to answer the research questions:

• In situ measurement and calculation of the U-value and thermal conductivity of the
different blow-in technologies.

• Needle probe measurement of the thermal conductivity on the in situ test bench.
• Sampling of the in situ measurement and investigation of the thermal conductivity in

the laboratory.
• In situ hygrothermal long-term measurement of the straw insulation with flame retardants.

2.1. Investigation of Different Chopped Straw Blow-In Techniques

The test stand is located on the premises of the Technical University, Science Center,
Vienna, and was erected in the year 2020. The outdoor test rig for in situ measurements
is designed to perform measurements in real environments, allowing data to be collected
under natural conditions and providing real-world insights in addition to laboratory
measurements. It stands in a mostly unprotected area where it is exposed to the climatic
conditions of south-eastern Vienna.

A timber-framed exterior wall was constructed for the tests and installed in this
outdoor test facility (Figure 1). The outer wall measured 2.09 × 2.18 m, was made of a solid
spruce timber frame with 0.20 × 0.06 m beams and was oriented to the east.

   
Figure 1. Outdoor test stand in Vienna (left), vertical blowing technology (middle), horizontal
blowing technology (right).

The investigated building material was untreated wheat straw with a fiber length
between approx. 5 and 30 mm. The straw was installed using a conventional blowing
machine, without the need for additional blowers. This means that the prepared straw was
blown and compacted into the respective component through a long hose using air from
a nozzle. The processing speed varies from approximately 5.5 m3 to 10 m3 per hour, at a
density of 90 to 105 kg/m3. During compaction tests in accordance with EN 15101-1 [20],
the volume of the insulation increased by up to 3%, but remained permanently stable. This
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property is retained by the straw used here throughout its entire service life due to its
special fiber processing and structure.

The outer wall has three cavities, each filled using a different blowing method: one
filled horizontally, one filled vertically, and one filled vertically with used straw. The straw
already used was removed from another construction of a research project and blown
in again. Different measurements are taken on all three samples. The vertical element
represents the standard blowing technology, while the other two methods and the influence
on their hygrothermal characteristics are unexplored.

As shown in Figure 2, the wall element was internally clad with an airtight glued
oriented strand board (OSB) with a thickness of 0.019 m. Spruce squared lumber with
dimensions of 0.20 × 0.06 m was placed between the individual compartments in the
insulation layer. The outside of the wall was clad in a 0.02 m thick diffusion-open wood
fiber board with a windproof membrane. Normally, a ventilated façade is used for such a
structure. However, due to the air flow not significantly affecting the measurements, it was
omitted in this case. A heat flow plate was installed on the inner surface and temperature
sensors were placed on both surfaces.

Figure 2. Examined wall structure, vertical section.

2.1.1. Measurement Technique

Two air conditioners, RAV-GM301ATP-E from Toshiba, were used for conditioning
inside the outdoor test stand. The indoor air temperature was maintained between 21 ◦C
and 23 ◦C throughout the experiments, while the relative humidity was maintained at
approximately 60%. PT1000 sensors from RS Components were utilized to measure the
internal and external surface temperatures. The heat-flow-measuring plates, type 8, with
dimensions of 250 mm × 250 mm × 1.5 mm, were provided by Phymeas.

Data recording and storage were carried out using the Keysight 34980A (HP34980A)
switch system/data logger. Measurements were taken and stored at 10 min intervals.

Furthermore, thermal conductivity measurements were conducted using the needle
probe THERM 2227-2 from Ahlborn.

Figure 3 displays the positions of the measuring points, where measurements were
performed with the needle probe at two points per compartment, labeled as P1 and P2,
respectively. The lower edge of the heat flux plates was situated at a height of 0.4 m from
the floor, with the surface temperature sensors positioned in the center of the heat flux plate.
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Figure 3. Position of the measuring points (dimensions displayed in cm).

2.1.2. Determination of the Thermal Insulation Properties by Means of Heat
Flow Measurement

The in situ determination of U-values is the subject of ongoing research [21]. In
addition to the three ISO 9869-1 criteria [22], a number of other criteria have been added in
an attempt to determine a steady state as accurately as possible. The measured data were
filtered in an Excel spreadsheet according to these criteria in order to obtain only the data
that met these criteria. The filter method using temperatures is based on [23]. Normally,
this method is used to measure U-values, but in this case, it is used to calculate thermal
conductivity from measured values.

1. The temperature difference between indoor air and outdoor air must be greater
than 15 K. A high temperature difference is recommended for appropriate results in
lightweight constructions [24].

2. The surface temperature difference between the inside and outside of the façade must
be greater than 15 K.

3. The surface temperature difference between the inside and outside of the façade must
be greater than 15 K on average over the last 24 h.

4. In order to ensure that the thermal conditions were relatively constant [22], the
temperature difference between the inside air and the outside air must not have
fluctuated more than 2 K in the last 24 h.

5. To meet the requirement of [22], that solar radiation has no effect on the measurements,
the surface temperatures of the interior and exterior façade surfaces must not have
fluctuated by more than 2 K in the last 24 h.

6. The calculated R-value must not differ by more than ±5% from that of the previous
24 h (thermal resistance) [22].

The thermal conductivity of the straw insulation layer was determined from the data
to enable a direct comparison of values without the influence of the other layers.
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Equation (1) is taken from ISO 9869-1 and is part of the Average Method for the in
situ measurement of thermal resistance and thermal transmittance [22]. First, the thermal
conductance Λ, expressed in the unit W/(m2·K), of the entire wall structure was calculated:

Λ =
∑n

j=1 qj

∑n
j=1

(
Tsi,j − Tse,j

) (1)

The symbol q represents the heat flux (in W/m2). Tsi,j represents the interior surface
temperature of the building element and Tse,j shows the exterior surface temperature, both
in degrees Celsius. Fourier’s Law states that the rate of heat transfer (q q) through a material
is directly proportional to the temperature difference across the material (Δ T) and inversely
proportional to the thermal resistance (R) of the material [25].

Next, the thermal resistance (R-value) in m2·K/W of the entire wall structure RTotal l
was calculated using:

RTotal =
1
Λ

(2)

This value is derived from the reciprocal of the thermal conductance (Λ) calculated in
Equation (1). It serves as a critical metric for assessing the overall insulating capacity of the
wall assembly.

To calculate the overall thermal conductivity λTotal , DTotal (thickness of the wall in
meters) was divided by RTotal :

λTotal =
DTotal
RTotal

(3)

This equation illustrates how quickly heat is conducted through the wall assembly,
considering both its thermal resistance (R-value) and thickness.

Now that the thermal conductivity of the entire structure is known, the thermal
conductivities of the OSB board and DHF board were proportionally subtracted from
λ-total to obtain λInsulation:

λInsulation =
λTotal ∗ DTotal − λOSB ∗ DOSB − λDHF ∗ DDHF

DInsulation
(4)

2.1.3. Needle Probe Measurement of Thermal Conductivity

A needle probe is a thermal measuring device used to determine the thermal conductiv-
ity of a material and is similar to the transient hot-wire method. It consists of a heat-resistant
wire whose tip is inserted into the sample. A temperature difference is created between the
needle probe and the sample by heating the wire. The temperature changes are continu-
ously recorded throughout the process and are incorporated into the calculation of thermal
conductivity. It is particularly suitable for loose-fill insulation materials.

In this investigation, small holes were drilled from the inside to measure the thermal
conductivity within the insulation layer. Material inhomogeneity, incorrect calibration,
and environmental factors such as pressure and humidity can introduce sources of error
into the results. To minimize these errors, measurements were taken at two positions,
respectively, and at different timings. The measurements were taken over a four-month
period at approximately one-month intervals.

2.1.4. Sampling and Examination in the Laboratory

The following measurements were made in the laboratory to determine the differences
between the measurements on real exterior walls and the laboratory measurements.

The samples were directly taken from the test wall using special sheet metal frames
(Figure 4), accurately reflecting the actual insulation situation. The location of each sampling
point is shown in Figure 5. The sampling procedure was specified by the OIB (Austrian
Institute for Building Technology).
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Figure 4. Sampling by means of sheet metal frame.

Figure 5. Position and dimension of the samples taken.

A total of five specimens with the dimensions of 460 × 460 × 100 mm were examined.
As the primary focus of this study is on the difference between conventionally blown straw
and straw blown into a horizontal wall element, only one sample was taken from the reused
straw, while two samples were taken from each of the others. To obtain a comprehensive
range of measurement results and capture the greatest variation in layer density, one sample
was taken from the top and another from the bottom.

For preparation, the specimens were dried at 65 ◦C until reaching constant weight. The
thermal conductivity was measured using a single-plate device measuring 500 × 500 mm,
following the EN 1946-2 [26] standards (Guarded Hot-Plate).

2.2. Investigation of the Hygrothermal Influence of a Flame Retardant

The in situ measurements were conducted on the same wall element used in the initial
investigation, this time filled with blow-in straw treated with the flame retardant MK46—an
aqueous solution containing various acidic organic and inorganic compounds or salts. The
flame retardant was added in an “Eirich Intensive Mixer” equipped with a battery-powered
spray pump. The functionality of the mixture was tested as part of a research project called
“Urban Straw” [27]. To investigate the variation in hygrothermal properties resulting from
the treated straw, both horizontal and vertical wall elements were used for the blowing
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process. One compartment was filled with straw in a horizontal position, while the two
remaining compartments were filled in a vertical position. Figure 6 shows the exterior
wall elements before blowing in the flame-retardant-treated straw, in both horizontal and
vertical positions.

  

Figure 6. Horizontal position before blowing in (left) and vertical position before blowing in (right).

Sensors were installed to determine the thermal conductivity and were compared to
those used with untreated straw. Additionally, moisture behavior was observed by placing
relative humidity sensors in the insulation layer.

To prevent potential structural damage caused by condensation, a simulation was
conducted using the Archiphysik software. The simplified verification procedure following
the ÖNORM B 8110-2:2020-01-01 was applied.

During the in situ measurements, two temperature and two humidity sensors were
installed at the boundary layers inside each compartment of the component. For temper-
ature and humidity measurements, Retronic HC2A-S3 sensors were used, which have a
measurement accuracy of ±0.8% for the relative humidity and ±0.1 K for the temperature.
The sensors are protected by a probe housing and measure the relative air humidity of
their location. Additionally, two temperature sensors were placed on the inner and outer
surface, and a heat flow foil was applied on the inner surface of the component. The
positions of the sensors are illustrated in Figure 7. The same measurement technology as
in the initial investigations was used, and the indoor conditions were set up in a similar
manner. Furthermore, a temperature and humidity sensor from Retronic was integrated
into the component.

 

Figure 7. Arrangement of the sensors.
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3. Results and Discussion

3.1. Impact of Different Blowing Techniques on the Thermal Conductivity of Untreated
Chopped Straw

Measurements were taken over the course of a full year, from summer 2021 to summer
2022, covering an entire winter period. During the cold season, the thermal insulation
properties are particularly relevant, as they provide the temperature difference necessary
to calculate the insulation properties.

3.1.1. Results of the Heat Flow Measurement

Table 1 presents the mean value of the determined thermal conductivity by means of
the heat flow measurements.

Table 1. Mean values of the thermal conductivity of chopped straw (heat flow measurement).

Mean Value
(W/m*K)

Vertical 0.0408
Horizontal 0.0401

Quotient horizontal/vertical 0.984 (1.6%)

The result of the mean value of the vertical blown-in specimen is 0.0408 and of the
horizontal blown-in specimen is 0.0401 W/mK. The differences between the values are
very small. The mean value differs by only 1.6%. The measurement inaccuracies of
the measuring instruments provided by the manufacturer are partly dependent on the
prevailing temperature and have been calculated, resulting in a combined uncertainty of
8.9%. This implies that the measured values can deviate from the actual values by up to
8.9%. Consequently, no significant difference in thermal conductivity, depending on the
blowing technique, can be observed.

The results of the two different blowing techniques are so close that a preference
for one method is not justified. If there are advantages in individual cases, the preferred
method should be used.

3.1.2. Determination of the Thermal Insulation Properties Using Needle
Probe Measurements

The measurement of the thermal conductivity by means of the needle probe yielded
the following results, as shown in Table 2.

Table 2. Thermal conductivity measured with the needle probe at two points for each compartment.

Thermal Conductivity (W/mK)

Date Vertical Vertical Reused Horizontal

18.02.2022 P1 0.044 0.047 0.042
18.03.2022 P1 0.045 0.046 0.047

P2 0.043 0.045 0.046
02.05.2022 P1 0.045 0.047 0.046

P2 0.044 0.047 0.047
05.05.2022 P1 0.046 0.048 0.048

P2 0.045 0.047 0.048
12.05.2022 P1 0.044 0.048 0.046

P2 0.045 0.048 0.047
01.06.2022 P1 0.046 0.047 0.046

P2 0.045 0.048 0.047

Table 3 shows the statistical values for the thermal conductivity measured with the
needle probe. The mean value, the median and the standard deviation as well as their
quotient and difference were calculated.
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Table 3. Statistical values of the thermal conductivity measured with the needle probe.

Statistical Values

Mean Value
(W/mK)

Median
(W/mK)

Standard Deviation
(W/mK)

Vertical 0.0447 0.045 0.0009
Vertical reused 0.0471 0.047 0.0009

Horizontal 0.0463 0.047 0.0016

Quotient of the statistical values (-)

Vertical/vertical
Reused 0.949 (5%) 0.957 (4%) 0.958 (4%)

Vertical/horizontal 0.965 (3%) 0.957 (4%) 0.555 (44%)
Vertical
reused/

Horizontal
1.017 (2%) 1.000 (0%) 0.579 (42%)

Difference in the statistical values (W/mK)

Vertical/standing
reused 0.002 0.002 0.000

Vertical/horizontal 0.002 0.002 0.001
Vertical

reused/horizontal 0.001 0.000 0.001

The mean value of the vertical blown-in specimen is 0.0447 W/mK, of the vertical
re-used specimen is 0.0471 W/mK and the horizontal blown-in specimen 0.0463 W/mK.

The needle probe measurements in Table 2 also confirm that there is no significant
difference between the different blowing techniques.

None of the three variants deviate from each other in mean or median by more than 5%.
The measurement accuracy of the needle probe is ±0.001 W/(mK) per measurement, which
means that a deviation of 0.002 W/(mK) can occur when comparing two measurement
results due to the measuring device. However, the difference in statistical values among all
three variants never exceeds 0.002 W/(mK).

As a result, the findings of both measurement methods are consistent with each other.
The conclusion that the position of the wall element, whether vertical or horizontal, has no
significant influence on the thermal performance of the insulation material is supported by
the results of both measurements. Additionally, the reused straw showed similar results in
the second measurement.

3.1.3. Results of the Laboratory Experiments

Table 4 contains the values measured in the laboratory for the samples taken from
the outdoor test rig, such as thermal conductivity, installation thickness, raw density at
23 ◦C and 50% relative humidity, and moisture content after measurement. The moisture
content was measured gravimetrically in the laboratory. The samples are from the wall
element of the first test of the untreated straw with different blowing techniques. The
exact positions are shown in Figure 5. The boundary conditions for the conversion to the
dry state are from λ10,g to λ10,dry according to ETA-17/0559 from “ISO-Stroh” [28] with
the moisture conversion coefficient fu = 0.574 kg/kg and mass-specific moisture content
u23,50 = 0.075 kg/kg.

Table 5 shows that the thermal conductivity of the straw blown in the upright position
is 11% higher than that of the straw blown in horizontally. However, it is important to
note that the two results for the samples of horizontal straw already differ by 24%, which
indicates that this difference cannot solely be attributed to the blowing technique.
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Table 4. Thermal conductivity of the samples taken in the laboratory with the single-plate instrument.

Wall
Element

Nr.

Installation
Thickness

d
(mm)

Bulk Density
(23/50) ρ
(kg/m3)

Moisture
Content after
Measurement

ug

(%)

Measured
Value Thermal
Conductivity

λ10,g

(W/mK)

Thermal
Conductivity

λ10,dry

(W/mK)

Vertical
1 98.6 104 0.21 0.05137 0.0513
2 99.4 103 0.25 0.05125 0.0512

Reused 3 99.6 115 0.19 0.04095 0.0409
Horizontal 4 99.2 118 0.19 0.05103 0.0510

5 98.1 121 0.17 0.04128 0.0412

Measure variabilities of samples with the same blow-in techniques
Thermal conductivity (W/mK)

Quotient vertical 1/vertical 2 1.00 (0%)
Quotient horizontal 4/horizontal 5 1.24 (24%)

Table 5. Comparison of the average values of thermal conductivity for the different positions,
measured with the single-plate instrument.

Mean Value (W/mK)

Vertical 0.0513
Vertical reused 0.0409

Horizontal 0.0461

Quotient of the mean value (-)

Vertical/vertical reused 1.25 (25%)
Vertical/horizontal 1.11 (11%)

Vertical reused/horizontal 0.89 (11%)

Difference in the mean value (W/mK)

Vertical/vertical reused 0.0103
Vertical/horizontal 0.0051

Vertical reused/horizontal 0.0052

The assumption that the horizontal position of the outer wall element during the injection
results in poorer thermal insulation properties is also not supported by this measurement.

It is known that air has lower thermal conductivity compared to straw, making air
pockets within the insulation desirable. Increasing the straw density reduces the pres-
ence of air pockets between the straw particles, thereby reducing heat transfer through
convection and conduction, which, in turn, enhances the insulating effect of the material.
However, if the density is increased excessively, the thermal conductivity also increases as
the compressed air in the voids becomes more conductive.

A previous study [16] demonstrated a relationship between density and thermal
conductivity, depicted as a curve that initially decreases and then rises again. Up to
a density of approximately 65 kg/m3, the insulating properties improve, and beyond
that point, the thermal conductivity increases with density. However, these laboratory
measurements (Table 4) revealed a different relationship between density and thermal
conductivity. In the results shown, samples with higher density, such as positions 3 and 5,
exhibited the best insulating performance. It is worth noting that the previous study only
measured up to a density of 85 kg/m3, and further research is needed to understand the
implications of higher densities, as these findings seem to differ.

3.2. Difference in the Thermal Conductivity Using Different Measurement Methods

The design value of the thermal conductivity is usually obtained by multiplying λ10,dry
with the normative factor Fm(23.80). This design value is usually used in energy balances to
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calculate the U-value. The results of the measured and calculated thermal conductivities
of chopped straw are shown in Table 6. It is shown that a general addition of 20% to the
λ10,dry does not agree with the values measured in situ.

Table 6. Comparison of thermal conductivity using different measurement methods.

Thermal Conductivity (W/mK) Vertical Horizontal

Heat flow measurement 0.0408 0.0401
Needle probe measurement 0.0447 0.0463

λ10,dry—Single-plate measurement 0.0513 0.046
λ10,dry adding 20% 0.062 0.055

3.3. Impact of a Flame Retardant on Hygrothermal Properties of Chopped Straw
3.3.1. Comparison of Thermal Conductivity of Horizontal and Vertical Blown-In Straw

The following table shows the thermal conductivities of untreated straw and straw
treated with a flame retardant (Table 7). As in the first test, this was determined by means
of heat flow measurement (U-value).

Table 7. Mean values of the thermal conductivity of the untreated straw and treated straw (heat
flow measurement).

Untreated Straw Treated Straw

Mean Value
(W/mK)

Mean Value
(W/mK)

Vertical 0.0408 0.0412
Horizontal 0.0401 0.0425

Quotient horizontal/vertical 0.983 (1.7%) 1.03 (3.0%)

In Table 7, the quotients of lying to standing show that the differences in the mean
value (1.7% and 3%) are relatively small.

The measurement inaccuracy of the measuring devices here is 9.6%; thus, no significant
difference between lying and standing blown-in straw in terms of its thermal properties
can be determined from the measurements.

Table 8 compares the differences in the thermal conductivity of the untreated and
the treated straw. The thermal conductivity is higher for the treated straw in both the
upright and lying positions. The mean value of the vertical element is higher by 1% and
the mean value of the horizontal element is higher by 6%. It is important to note that the
measurements were conducted during two different winter periods, leading to varying
temperatures and humidity levels. Additionally, the sum of the measurement inaccuracies
of both measurements is 18.5%. Therefore, the measurement results do not show a clear
difference, and the small deviation can be attributed to the measurement inaccuracy and
external influences. The investigation revealed no evidence that the flame retardant leads
to a measurably higher thermal conductivity due to an increased salt concentration.

Table 8. Comparison of the differences between the mean values of the thermal conductivity of the
treated and untreated chopped straw insulation (heat flow measurement).

Mean Value
(W/mK)

Quotient vertical with/without flame retardant 1.010 (1%)
Quotient horizontal with/without flame retardant 1.060 (6%)
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3.3.2. Long-Term Hygrothermal Behavior of Straw Constructions with Flame Retardants

Considering the fact that flame retardants can influence the hygroscopic properties
of the treated straw, the present study aimed to examine whether this leads to moisture-
related issues.

Both sensors are located within the insulation layer, with one adjacent to the outer
planking and the other adjacent to the inner planking.

The temperature and humidity curves of the two sensors for each compartment of the
wall element are presented in the following diagrams. The inner sensor (Figure 8) never
reaches a relative humidity value above 55% in all three compartments, while the outer
sensor (Figure 9) consistently exceeds 70%.

 

Figure 8. Temperature and relative humidity inside the insulation, inner sensor, one winter period.

 

Figure 9. Temperature and relative humidity inside the insulation, outer sensor, one winter period.

A relative humidity of 70% over an extended period is considered a critical value
for mold growth in building materials [29,30]. Natural insulation materials made from
organic substances, such as lignocellulosic materials, carry a higher risk of pest infestation
compared to inorganic or synthetic insulation materials. Nevertheless, using bio-based
insulation materials from an ecological perspective is desirable. However, it is crucial to
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ensure that the chosen material does not pose an increased risk of mold infestation. In
some cases, a fungicidal treatment of the material may be necessary to prevent this.

Despite the higher risk of infestation with organic insulation materials, they possess
the advantage of being able to temporarily absorb and buffer high moisture levels [26].

According to research conducted by the Fraunhofer Institute for Building Physics,
the three primary growth criteria for fungi are substrate, humidity, and temperature over
a specific period. They present these criteria in relation to each other using an isopleth
system. The critical condition arises when the temperature remains continuously above
20 ◦C with humidity exceeding 70% for an extended period (several days). However, in
our case, the critical condition is only reached for a few hours, indicating that the structure
is functional in terms of mold growth.

As 100% relative humidity is never reached, it is assumed that no condensation
occurs in the entire component. To verify this, an additional simulation was conducted
using the Archiphysik program. The structure was simulated in the program with the
same component layers and material parameters as built in the test rig. These data were
obtained from the manufacturers, and the measured thermal conductivity was used for the
insulation layer.

First, the measured and simulated U-values were compared to check whether the
simulation model corresponds to the real structure. Then, according to ÖNORM B 8110-
2:2020-01-01, the simplified verification procedure was conducted to ensure the prevention
of damage-causing amounts of condensate inside the building component. The calculations
show that there is no condensate formation, meaning that the verification is fulfilled.

4. Conclusions

All of the tests carried out have consistently shown that there is no deterioration in
the thermal insulation properties of the blow-in technology in horizontally positioned wall
elements compared with conventional blow-in technology in vertically positioned wall
elements. Horizontal blowing can lead to a simplification of the working process, and, thus,
to greater efficiency on the construction site or in prefabrication.

This observation could be due to the hypothesis that the fibers exhibit fluid-like
behavior when blown in the air and the general flow behavior is very turbulent. There was
also no apparent difference in the orientation of the fibers when the module was opened.

Further investigations would be interesting here; for example, two wall elements could
be built with a glass front and filmed during the blow-in and analyzed afterwards.

Although it was expected that re-blowing would cause the straw chaff to have a finer
microstructure, resulting in higher thermal conductivity, i.e., poorer insulating properties,
the needle probe measurement for the re-blown straw showed similar thermal conductivity
to the new straw. In the case of the heat flow measurement, it was not possible to obtain
comparable values due to the middle position. Here, further investigations with other
measurement methods would be interesting to support the hypothesis that it has similar
insulating properties as the unused straw.

Both blow-in technologies lead to better results than the data sheet indicates. In
ETA-18/0305 [18], the design value of thermal conductivity for blow-in straw is given
as λ = 0.058 (W/m*K), while the results of this study show better values by about 0.01
(W/m*K). This may be due to the fact that the general moisture allowance of 20% is not jus-
tified. Further research in this area is highly relevant for all bio-based insulation materials.

The correlation of density and thermal conductivity shows different results in our
case in comparison to those in the compared study [16]. However, the measurements of
the study only went up to 85 kg/m3. Since there are not yet many studies on chopped
straw, further in situ and laboratory tests would be interesting to analyze this relationship
more precisely.

The recommendations for further research include more in situ and laboratory mea-
surements of chopped straw in general, as well as detailed investigations of the different hy-
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grothermal behavior of biobased insulation materials. This could lead to more widespread
use of these energy-efficient, low-emission building materials.
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Abstract: Rural commons face extraordinary challenges like fragility and sensitivity due to climate
change. Retrofitting rural built environments affords benefits that could overcome these challenges
and support sustainable development. However, notwithstanding the vast energy retrofitting inter-
ventions available, the associated aspects require investigation, particularly in distinct rural contexts
with all their valuable, cultural, and historical inheritance. Hence, this study aimed to examine
energy retrofitting practices in rural settlements worldwide over a decade to diagnose the goals
that are being undertaken, stakeholder engagement, and finally, the bi-correlation between rural
contexts and interventions, and retrofitting contributions to valorizing the place’s identity. This study
is a systematic literature review (SLR) considering the items of the PRISMA checklist (Preferred
Reporting Items for Systematic Reviews and Meta-Analyses). An SLR of published peer-reviewed
studies between January 2012 and March 2023 in 16 electronic databases in all available languages,
using a combination of seven keywords within three domains, was conducted. The initial search
resulted in 397; after applying the inclusion/exclusion criteria, there were 60 eligible articles. The
academic progress and tendencies in the energy retrofitting domain of rural built environments
are discussed and summarized into four major thematic classifications (energy efficiency strategies,
energy efficiency planning, policy evaluation, and occupant behavior). Briefly, rural buildings lack
energy-saving designs. Simulation tools are essential; however, they should be calibrated with
on-site conditions, showing the reasons for selecting the applied retrofitting measures and correlation
with the surrounding context. Successful implementation requires cross-disciplinary collaboration,
engaging decision makers, and providing energy education for the local community. Regulations
should include micro-context-specific environmental performance indicators. These insights could
help map out future academic pursuits and help the stakeholders better understand their nature.
Simultaneously, this study assists early-stage researchers in conducting systematic literature reviews
utilizing different tools. However, the SLR protocol may have limited findings due to the specific
search terms used, so the authors believe the more the literature search scope is broadened, the more
discoveries could be made.

Keywords: qualitative approach; energy efficiency; rural commons; evidence-based practices; content
analysis

1. Introduction

Traditional rural settlements emerged vernacularly (without architects [1]) or with
architects and planners, while respecting the rural identity [2]. They have a distinguished
architectural typology and urban materials through transferred knowledge between gen-
erations, to achieve dwellers’ satisfaction. They are characterized by a high population
density, relying on economic activities using the integration of primitive small-scale and
modern techniques. Dwellers can solve problems, such as mobility, energy efficiency, and
efficient use of space in their ways [3]. Rural areas play a crucial role in our daily lives by
supporting the production of food and raw materials, offering recreational opportunities,
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contributing to our overall well-being and environmental health, enhancing ecosystem
services, and providing aesthetic value. They comprise the vast majority of the global
territories and host half of the population in developing countries and one-third of the
population in EU countries.

Nowadays, rural areas have undergone significant changes since the mid-20th century
due to many reasons, like industrialization [4], philosophical shifts [5], and socioeconomic
aspects [6], that produced modern built environment patterns. that produced modern built
environment patterns, shifted the productive rural nature to consumerism which led to
the consumption of natural resources and increases the demand for energy and water re-
sources, all irreversible adverse impacts on the environment, making them confront distinct
environmental challenges due to climate change as one of the most fragile areas [7–10].

Energy has played a crucial role in human civilization, but the energy industry is a
major contributor to greenhouse gas emissions (e.g., nearly 80% in the EU). Scholars have
highlighted the negative effects of this sector on the environment and emphasized its crucial
role in achieving sustainable development goals (goal 7: supply affordable, sustainable,
and reliable energy to all by 2030) [11]. In this context, the global community has intensified
its efforts since the Paris Agreement in 2015 (an international treaty on climate change) to
fulfill, at the national scale, the commitment to mitigate climate effects, particularly in rural
contexts, where energy is a decisive factor [12]. For instance, the European Commission
aims to support sustainable rural development through a number of initiatives in the
framework of the European Green Deal [13]; rural specificity of a country is an essential
characteristic influencing energy poverty [14]. The current policy in the United States of
America (USA) is to finance Rural Clean Energy Initiative projects that focus on clean
energy transitions [15]. This is regardless of the current global energy crisis due to shared
global challenges, such as the Russian–Ukrainian conflict, which brings into mind the
energy crisis that resulted in the aftermath of the Egyptian–Israeli war in the 1970s.

The building sector is a predominant aspect of the built environment, and is respon-
sible for about 40% of global energy consumption. It has a substantial carbon footprint
regarding the associated greenhouse gas emissions (GHG) from electricity consumption
and anthropological activities. Energy retrofitting refers to adapting the latest technologies
or features to obsolete systems [16]. Therefore, building energy retrofitting and utilizing
existing clean energy solutions in rural areas can play a pivotal role in mitigating rural
commons’ challenges, such as meeting climate change goals [17], achieving low-carbon tran-
sitions [18], fulfilling sustainable development objectives [19], decreasing natural resource
exploitation [20], and enhancing the quality of life [21].

Energy retrofitting practices are characterized by intricacy, unlike any domains, which
was confirmed in the past two decades [22] and by a recent study [23]. This was through
the efforts of the scholars, representing a significant increase in the scholarly publications
in the field within this period [24]. Numerous studies defined this complexity in obstacles
accompanying energy retrofitting domains related to different perspectives, like policies,
user behavior and culture, techno-economic factors, and business engagement [25–27].
Moreover, the nature of the process requires cross-disciplinary collaboration among various
stakeholders, as emphasized in Sibilla and Kurul’s systematic review titled “Transdisci-
plinarity in energy retrofit” [28].

Briefly, cross-disciplinarity has different forms. Multi-disciplinarity: coherence of
the conceptual frameworks associated with various disciplines, focusing on a particular
topic from different angles (working together but without significant contributions). Intra-
disciplinary: combines two or more diverse sub-fields under the major one, concentrating
participants’ efforts to derive concepts. Inter-disciplinarity: builds a mutual framework for
the collaborating disciplines under the same field to create a synthesis, working on common
questions to achieve shared results (the results are more than the sum of each discipline).
Trans-disciplinarity: multi-level coordination incorporating academic researchers from
diverse fields with non-academic participants and professional practices to flourish the
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epistemology and theory for knowledge generation [29–31]. Figure 1 visualizes the Latin
origin of the concepts for a better understanding.

Figure 1. The Latin origin of the cross-disciplinarity forms.

Rural commons have specific socio-cultural values, which is higher than that in urban
contexts [32], which can be represented by, the strong bond between residents and their
home [33], regardless of the physical identity of the rural buildings (despite their steady
transformations [34]). Consequently, many studies have emphasized the necessity of
preserving the cultural and natural values of rural places while developing them [35–38],
including energy retrofitting.

Therefore, this study aimed to identify the retrofitting practices for energy efficiency
in rural settlements in the past decade to highlight the progress in academic research,
synthesize the evidence into insights [39], and provide a meticulous, holistic summary
through evidence-based practices, such as a systematic literature review (SLR) [40,41]. SLR
is a holistic search for relevant scientific research on the investigated topic using structured
methodologies [42]. We aim to provide an explicit model of the status of global research
on rural built environments beyond the technical interventions and the numerical results
(energy saving quantifying). We hypothesize that rural contexts differ from others, repre-
sented by the reciprocal correlation between interventions and the surrounding contexts.
This can be addressed by answering three research questions (RQs):

• (RQ1) What are the thematic classifications of the activities undertaken within these
practices, considering cross-disciplinarity and stakeholder engagement?

• (RQ2) What is the relationship between rural contexts and interventions?
• (RQ3) To what extent do the interventions contribute to valorizing the rural identity?

2. Materials and Methods

The aim was accomplished and the research questions were addressed by conducting
an SLR. We used the PRISMA (Preferred Reporting Items for Systematic Reviews and
Meta-Analyses) checklist [43], which emerged in 2009 [44]. The checklist was employed to
identify the research question, search keywords that meet the objectives, and synthesize
the qualitative results.

The proposed SLR steps were revised based on references [45,46]. The SLR was
executed based on the modified protocol, using explicit inclusion and exclusion crite-
ria (Section 2.1) and employing the relevant keywords (retrofitting rural built environ-
ments) (Section 2.2) which led to a comprehensive examination of the literature to identify
retrofitting factors globally. Figure 2 depicts the SLR process and structure.

Figure 2. The SLR procedure and structure.
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2.1. SLR Protocol: Inclusion and Exclusion Criteria

The search selected peer-reviewed articles in journals and conferences to ensure their
quality. They should be primary sources and published within the last decade (between
2012 and March 2023) in all available languages and electronic databases. Books, grey
literature (e.g., M.Sc. and Ph.D. theses), and secondary sources were excluded.

Meanwhile, the articles should address the specific problem and answer at least one
research question. Namely, they had to report energy efficiency improvement strategies or
practices in the buildings or surrounding environment or discuss retrofitting policies in
rural contexts. Conversely, the articles that distinctly discuss non-rural contexts (i.e., urban
and suburban areas) or undefined contexts or provide generic guidelines or evaluated
policies were excluded. Table 1 summarizes the exclusion and inclusion criteria.

Table 1. The inclusion and exclusion criteria for the SLR.

Factor Inclusion Criteria Exclusion Criteria

Document Type
Peer-reviewed journal articles;
Peer-reviewed conference articles;
Primary research.

Grey literature (e.g., M.Sc. and
Ph.D. theses);
Books and book chapters;
Secondary research.

Year Range Between January 2012–March 2023 Before January 2012 and after
February 2023

Ultimate context and
intimate context

All kinds of rural settlements (e.g.,
historical and abandoned villages);
Discusses retrofitting
(policies/practices) in generic
contexts, including rural ones.

Not rural or undefined context
(e.g., cities, urban or suburban
contexts)

Relevance to the
objectives

The articles address “retrofitting”
for energy efficiency and answer
one or more research question(s).

The article discusses a specific
topic not relevant to the research
questions.

Language All available languages Not applicable (n/a)

Research topic

Retrofitting built environment;
Case studies and best practices;
Review policies or energy efficiency
programs that specified rural
contexts;

Review policies or energy
efficiency programs with general
guidelines that are not specific to
rural contexts;
Specific topic (e.g., material
development);
Does not include retrofitting or
any synonyms.

2.2. Research Strategy

The research context’s keywords were specified to construct the search string. Three
strings of search keywords were used. The first term is “retrofitting” and its synonyms
“refurbishment” and “renovation” as they are three commonly used expressions to describe
physical changes executed to improve existing buildings or built environments [47]; the
asterisk is used to give a different form of the keyword, for instance (renovat* may indicate
renovation, renovated, renovated, or renovating). The second term is “energy efficiency”
or “energy saving” which is the core of the research objective. The third term is “rural.”
Meanwhile, in order to broaden the obtained results, related built environment aspects
like buildings and the context classifications (e.g., village, settlement, community) were
excluded. However, these aspects were extracted during the review process. The search
string implemented using simple Boolean (AND and OR) logic:

(retrofit* OR refurbishment OR renovat*) AND (“energy efficiency” OR “energy
saving” OR “energy-efficien*”) AND rural
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This study used the Rome Digital Library System of Sapienza University—SBS (Dis-
covery Sapienza) powered by EBSCOhost (https://web.uniroma1.it/sbs/en/discovery
sapienza, accessed on 22 June 2023), as well as EBSCOhost which is one of the commonly
employed databases by scholars in different disciplines [48]. It searches various electronic
sources simultaneously using the maximum number of keywords; of note is that the plat-
form can be utilized without registration, and only a few additional features are exclusive to
users with an institutional email, like saving the research result in folders under the account.

2.3. Results and Study Selections

The initial search process on SBS was conducted between January 2012 and March
2023, applying the Peer Review filter; 353 studies were found, in 16 electronic databases,
Figure 3, all available in English. The SBS engine auto-detected duplications; these were
removed and the number decreased to 221 studies. These were exported in (RIS) format
(available in Supplementary File S1) to a reference manager software Zotero V.6 to check for
further duplications, omitting 53 more articles, leaving 168 studies which were exported for
screening using the Rayyan online platform (https://www.rayyan.ai, accessed on 15 March
2023). At this stage, one duplicated article was eliminated (provided in two languages).

Figure 3. The number of publications from each database.

Rayyan is a common tool for SLR in many domains [49], it allows users to review each
paper (displaying the title, abstract, keywords, publisher, and authors) and add notes and
PDF files. The interface shows a summary, for instance, of screening time and the number
of sessions. Each paper can be labeled and selected to be included, excluded, or labelled
as maybe (to be decided later). It enables collaboration among the reviewer team which
accelerates the study selection process and decreases the screening time by 40% compared
to similar tools [50].

The evaluation process was implemented in two steps. Firstly, the initial screening
process of the title, keywords, and abstract was implemented via the Rayyan platform. The
screening process excluded 92 articles that could not be related to the research questions.
The remaining articles (75) qualified for the second step. It should be noted that if one author
or both authors had reservations about approving the study, the article was accepting for
the next step (full-paper analysis).

In the second phase, the papers were downloaded and read one by one. Some
manuscripts had limited access, but the authors could download them through insti-
tutional accounts. In this second evaluation process, 18 papers were excluded. Figure 4
illustrates the PRISMA flowchart of the selection process.
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Figure 4. The PRISMA flow diagram of the selection of articles.

2.4. Data Extraction

After selecting the eligible articles, the authors developed a data extraction form in an
Excel sheet (available in Supplementary File S2). The extracted data are divided as follows:

• The bibliographical data, authors’ names, numbers, citation score, and keywords
(Section 3.1);

• Authors’ affiliations, affiliation countries, and cross-disciplinarity (Section 3.2);
• Characteristics of the geographical and micro-contexts (Section 3.3);
• Scope of analysis, focus, and theme classifications (Section 3.4);
• Result synthesis (Section 3.5).

In conclusion, the SLR resulted in 60 peer-reviewed papers (36% of the total articles).
This occurred because of the rigid restriction of the eligibility criteria, which searched a
combination of 7 keywords within three domains between January 2012 and March 2023.
The included articles are shown in Table 2.

Table 2. The included SLR studies (in ascending order by year of publication).

ID Ref Title

ID01 [51] State of the Irish housing stock—Modelling the heat losses of Ireland’s existing detached rural housing stock &
estimating the benefit of thermal retrofit measures on this stock

ID02 [52] Evaluating fuel poverty policy in Northern Ireland using a geographic approach
ID03 [53] Renovation alternatives to improve energy performance of historic rural houses in the Baltic Sea region
ID04 [54] Overview of rural building energy efficiency in China
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Table 2. Cont.

ID Ref Title

ID05 [55] Azioni e strumenti per il recupero e la valorizzazione dell’architettura e del paesaggio rurale e montano

ID06 [56] A comprehensive analysis of building energy efficiency policies in China: status quo and development
perspective

ID07 [57] Impact of Civil Envelope on Energy Consumption based on EnergyPlus
ID08 [58] Analysis on building energy performance of Tibetan traditional dwelling in cold rural area of Gannan

ID09 [59] Material flow accounting for an Irish rural community engaged in energy efficiency and renewable energy
generation

ID10 [60] Retrofitting domestic appliances for PV powered DC Nano-grid and its impact on net zero energy homes in
rural India

ID11 [61] An examination of energy efficiency retrofit depth in Ireland
ID12 [62] Role of Self-Efficacy in Reducing Residential Energy Usage

ID13 [63] Evaluation of refurbishment alternatives for an Italian vernacular building considering architectural heritage,
energy efficiency and costs

ID14 [64] Analysis and Optimization on Energy Performance of a Rural House in Northern China Using Passive
Retrofitting

ID15 [65] Effect of Building Roof Insulation Measures on Indoor Cooling and Energy Saving in Rural Areas in Chongqing
ID16 [66] Energy retrofit and environmental sustainability improvement of a historical farmhouse in Southern Italy

ID17 [67] Thermal comfort optimisation of vernacular rural buildings: passive solutions to retrofit a typical farmhouse in
central Italy

ID18 [68] Redesign of a Rural Building in a Heritage Site in Italy: Towards the Net Zero Energy Target

ID19 [69] Analysis of Passive Energy-saving Retrofitting of Rural Residential Houses in Southern Anhui Province—A case
in Hongcun

ID20 [70] Sustainability evaluation of retrofitting solutions for rural buildings through life cycle approach and
multi-criteria analysis

ID21 [71] SWOT Analysis for the Promotion of Energy Efficiency in Rural Buildings: A Case Study of China
ID22 [72] Geometric classification method of rural residences at regional scale
ID23 [73] China’s building stock estimation and energy intensity analysis

ID24 [74]
An exploration about the Solar Energy Utilization and the Enclosure System Renovation for Rural Residential
Buildings in Cold Areas of Northern China—Taking the rural residential renovation design in Zhujialin Village,
Linyi as an example

ID25 [75] Residential energy transition and thermal efficiency in an arid environment of northeast Patagonia, Argentina

ID26 [76] Towards a cleaner domestic heating sector in China: Current situations, implementation strategies, and
supporting measures

ID27 [77] Energy, carbon, and cost analysis of rural housing retrofit in different climates

ID28 [78] Indoor Temperature Improvement and Energy-Saving Renovations in Rural Houses of China’s Cold Region—A
Case Study of Shandong Province

ID29 [79] Facility Energy Management Application of HBIM for Historical Low-Carbon Communities: Design, Modelling
and Operation Control of Geothermal Energy Retrofit in a Real Italian Case Study

ID30 [80] An Integrated HBIM Simulation Approach for Energy Retrofit of Historical Buildings Implemented in a Case
Study of a Medieval Fortress in Italy

ID31 [81] Reduced biodiversity in modernized villages: A conflict between sustainable development goals

ID32 [82] The Economic Effects of New Patterns of Energy Efficiency and Heat Sources in Rural Single-Family Houses in
Poland

ID33 [83] Preliminary Energy Evaluations for the Retrofit of Rural Protected Buildings in a Peripheral Context of Milan

ID34 [84] Heat consumption scenarios in the rural residential sector: the potential of heat pump-based demand-side
management for sustainable heating

ID35 [85] Integrated assessment of the environmental and economic effects of “coal-to-gas conversion” project in rural
areas of northern China.

ID36 [86] Renewable Energy Utilization in Rural Residential Housing: Economic and Environmental Facets

ID37 [87] The role of personal and environmental factors in rural homeowner decision to insulate; an example from
Poland

ID38 [88] Active–passive combined energy-efficient retrofit of rural residence with non-benchmarked construction: A case
study in Shandong province, China

ID39 [89] Life Cycle Carbon Emission Analyzing of Rural Residential Energy Efficiency Retrofit-A Case Study of Gansu
province

ID40 [90] Framework for design and optimization of a retrofitted light industrial space with a renewable energy-assisted
hydroponics facility in a rural northern Canadian community
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Table 2. Cont.

ID Ref Title

ID41 [91] Life-Cycle Assessment of a Rural Terraced House: A Struggle with Sustainability of Building Renovations
ID42 [92] Evaluation of Rural Dwellings’ Energy-Saving Retrofit with Adaptive Thermal Comfort Theory
ID43 [93] Retrofitting Rural Dwellings in Delta Region to Enhance Climate Change Mitigation in Egypt

ID44 [94] Theoretical Study on the Relationship of Building Thermal Insulation with Indoor Thermal Comfort Based on
APMV Index and Energy Consumption of Rural Residential Buildings

ID45 [95] Passive Energy-Saving Optimal Design for Rural Residences of Hanzhong Region in Northwest China Based on
Performance Simulation and Optimization Algorithm

ID46 [96] Analysis of Energy Performance and Integrated Optimization of Tubular Houses in Southern China Using
Computational Simulation.

ID47 [97] Mitigating heat demand peaks in buildings in a highly renewable European energy system

ID48 [98] Evaluation of energy-saving retrofit projects of existing rural residential envelope structures from the
perspective of rural residents: the Chinese case

ID49 [99] Net-zero energy retrofit of rural house in severe cold region based on passive insulation and BAPV technology

ID50 [100] Environment improvement and energy saving in Chinese rural housing based on the field study of thermal
adaptability

ID51 [101] Evaluation of energy-saving retrofits for sunspace of rural residential buildings based on orthogonal experiment
and entropy weight method

ID52 [102] Opportunities stemming from retrofitting low-resource East African dwellings by introducing passive cooling
and daylighting measures

ID53 [103] Estimating the impact of energy efficiency on housing prices in Germany: Does regional disparity matter?

ID54 [104] Evolutionary Game Analysis of Energy-Saving Renovations of Existing Rural Residential Buildings from the
Perspective of Stakeholders

ID55 [105] Exploring pathways of phasing out clean heating subsidies for rural residential buildings in China

ID56 [106] Energy Saving and Thermal Comfort Performance of Passive Retrofitting Measures for Traditional Rammed
Earth House in Lingnan, China

ID57 [107] A study on influencing factors of optimum insulation thickness of exterior walls for rural traditional dwellings
in northeast of Sichuan hills, China

ID58 [108] Green retrofit of existing residential buildings in China: An investigation on residents’ perceptions

ID59 [109] Sustainable Energy Development and Climate Change Mitigation at the Local Level through the Lens of
Renewable Energy: Evidence from Lithuanian Case Study

ID60 [110] Improving Building Envelope Efficiency Lowers Costs and Emissions from Rural Residential Heating in China

3. Results and Analysis

3.1. Publications, Authors, Affiliations

The distribution of papers by year demonstrates a steady increase of about 9% each
year in publication rate in the latest three years (Figure 5a). China contributed half of the
studies on this subject. Studies in Italy came in second with 15%, followed by Poland, and
the United Kingdom (UK) and Ireland with 7% and 5%, respectively. The remaining articles
were implemented in 13 countries (6 in Europe, 2 in Asia, 2 in Africa, 1 in South America,
and 2 in North America), Figure 5b.

A total number of 259 authors affiliated with 80 countries produced these articles.
Chinese affiliations came in first place with 31%, followed by Italy at 11%, the United
Kingdom (UK) and Ireland at 9%, the United States of America (USA) and Poland at
8% each, and 2% of each for Turkey, Sweden, the Netherlands, Germany, and Japan; the
remaining countries had one affiliation each (Figure 5c).

Twelve authors have collaborated twice and produced eight articles: Grohmann,
D., and Menconi, M.E. [67,70]; Cotana, F., Piselli, C., and Romanelli, J. [79,80]; Klepacka.
A.M. [86,87]; and Arıcı, M., Jiang, W., Li, Q., Li, D., and Qi, H. [99,101]. As remarked from
the timeline of publications, it seems these authors split/developed the same research
line for two publications. The collaboration rate among authors was predominated by
2–5 authors, at a frequency of 35 times, followed by 6–10 authors that collaborated in 23%
of the papers. Only one article was conducted by one author, showing the need for more
multi- and inter-disciplinarity, supporting the findings of Sibilla and Kurul.
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Figure 5. Quantitative analysis of included articles. (a) Distribution of articles by year; (b) distribution
of research by country; (c) distribution by affiliations’ country; (d) distribution by author count
of paper.

The citations from three databases indicated a positive correlation between the year
of publication and citation number, with more citations in later years (Figure 6a). The top
five cited papers are [51,53,54,56,73], all published by Elsevier. In this logic, Huo et al.’s
recent study (in 2019) [73] had the most citations, double that of the next highest cited
paper in the same reference year (but no observed correlation between author count and
citation numbers). Google Scholar (GS) had the highest citation number for all publications
compared to the other two databases (Web of Science and Scopus); both almost completely
overlapped with GS. The average overlap between Web of Science (WoS) and Scopus with
GS was 73% and 63%, respectively, and WoS coincided with Scopus by two-thirds.

In terms of publisher (in Figure 6b) 53% of the articles were published in Journals by
Elsevier (Figure 6c) between 2013 and 2022 and achieved a total citation of 954, 720, and
616 in GS, Scopus, and WoS, respectively. The average citation per paper, respectively, was
30, 23, and 19. MDPI’s journals (Figure 6d) was second with 25% (published between 2017
and 2022) and achieved citation numbers of 184, 150, and 144 in GS, Scopus, and WoS,
respectively, with an average of 12, 10, and 10 for each paper. This was followed by Springer
with two articles. The remaining articles were distributed equally among ten publishers. In
terms of journals, Energies was first with eight articles, mostly discussing energy efficiency
planning and scenarios. In second, Energy & Buildings articles mainly discussed bottom-up
retrofitting strategies. Next were Energy for Sustainable Development, Energy Procedia, and
Journal of Cleaner Production, each with four articles, followed by Buildings and Energy Policy
with three each.
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(a) (b)

(c) (d)

Figure 6. (a) Annual average citation per article for each database; (b) distribution of publishers;
(c) distribution of journals published by Elsevier; (d) distribution of journals published by MDPI.

3.2. Affiliations and Cross-Disciplinarity (Supplementary File S2)

In terms of the affiliations for the included articles, almost all the papers were im-
plemented by academic bodies and research centers; only the authors of five papers (9%)
were affiliated with governmental bodies [61,66,76,104,105]. Additionally, 9% of papers
included authors from the private sector in the domains of technology, e2nergy, and energy
economics [56,80,89,98,102]. It was apparent that there was an absence of local communities
and social contributions to the publications, apart from a few papers, that engaged the
owner/landlords in early decision making [70]. The institution that produced the most
articles was the University of Perugia in Italy with four articles, followed by the Polish
Academy for Science in Poland with three papers, 12 institutions which produced a few
papers, and the remaining institutions published one article each. Figure 7 shows the top
institutions by author affiliation.

To identify the primary domains that produced the included studies, we examined the
affiliated departments and then collected, classified, and grouped them under 15 domains,
as seen in Table 3. The top contributions were architecture and planning at 38% of the total,
followed by applied and environmental sciences at about 22%, the energy domain at 15%,
and building and construction management and economics at 12%.
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Figure 7. Most frequent institutions by author affiliation.

Table 3. Classification of the scientific domain of authors’ departments extracted from the included
papers (available in Supplementary Files S3 and S4).

Discipline Frequency The Description Extracted from the Department’s Names

Architectural and urban/rural
planning 23

Architecture, urban or rural planning technology for architecture,
architecture and built environment, landscape architecture, and maritime
architecture

Applied Sciences 14 Civil engineering, chemical engineering, and mechanical engineering
Environmental Sciences 12 Environmental engineering and hydropower engineering

Energy 9 Energy technology, energy efficiency economics, and energy
Economics 7 Finance

Building and Construction 7 Building physics, building and real state, and construction management

Agricultural science 5 Rural and agriculture development and agricultural and applied
economics

Political science 3 Public and international affairs and environmental policies
Technology 3 Technology development

Biology 2 Biological and geoenvironmental technologies and zoology

Business and management 2 Management and economics, sustainable development, and smart
decision making

Computer Science 2
Art History 1 Art and history (conservation)
Psychology 1

Mathematics 1

The collaboration level in the included studies varied. Half of the articles were
conducted by one discipline, predominated by architecture and planning. Meanwhile, 42%
of the studies were produced by two domains, mainly the combination of architecture
and urban/rural planning, followed by architecture and applied engineering (4 articles),
architectural and environmental sciences (3 articles), and architecture and planning with
building and construction (2 papers). Figure 8 maps out the cross-disciplinarity of the
included papers.

The total number of keywords, as stated in the papers, was 297 (Figure 9), with
an average of 5/article. As seen in the word cloud, the most frequently used keyword
was energy efficiency, and in second was building energy efficiency, energy consumption,
retrofit, and China. The third group included energy retrofit, rural residence, sustainability,
and multi-objective optimization. The fourth group included cultural heritage, historical

76



Buildings 2023, 13, 1586

buildings, thermal insulation, rural dwellings, renewable energy, and economic analysis,
which indicates an observed correlation between the SLR protocol and keywords.

Figure 8. Visual map illustrating the connectivity and strength of collaboration among the differ-
ent domains in the included studies (the frequencies of each discipline and the cross-disciplinary
collaborations are available in Supplementary File S4).

Figure 9. A visual summary of the keywords provided by the included studies (available in Supple-
mentary File S3), generated by https://www.jasondavies.com/wordcloud/, accessed on 15 May 2023.

3.3. Micro-Context Patterns

In terms of micro-context, all the articles have focused on only rural contexts, apart
from a few papers that evaluated energy policies in generic contexts (urban and rural) that
clearly indicated applications to rural contexts (Figure 10). Approximately 70% did not
define a particular context or settlement pattern; 7% indicated agriculture-based settlements;
12% applied to historical and listed buildings in rural areas, except for protected rural
buildings in a city [83] and a rural building in an archeological park in a city [68]; 4% were
conducted in remote and abandoned villages in India [60], China [69], and Argentina [75];

77



Buildings 2023, 13, 1586

4% mentioned the adaptive reuse of a touristic building in Italy and China [66,107]; 2%
were implemented in urban areas, namely, the countryside in a city [71]; and one article was
implemented in mountainous areas [69]. Figure 10 summarizes the pattern characteristics
of the investigated micro-context.

Figure 10. Characteristics and patterns of the examined context scope of the included articles.

3.4. Analysis Scope and Theme Classification

In terms of analysis scope, the articles have analyzed at least one or more aspects as
the main aim of the paper (Table 4) which can be summarized as:

• One-factor analysis: Eighteen articles (30%) investigated one aspect, i.e., energy (en-
ergy efficiency and clean heating), and only one paper [67] examined retrofitting to
attain thermal comfort in a traditional farmhouse building.

• Two-factor analysis: A total of 32 papers (53%) analyzed two aspects, namely, en-
ergy/cost (15 articles), energy/thermal comfort (6 articles), energy/carbon (4 articles),
energy/valorization (2 articles), energy/human behavior (1 article), and carbon/cost
(1 article).

• Three-factor analysis: Nine papers have provided multi-objective optimization, namely,
energy–thermal comfort with valorization and air quality (three papers) and the others
investigated energy, cost, and thermal comfort.

• Four-factor analysis: one paper discussed energy, cost, carbon, and air quality.

Energy analyses predominated in 97% of papers and overlapped with all factors apart
from two articles that focused on retrofitting for achieving thermal comfort, vernacular
dwellings for thermal comfort, and investigating carbon-associated energy saving and
cost. Economic analyses (economic assessment, cost, and energy economics) came second
with 40% and third was thermal comfort (17%). Only 7% clearly associated valorizing the
traditional identity with the aims, and the same percentage considered indoor/outdoor air
quality. Hydroponics farming was discussed as a retrofitting solution in one paper. Finally,
the latest paper discussed an unusual approach led by biodiversity: investigating the
impact of existing building retrofitting on birds. Table 4 summarizes the analyzed factors.
Note that some papers examined different aspects as supportive elements to the main
objective. For instance, reference [93] discussed users’ perspectives on the implemented
retrofitting, while the main goal was to quantify the potential energy saving.

The content review and analysis of the included studies led to their classification
based on the central theme with each containing sub-themes. They can be classified
into four categories: (1) providing energy efficiency strategies (57%), mainly quantifying
potential energy savings of suggested retrofitting measures; (2) discussing energy efficiency
planning (17%) to help guide the future for stakeholders via delivering energy efficiency
and/or retrofitting guidelines for developing policies and supporting decision making [111];
(3) policy evaluation (18%) to assess the energy policies related to building retrofitting and
reviewing national retrofitting schemes; and (4) discussing social and human behavioral
aspects (8%), like the perception of the practices and willingness to retrofit.
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3.5. Results Analysis and Synthesis

A quantitative analysis has been provided, showing the characteristics of the included
articles; based on this and the four main classifications, a qualitative analysis was used to
synthesize the results. In line with the study hypotheses, each pattern affects/is affected
by the retrofitting strategy to add value to the area and diagnose the main implemented
activities beyond the in-depth discussion of the technical solutions and numerical results.

3.5.1. Theme 1: Energy Efficiency Strategies

Generally, almost all research under this theme provided retrofitting solutions utilizing
field and experimental methods (case studies) and simulation tools.

Historical Contexts

The majority of these studies were accomplished in Italy; Piselli, Guastaveglia et al.,
and Piselli, Romanelli et al. retrofitted the infrastructure of historical buildings in Italy
(offshore and educational buildings) within a European Project (GEOFIT Horizon 2020),
namely with geothermal systems for cooling and heating [79,80]. They promoted utilizing
emerging technologies, namely building information modeling (BIM), as a human-centered
operational management approach supporting energy and environmental performance.
Meanwhile, technologies with low architectural impact can preserve the cultural her-
itage identity.

Cellura et al. [68] retrofitted a rural building in a park in an ancient village in Italy to
optimize the original materials and thermal comfort and reach the net zero energy target
(reducing cooling, heating, and lighting loads). For this last aspect, they integrated active
and passive solutions. The management authority was engaged in the early stages of
decision making. To preserve the original building configurations, they renovated building
systems, altering windows, internal insulation, and the renewable energy source (RES);
however, the type of RES can be excluded due to visual reasons (i.e., wind turbine). The
retrofitting solutions were restricted to national guidelines and legalization.

In this light, Caputo et al. [83] stated that the guideline does not provide adequately
efficient solutions. In other words, “heritage preservation and energy efficiency measures
are often conceived as mutually exclusive purpose” [63], regardless of the associated
challenges of refurbishing protected buildings regarding architectural constraints. Menconi
et al. [67] retrofitted dwellings using internal insulation to preserve the original features
of the building, that are considered an asset of the historical landscape [53]. Eventually,
Alev et al. [52] provided an interdisciplinary study to analyze renovation alternatives to
improve the energy performance of historic rural dwellings in three Baltic Sea countries.
The study revealed that older rural buildings have poor insulation and airtightness, · · · ,
which require considerable upgrades. Among the various structural components, external
wall insulation had the most significant energy-saving potential due to its large area and
high thermal transmittance. With this, it is feasible to meet energy performance standards
while maintaining the building’s original appearance.

Agricultural, Remote, Tourist, and Mountainous Contexts

Muthuvel et al. [60] relied on technological solutions to achieve zero-energy homes
by retrofitting dwelling building systems (home appliances) related to the residents’ agri-
cultural activities in a remote village. It found that the control is as simple as the system.
For the tourism contexts, Congedo et al. [66] studied an adaptively reused farmhouse
in Italy, by employing local construction materials and traditional practices to improve
energy/environmental performance. This approach boosted the local economy of the cul-
tural, tourism, and construction sectors, all as a valorization strategy to preserve traditional
identity. They demonstrated how the building has been affected by the surrounding agri-
economic activities (olive groves and vineyards) that add value by supporting agriculture
tourism. Simultaneously, they highlighted the importance of linking the interventions with
the top-down processes supporting Cellura et al.’s outcomes.
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Sun and Leng [58] provided multi-objective optimization of rural dwellings in ethnic
minority areas; these areas had a low standard of living and, consequently, poor energy
performance of buildings. However, there are possible environmental benefits like less air
pollution, higher atmospheric transparency, and solar radiation. From the relationship be-
tween thermal comfort and energy, Yanru Li et al. provided guidelines for refurbishing rural
buildings to attain optimum indoor environment enhancement for elderly people [100]. In
the studies that focused on optimizing these factors, it is inevitable to adapt retrofitting
measures regarding different thermal comfort factors for occupants, especially for improv-
ing infrastructure, like energy sources, as mentioned by Cardoso and González: “thermal
comfort levels in residential buildings not suitable for the children to perform school”.

For industrial buildings, Udovichenko et al. [90] developed a design framework for
retrofitting a building with a hybrid renewable energy-assisted hydroponics farming sys-
tem to produce fresh food in a harsh climate in rural Canada. For this building type,
the lead constraint is environmental factors (e.g., humidity and water), requiring suit-
able environmental control; in other words, improving building systems is an essential
retrofitting solution.

In mountainous areas in China, J. Han and Yang [69] quantified the energy savings
due to a passive retrofitting solution without demonstrating the relationship to or influence
of the context, similar to what was implemented by Yanru Li et al. [100], who indicated that
the air conditioning load was the most significant proportion of the total construction load.
Limited land affects the building footprint and retrofitting.

Cao et al. [92] proposed energy-saving retrofit assessment techniques for natural ven-
tilation because they noted that the existing research on energy-saving retrofit is aimed
at air-conditioned buildings and is not suitable for rural dwellings. The authors con-
cur with this observation as many papers have made this same assumption in different
contexts [84,93,94,106].

In the same context, the authors discovered that many studies have concentrated
on assessing energy conservation through retrofitting techniques for building systems
or envelopes in certain situations. They employed simulation tools to evaluate the effec-
tiveness of these methods, which resulted in improved energy efficiency, among other
benefits. However, the impact of implementing these interventions in rural contexts was
not thoroughly explained, as referenced in references [57,58,74,78,84,88,89,94,96,99]. In
other words, the authors argue that these practices can be implemented in any context,
particularly the social aspects that have not been explored. Thus, different approaches
should be presented. Some of these studies conducted on-site surveys to calibrate the
simulation model to minimize the discrepancy between simulated energy use and observed
data, such as in references [68,88].

Other studies observed the same behavior but explained the relationship with the
surrounding environment or with the building morphology itself, like the role of ventila-
tion as a passive cooling measure with great potential for sustainable renovation of rural
buildings [65]. Rural buildings can benefit from less air pollution, more daylight, and
integration with the natural environment, namely shading with trees and wall vegeta-
tion [102], especially in forest-based settlements. Selecting and combining the renewable
energy source (i.e., biomass) with a fuelwood source available due to the surrounding
context for heating and or cooking activities [75,85] or selecting specific heating sources
like the ground-source brine-to-water heat pumps are only suitable for rural areas because
of land requirements [97]. Other studies discussed the impact of building typologies on
energy consumption, such as detached dwellings having the largest heat loss because of
the high surface area to volume ratio or construction typology of cavity walls allowing for
more cavity insulation retrofitting [57,63], decides emphasizing the negative correlation
between building age and readiness to retrofit.
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3.5.2. Theme 2: Energy Efficiency Planning

Tahsildoost and Zomorodian [77] provided multi-criteria decision-making and defined
optimum retrofit strategies for rural buildings based on their economic viability for four
buildings in different climate zones in Iran. They highlighted the importance of government-
supported programs and incentive methods to educate and subsidize rural buildings,
especially in low-income areas, to appeal to the building owners.

In a Chinese context, Qi et al. [72] provided a geometric classification method to
facilitate energy performance evaluation and stated the necessity to analyze the potential for
energy savings and the effects of retrofitting measures. Liu et al. [110] evaluated potential
energy savings, costs, greenhouse gas emission reductions, and adoption strategies for
improving building envelope efficiency in rural residential buildings. Replacing current fuel
subsidies with retrofit subsidies is a win–win–win for rural households, local governments,
and the environment, as it is a more efficient approach, supporting Siudek et al.’s finding,
which stated that easy and moderate retrofits could effectively reduce the operating heating
costs of clean heating.

Cardoso and González [75] evaluated the impact of altering the energy source in rural
Argentina. The shift from using fuelwood alone to a combination of energy sources (liquid
petroleum gas and fuelwood) positively impacted the quality of life. This transition was
also a part of a social assistance program to support vulnerable sectors. However, many
households continue to rely on wood stoves for their high caloric power and the sense
of security they provide, as they are not dependent on external sources of energy. This
traditional practice remains prevalent.

In a European context, Zeyen et al. [97] discussed cost-effective ways to decrease
space heating demand peaks; they found that retrofitting solutions and energy efficiency
measures should be applied to manage thermal peak demands rather than reducing energy
demand. In Poland, Ksiezopolski et al. [82] investigated the correlations between the
thermal modernization of a rural single-family house (SFH) by altering the energy source
from coal to a clean energy source and examining its impact on household income. It was
found that the process of changing supply and consumption patterns would enhance energy
and environmental security. Siudek et al.’s [86] investigated the correlations between the
thermal modernization of SFHs, the changes in energy sources to clean energy, and the
disposable income of households in Polish rural areas. It was found that switching from
coal to alternative energy sources for new house construction can significantly increase the
cost of building, especially when installing renewable equipment for heating and water.

Byrne and O’Regan [59] provided an approach to delivering relevant and accessible
information to stakeholders, showing how community efforts have progressed in renewable
energy production. The rural residents who rely on energy sources that produce more
pollution (e.g., wood and heating oil) have a higher carbon footprint than that of urban
residents. In Germany, Taruttis and Weber [103] explored the correlation between energy
efficiency and the market value of SFHs to uncover the potential financial gains associated
with investing in energy retrofits. Surplus for enhanced energy efficiency can attain a price
that is superior to that in urban contexts. Rosin et al. [81] promoted a novel approach
to modernizing the building envelope to maintain energy efficiency and biodiversity of
species highly dependent on building structures. They advocated that retrofitting measures
should preserve ecological values and mitigate adverse impacts on biodiversity.

3.5.3. Theme 3: Policy Evaluation

In the UK and Ireland, Ahern et al. [51] evaluated the energy retrofitting national
scheme and realized characterization of rural dwelling typologies, energy efficiency, and
carbon emissions. They utilized a market-based approach that found individuals can
enhance the energy efficiency of their house without any upfront financial burden or added
stress of debt obligations. The cost of retrofitting external insulation varied based on
building size, insulation depth, and market conditions. Government involvement may be
needed for exterior wall insulation retrofitting schemes, as it poses a financial risk to utility
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companies. Walker et al. [52] examined the effectiveness of a national retrofitting scheme.
They found that most retrofits are minor solutions that may not reduce fuel poverty, reflect-
ing the importance of developing national schemes to tackle this. Collins and Curtis [61]
evaluated the energy efficiency measurements of a national scheme, providing insights and
recommendations for retrofitting strategies correlated with household characteristics.

The study of Žičkienė et al. [109] highlighted the significant political barriers in rural
Lithuania as the local authorities are not directly involved in promoting RES usage, and
there is insufficient support, exorbitant initial costs, and a lack of collaboration among
stakeholders. In addition, they pointed out that the lack of adequate funding for research
and innovation and sluggish academic research adversely affect the process. For these
reasons, they engaged experts to provide policy implications, as they found that retrofitting
public and residential buildings and energy infrastructure (e.g., energy-saving and con-
trollable lighting systems) is more effective than switching energy generation from fossil
fuels to RES as governments may turn a blind eye due to the high cost of RESs to achieve
national energy security.

In Chinese contexts, references [54,56,71,76,105] have examined different approaches
to assess building energy efficiency policies for retrofitting new and existing buildings
and infrastructure to address challenges of clean energy reformation and energy efficiency.
In general, in the study of He et al. in 2015, they stated that Chinese policies are usually
more supportive of rural areas than urban ones [54]; in contrast, Huo et al. and T. Han
et al. emphasized that the energy intensity of rural residential buildings has been doubled,
because of national building energy efficiency projects.

Their findings indicated that rural policy development has largely been left behind
at the expense of the welfare of significant household numbers. Meanwhile, the policies’
implementation is too weak, and the applicable strategic plan remains unclear (despite the
availability of provincial rural energy security guidelines [98]), especially with the difficulty
of developing clean heating in more impoverished areas (with low-income residents).
Thus, they emphasized the importance of adapting building energy efficiency policies
and codes to consider the specific features of regions (especially for new buildings) like
microclimate, house typology, ethnic characteristics, and ownership type. Moreover, there
should be responsibility for financing and facilitating the market mechanisms managing
long-term investments, and close coordination between various social departments to create
awareness. Huo et al. [73] provided additional recommendations that the government
should consider energy efficiency retrofitting plans according to floor space, and plan
the construction period based on building stock (rural dwelling stock represents 40% of
the total).

In Italy, Bosia and Savio [55] reviewed three regional cultural heritage guidelines; they
showed that the guidelines provided an adequate diagnosis of the values and traditional
features of the built environment to help the stakeholders better understand them. In
addition, the policies focused on delivering local materials and traditional technologies,
which is common in all Italian regions [66] (considering that Italian regulations exclude
the listed buildings from the minimum energy requirements, even after retrofitting [68]);
however, there is a lack of local materials and know-how. They showed the importance of
having materials available and the building capacity, which require much effort due to the
high population, which supports J. Li and Shui’s findings [56].

3.5.4. Theme 4: Human Behavioral Aspects

Energy efficiency retrofit projects were investigated from the perspective of farmers
and various stakeholders. In China, references [98,104,108] conducted three field studies
in the households of several villages. The reasons that these rural Chinese residents were
less enthusiastic and unwilling to retrofit can be summed up as the high initial cost, lack of
appropriate fines and subsidies, sluggish promotion of the retrofitting program, and low
local farmer acceptance; in addition, there may be a lack of knowledge about energy-saving
technologies [71]. Meanwhile, the willingness to retrofit varied significantly due to various
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housing characteristics and building typologies. Meanwhile, engaging all stakeholders is
essential; the intention to participate of the government, energy-saving service enterprises,
and village residents directly affect the promotion of energy-saving renovations of existing
buildings. Top-down support remains pivotal by affording appropriate penalties and aid
to help rural residents mobilize their passion for contributing to energy-saving.

According to Lai et al. [108], the condition of the resident’s housing may impact
their willingness to retrofit. While safety concerns may encourage retrofitting, individuals
living in well-maintained farmhouses or detached villas may hesitate to do so. These
findings contradict previous studies [95,105] that suggest that low income limits individuals’
investment in improving building performance, as viewed from both bottom-up and
political perspectives. The authors would agree with the notion that there is a negative
correlation between income and the decision to retrofit. Collins and Curtis stated that
those living in a modern building are more willing to invest in retrofitting than those in
older ones.

A study conducted by Barry et al. [62] examined the impact of self-efficacy on energy
usage in 647 households in the USA. The study found that individual habits and perceptions
of energy significantly affected consumption. Additionally, occupant behavior plays a
crucial role in reducing energy usage. In a study conducted in Poland by Kaya et al. [87],
a different approach was taken that linked education level with the willingness to invest
in retrofitting. The study found that residents with higher education levels showed a
minor interest in retrofitting, whereas farmers showed a significantly lower interest in
retrofitting compared to other economic activities. Furthermore, the study observed a
negative correlation between family size and willingness to retrofit. Lastly, residents
who purchased energy-efficient home appliances had a significantly higher probability of
retrofitting compared to those who opted for exterior insulation.

4. Discussion and Conclusions

Implementing energy retrofitting methods is crucial for attaining sustainable develop-
ment objectives and reducing the impact of climate change. Mainly, when working in rural
areas, it is essential to take into account their specific characteristics: cultural and social
aspects, economic patterns, and infrastructure challenges. Conversely, the complexity of
energy retrofitting practices (the associated internal and external factors) sets them apart
from other domains. That can be grouped into two main aspects: technical issues and
issues related to the stakeholders themselves. These require an intensive focus from various
standpoints and cross-disciplinarity collaboration to generate the knowledge that can help
to effectively tackle and mitigate these uncertainties.

In this view, this study attempted to investigate the academic progress and trends
and diagnose the activities for retrofitting the built environment of rural settlements (RQ1)
beyond the numerical and quantified results and technical details. In addition to explore
the factors that can influence these practices and their impact on the rural area’s traditional
identity (RQ2) and (RQ3), which was addressed through a systematic literature review.

4.1. Summary of Main Findings

The SLR used the keywords retrofitting, rural, and built environment. Afterward, 16
scholarly databases were searched for peer-reviewed articles published between 2012 and
March 2023. The study was conducted; consequently, a restricted protocol was developed
(Table 1). Application of the inclusion criteria resulted in a total number of 60 eligible studies.
The search and analysis were conducted between March and May 2023, utilizing various
search, screening, and data mining tools. The data were extracted and content analysis was
conducted in line with the research problem; these aspects included bibliographical data
(e.g., author, citation, journal, and affiliation), cross-disciplinarity among the collaborators,
the macro context of implementation, micro-context rural patterns, analysis scope of articles,
and thematic classification and focus. Then, a synthesis of the results was provided to
address three research questions (Section 1).
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A framework for addressing areas of concern related to retrofitting rural built envi-
ronments was developed by classifying papers in a publication pool. The articles were
classified based on their publication year and journal. The analysis revealed that the years
from 2020 to 2022 saw the highest number of published papers, with a total of 11 and 10,
respectively (almost doubled in 2017). This might reflect the increased research interest in
this domain or it might have been because of the lockdown.

The citation number positively correlates with the publishing time; the older the article,
the higher the number of citations. Google Scholar had the highest citation number for
each paper, one-third more than those of the Scopus and Web of Science databases. The
top-cited paper was J. Li and Shui’s study [56] in 2015, which was 63% more than the other
papers in the same year. The most frequent number of authors was four (15 times), and
the highest number of authors (ten) occurred in two papers [80,101]; the average number
of authors was 5–6 authors per paper. The total number of keywords was 297; the most
frequent keywords were energy efficiency building, energy efficiency, energy consumption,
renewable energy, China, retrofit and multi-objective optimization, sustainability, and
rural residences.

Among the journals, Energies published the most papers with eight articles. At the
same time, Elsevier published the highest number of publications, with 32 papers. The
highest number of contributor affiliations was from China, with 28 affiliations, followed
by Italy with 10. The most common affiliation was the University of Perugia, Italy (four
times), followed by the Polish Academy of Sciences, Poland. Twelve affiliations were listed
in two papers, and the remaining affiliation were distributed equally. Consequently, the
majority of implementations were conducted in China, with 30 articles, and Italy with
9 articles. In terms of settlement pattern, in Italy, the majority of cultural heritage and
historical publications had been conducted by seven papers. These facts might provide
insights into the high academic interest of Chinese scholars in regenerating rural China.

Many papers provided multi-objective optimization approaches. Techno-economic
analyses predominated to reduce energy and assess the feasibility. This was followed
by the technical interventions to optimize energy efficiency and attain thermal comfort
or reduce the associated GHG emissions, demonstrating the importance of providing an
economic analysis of any interventions and emphasizing the positive correlation with
thermal comfort. It is evident that the architecture and planning domain predominated
as the most frequent domain. At the same time, the highest connectivity was among
architecture planning with both environmental and applied science, whereas the energy
domain had the most interactions with other domains (Figure 8).

4.2. Addressing Research Questions

The research was classified into four main themes: (1) applying energy efficiency
strategies by promoting retrofitting measures with the aim of energy conservation, using
field methods (e.g., case studies, questionnaires, and on-site monitoring), and employing
simulation tools; the majority of studies were conducted from a bottom-up approach.
(2) Planning for energy efficiency including providing guidelines and scenario planning,
utilizing methods such as multi-criteria decision-making, econometric, analytical, and field,
in addition to different tools like assessment tools, remote sensing, and simulations. Bottom-
up and mixed approaches characterized these studies. (3) Evaluating and examining the
content of existing retrofitting schemes or clean energy policies. (4) The papers investigating
the social and behavioral aspects that can affect the willingness to retrofit.

Almost all the studies confirmed the low thermal conditions of rural buildings, which
can be interpreted as the farmers and residents typically constructing their own houses
using rural traditions and habits, resulting in envelope structures that do not meet energy-
saving building design standards (the contemporary buildings’ typologies are not ex-
empted). Simulation tools are one of the most effective assessment tools for exploring the
energy conservation potential of different retrofitting scenarios for better decision-making
and pre-renovation planning for existing buildings. However, most studies only focused
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on pre-retrofitting scenarios without accounting for calibrating the simulation results with
in situ situations or providing a rational background behind applying specific retrofitting
measures and the logical correlation with the intimate context; otherwise, it does not make
sense to devote more retrofitting resources in this way.

Regarding this, a set of questions should be raised and investigated about the re-
liability of the obtained results; what if the same intervention is implemented in urban
areas? In this case, it is enough to use simulation tools and alter weather conditions and
locations. Therefore, the authors advocate for the essential need to provide more inno-
vative/applicable solutions that cover techno-economic and socio-cultural aspects and
develop these implementations into on-ground ones. In addition, there is a crucial need to
monitor the impact of post-refurbishing. For example, when providing internal insulation
to preserve the original features of an occupied dwelling, what is the acceptance rate of
this solution, what is the time frame for implementation, and how will it affect the resi-
dents’ daily life? Another question is, while providing policy implications like proposing
retrofitting energy sources, to what extent will these recommendations be applied in line
with the decision makers’ priorities.

This can occur through collaborations between academic bodies, the private sector,
experts, and practitioners, to obtain insightful findings and widen the perspective of the
results. Conversely, how to engage the decision maker and the local community, which
is a real challenge and ambitious goal, should be adequately investigated in order to
align the various stakeholders on the same page and as active contributors. Hence, a
vital question could be asked before any intervention: who are the right stakeholders,
and what are the academic capabilities and qualifications of the research team to lead the
retrofitting process? In particular, the high support by scientific and academic bodies and
the essential role of energy efficiency scholars as knowledge brokers is needed to solve
real-world problems. In the same context, the researchers should be open to inter- and
trans-disciplinary collaboration.

In the same domain, it is evident that there is an absence of locals’ engagement,
apart from engaging the landlord in early decision-making. Hence, the residents should
participate in retrofitting processes (at least be kept informed). They should be aware of
the benefit of conserving energy and educated about energy efficiency through awareness
campaigns via on-site visits, the media, or even social media, with particular reference to
adjusting behavior for energy efficiency to reduce consumption patterns. In addition, the
economic aspect makes them reluctant to invest in retrofit so we can alternatively show
them how to apply simple and affordable techniques like altering home appliances to
energy-efficient ones. Considering that building capacities are more complex in densely
populated areas [55,56] and vice versa, these approaches are more effective in sparsely
populated ones, like remote areas.

In general, policies vary by the different contexts, but the common finding was the
vital role of decision makers and top-down development in fulfilling building energy
efficiency. Energy code regulations for sustainable buildings should be updated with
more environmental performance indicators concerning micro-context specificities (e.g.,
microclimate, economic activities, and building morphologies), providing long-term energy
and carbon emission savings goals and an appropriate regulatory environment. The
national guidelines should be considered during any bottom-up intervention and should
to linked to the findings.

The decision making might not be energy-efficiency-oriented because of the national
priorities that may focus on improving residents’ quality of life by renovating the deterio-
rated rural dwellings and high poverty rates, as discussed in reference [112], or concentrat-
ing on the dwellings’ visual appearance [78]. This does not preclude local authorities, for
example, from employing cost-effective building retrofitting solutions rather than changing
conventional energy sources, as mentioned in the Lithuanian case. Meanwhile, enabling
the societal debate on domestic energy policies can support the whole scene. Promoting
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building energy efficiency in rural areas is a daunting challenge that requires financing and
training in building industry skills [56].

The micro-context provides constraints to retrofitting implementations; the visual
aspects and original materials are essential when dealing with culturally significant build-
ings or historical rural dwellings. It is crucial to prioritize preserving their heritage value
and exploring the surrounding activities and operations like management lighting sys-
tems/natural ventilation [67,79]. Improving building systems can offer practical solutions
to address preserving historical value or replace the less visible envelope elements. This
requires more investigations using emerging technologies. The external landscape is
redesigned to respect internal activities and vice versa in enhancing the local identity.
The authors argue that effectively engaging the locals to retrofit their built environment
and putting them in the decision-making position can enhance the sense of belonging,
promoting another aspect of settlement valorization.

Additionally, micro-contexts correlated with energy consumption patterns, such as the
living habits of rural residents [54,62]. Different building shapes and orientations affect the
context [71,72]. The type of renewable energy can be determined, such as relying on passive
solar techniques with high solar irradiance, or likewise using wooden biomass in forest
settlements. Clearly, the location affects or should affect the retrofitting implementations,
supporting the study’s hypothesis; this is, despite the obscurity of this part in many of the
included articles, such as what has been discussed in Section 3.5.1.

To conclude, this research contributes to a better understanding of retrofitting practices
in specific rural contexts beyond the numerical results of energy savings. It provided
insights to interested parties, from broader perspectives for scholars who work in energy
efficiency and sustainable rural development, in addition to local authorities, especially
those dedicated to energy savings or historical heritage, to promote integrated retrofitting
within energy communities’ key concept in rural commons [7,113,114]. Moreover, the
study provided a method for conducting SLRs, employing different tools to streamline the
process that may be beneficial for early-stage researchers on a given issue. This review
also offers crucial systematic details such as the authors’ country and affiliations, data
collection methods, methods, tools, analysis scope, journals and publishers, and citation
numbers (presented in the Supplementary Editable Excel Files S2–S4). This information is
essential for future researchers who work in retrofitting rural areas and serves as a valuable
reference that could be developed further; therefore, scholars are highly encouraged to
investigate other elements and provide additional insights and trajectories to regenerate
the rural heritage. Contemporaneously, further investigations into the national action plans,
providing innovative retrofitting solutions and methods to involve the right stakeholder
wills be beneficial.

However, despite the SLR being based on a quantitative and qualitative examination,
the authors declare that the restricted SLR protocol constitutes a limitation of the finding.
The search terms focused on “retrofitting rural built environment,” and altering it may
affect the choice of the articles to be included in the research; this indicates that some articles
were not included as they do not have the term “rural” in the title, abstract, keywords,
or text, like what has been implemented in references [34,115]. Consequently, analogous
studies can be accomplished utilizing a broader search strategy and considering different
analysis scopes, which might lead to the finding of new themes.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/buildings13071586/s1, File S1: The exported RIS file that includes
the 168 papers before applying the screening criteria. S2, S3, and S4 are presented in the same Excel
file, where S2 is the analysis of the included SLR studies in line with the RQs, and S3 presents the
analysis of authors and affiliations. S4 presents the supported table for analysis.
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Abstract: This article presents the results of analyzing environmental impact indicators of thirteen
ceramic tile adhesives (CTAs). The analyzed data came from ten third-party-verified Environmental
Product Declarations (EPDs) created in 2016–2022. The paper examines seven environmental impact
indicators for modules A1–A3 (cradle-to-gate). Significant differences were observed between the
values of environmental indicators, which, in the case of Global Warming Potential (GWP), differed
by almost 270% in the most extreme case. For the depletion of abiotic resources (elements) (ADPe),
the values of products differed by nearly fourteen thousand times. Results are discussed from the
perspective of the CTAs’ manufacturer assessing the product. The analysis focused on issues such as
the historical dimension of data, which is the basis for Life Cycle Assessment (LCA), the need for
their constant updating, and the subject of uncertainty—usually wholly omitted in the considerations
on the environmental impact of construction products. The results of the analysis were also evaluated
in terms of the planned introduction of the new 3+ assessment system in connection with the future
amendment of the Construction Products Regulation (CPR). The results of the CTAs’ analysis of
environmental indicators showed that, despite the EPDs functioning for a decade, the obligatory
assessment of construction products in terms of sustainability using the 3+ system did not create the
conditions for its proper occurrence. This analysis showed that, without obtaining reliable data on
the environmental impact of CTAs, correct AVCP is not possible, and the consumer is not able to
make proper choices.

Keywords: sustainability; construction products; ceramic tile adhesive (CTA); assessment and
verification of constancy of performance (AVCP); Environmental Product Declaration (EPD)

1. Introduction

The construction sector, which consumes vast amounts of raw materials, produces
large quantities of waste, and emits significant amounts of greenhouse gases, is one of the
branches of the economy with a fundamental impact on the natural environment. Official
statistics say that construction consumes the most considerable quantity of raw materials,
emits the most greenhouse gases, and produces the most waste among all branches of the
economy [1,2]. In 2020, buildings and all related operations in the 27 European Union
(EU) countries were responsible for 511 Mt CO2 eq., which accounted for 15% of global
emissions. EU 2020 emissions were 24% lower than in 2005, but by 2030 they must decrease
by 20% to meet the targets set by the European Commission (EC) [3,4]. Achieving the goals
set by the EC is possible through further reduction in energy consumption of buildings,
decarbonization of energy sources, optimization of the use of renewable energy sources,
reduction in emissions resulting from the operation of buildings and facilities, and reduction
in the negative environmental impact of construction products and construction works
at the erection, renovation, and disassembly stages. In 2017, building materials were
responsible for 11% of global CO2 emissions [5].

Buildings 2023, 13, 1326. https://doi.org/10.3390/buildings13051326 https://www.mdpi.com/journal/buildings
93



Buildings 2023, 13, 1326

1.1. Construction Products in the European Union

In EU countries, the principles of construction product assessment and verification
of constancy of performance (AVCP) inform the Construction Products Regulation (CPR).
According to the CPR, construction works must be designed, constructed, and dismantled
in such a way that the use of natural resources is sustainable and ensures their re-use or
recycling, the construction works are durable, and environmentally friendly raw materials
and recycled materials are used in their construction [6]. Despite the importance of envi-
ronmental assessment of construction products [7], positive political trends [8,9], and the
need to protect the environment, environmental impact assessment is still not mandatory
in the AVCP process [6]. It is common to expect that environmental assessment should be
required, and such expectations are powerfully articulated by the scientific community [10].
The European Commission, taking into account scientists’ and ecologists’ expectations,
and in line with its environmental policy, published a proposal on 29 March 2022 for a
regulation laying down harmonized conditions for the marketing of construction products,
amending Regulation (EU) 2019/1020 on market surveillance and compliance of products,
and repealing CPR [11]. The CPR, and, thus, its novelization, is of fundamental importance
for the construction products market in the EU. It assumes a significant change involving
introducing a new assessment system to the AVCP—the 3+ system. In this system, the
manufacturer shall assess construction product performance concerning essential character-
istics or product requirements related to environmental sustainability and keep it updated.
The notified body controls environmental sustainability assessment, namely, it givesn input
values, assumptions, and compliance with applicable generic or product category-specific
rules. The notified body also verifies the manufacturer’s initial and updated assessment
and validates the process to generate that assessment. On the one hand, changes are needed
and expected, but revolutionary changes also raise questions: are they feasible for the
manufacturer, and possible for notified bodies?

1.2. Sustainability and Construction Products

One needs to consider the environmental impact issue in the broader aspect of develop-
ing contemporary strategies that directly link core businesses and sustainability issues and
clearly articulate their limitations [12]. Years of industry experience with certified manage-
ment systems are primarily associated with bureaucracy, and often with the abandonment
of innovative thinking [13]. All of the construction sector’s partner actors and governments
must understand and participate in the new sustainable business development [14]. The
need to change the attitudes of scientists has also been postulated [15], especially when
considering the scenarios in which economic growth is a lower priority than sustainability.
This, and even more critical ideas, are currently far from being understood [16]. Various
pathways for sustainability transformation are found in macro-level discussions on pol-
icy, science, and business [17]. One important issue is the mutual relationship between
a circular versus a linear building element [18]. The European Commission, recognizing
the issue’s importance, already in 2004 gave CEN a mandate to develop standards for
integrated environmental building performance [19]. One of the results of the work of CEN
experts is the possibility of using Life Cycle Assessment (LCA) to assess the impact of a
construction product on the environment using type III Environmental Product Declaration
(EPD) [20]. In 2006, the ISO organization defined the procedures and requirements for
preparing EPDs for all product types [21].

In 2011, the EU initiated work under the Single Market for Green Products Initiative,
aimed, among other things, at using known methods for measuring and informing about
environmental performance in the life cycle of products—Product Environmental Footprint
(PEF) [22,23]. Both approaches (EPD and PEF) have since been amended [24–27].

EPDs should provide quantifiable, reliable, coherent, and comparable environmental
information on construction products on a scientific basis. Ten years after the publication of
EN 15804, which defined the guidelines for developing EPDs for construction products, in
January 2023, over sixteen thousand verified EPDs for construction products were registered
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worldwide [28]. From this number, the most significant number of EPDs for construction
products was issued by the French FDES—4585—followed by International EPD—2945—
Norwegian EPD Norge—1977—and IBU (Germany)—1302. The Polish Research Building
Institute (ITB) took thirteenth place in this ranking, with 263 issued EPDs [28]. Still,
the distribution of EPDs is not homogeneous across EU countries and European regions,
remaining limited in terms of the type of construction products [29]. Three Nordic countries,
i.e., Denmark, Finland, and Sweden, are leaders in implementing environmental policies
and regulations [30]. The analysis of construction product EPDs in Spain showed that
20% of construction products used in buildings could use data from EPDs to conduct a
building LCA [31]. Additionally, the view, supported by the results of the analyses, that
environmental data are considered valid only for comparative purposes since they differ
from one region/country to another, is critical [32]. For this reason, the institutional role
of industry associations is essential, which can partially explain cross-national or cross-
regional variations [33]. It is also important that small and medium-sized enterprises
may not meet the requirements for the environmental assessment of their products due to
insufficient financial, technical, and human resources [34].

Even when operators of EPD programs work according to the same guidelines based
on identical Product Category Rules (PCR), the published EPDs differ. Often these differ-
ences are so significant that they prevent proper product assessment and confuse users [35].
This is the case even though PCR determines the LCA calculation rules (allocation, col-
lection, system boundaries, environmental indicators, EPD format). Europe is a leading
continent in the field of knowledge on the environmental impact of construction products
because of the activities of the ECO Platform EPD, thanks to which a greater consensus on
communicating environment information has been developed than on other continents [36].
However, global scale harmonization is still the primary challenge faced by all who want
to increase the significance and comparability of EPDs [37]. The first information on dif-
ferences in the quality of LCA studies appeared shortly after the publication of the first
EPDs [38]. Differences between EPDs for different groups of products are the subject of
research by many researchers [32,39]. The defective part of the current EPD scheme is the
interpretation of the results [40]. It is also worth mentioning that the multitude of EPDs
impact categories and the units in which individual environmental indicators are expressed
are challenging to communicate and, thus, difficult to understand, creating a complex
decision-making process [41]. Comparison of data contained in EPDs is often tricky be-
cause environmental impact values are calculated for different functional units [42]. The
current state of the comparability of data contained in the EPD is illustrated by the analysis
of 436 EPDs verified by two renowned operators (International EPD System, Insitute Bauen
und Umwelt e.v.) for the categories boards, thermal insulation, and floor covering. Of the
analyzed EPDs, only 0.04% of documents were fully comparable, 2.75% could be compared
with caution, as much as 89.15% should be treated as incomparable, and 8.06% EPDs could
not be compared in any aspect [43]. It should also be remembered that the LCA analysis of
construction products ignores the share of components whose content is below 0.5%, some
impacts are avoided, and different inclusions of recycled materials are applied [44].

It is also worth noting that environmental indicator analysis primarily concerns the
Global Warming Potential (GWP) indicator [45]. Importantly, EPDs often did not cover
the mandatory scope of the scheme [46]. Other studies have indicated that as long as
the databases are representative of the context, methodological choices may be a minor
concern [47]. In connection with the problems described above, attempts have been made
to develop a new environmental scoring methodology for construction products based on
LCA [48]. Benchmarking methods are also used regarding their applicability to the EPD’s
interpretation [49,50].

PEF—the second approach to the environmental assessment of products—is less
popular and, like EPDs, is not free from imperfections [51]. As if that were not enough,
comparing the results obtained with the EPD and PEF methods is complex and sometimes
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even impossible due to the different system boundaries and source data used. Thus, the idea
of alternative use of the two mentioned methods cannot be implemented in practice [52].

Summing up the decade of functioning type III EPDs, one can say that the use of these
documents is still limited and is primarily used for B2B communication, and preparation
of offers for tenders and voluntary building certification systems, such as BAMB, BREEAM,
CASBEE, DGNB, Green Globes, HQE, LEED, ÖGNI, SBTool, and TQB [53–55]. Construction
product weights in the previously mentioned certification systems are between 12.5% and
15.0% [56]. It is also important to note the importance of assessing the environmental
impact using the certification systems mentioned above for buildings under renovation,
and not only the construction of new ones [57]. EPDs should also be implemented in
building information modeling (BIM), which is the foundation of digital transformation
in the architectural, engineering, and construction industries, including identifying the
main interaction problems between BIM and the LCA [58]. In this aspect, it is crucial to
integrate databases with BIM to extract quantities and calculate the construction products’
environmental impact at the design stage [59]. Published in 2022, ISO 22057 provides
the principles and requirements to enable environmental data in EPDs for construction
products to be used in BIM [60]. Additionally, ISO 22057 describes the weaknesses of
existing digitized EPD approaches [61].

Most EU countries do not have central LCA repositories. This lack creates barriers to
developing benchmarks [62].

Despite the shortcomings mentioned above in the environmental assessment of prod-
ucts using EPDs, it is clear that it is necessary to develop this path—more EPDs must be
available [63]. The analysis of data contained in EPDs over the years allows the identifying
of current trends or relationships between various environmental indicators [64]. The
more EPDs become available, the more accurate the results will be and, thus, the easier it
will be to implement artificial intelligence techniques to predict environmental impacts,
including construction products [65]. Another view, presented by Wittmayer and Schäpke,
is that it is necessary to move to more process-oriented approaches [15]. Without proper,
i.e., high-quality, EPDs, it will not be possible to significantly improve the environmental
performance of construction projects [66].

1.3. Sustainability of Construction Products by Manufacturers

Most studies on EPD, LCA, and the circular economy do not consider the industry, or
do so only to a small extent. However, symbiosis in the industrial dimension is necessary
between feedstock, technology, products, side streams, downstream valorization, and
long-term circularity [67]. An analysis of literature on the subject clearly shows that the
discussion on making EPDs more coherent and comparable does not involve industry, but
academia [53]. Additionally, other earlier studies prove that construction sector practices
are often removed from academic research [68]. In addition, when considering the percep-
tion of the industry in terms of broadly understood environmental protection by various
stakeholders, including science, it is worth mentioning “greenwashing”, i.e., a situation in
which, taking into account the current trends in terms of being sustainable, the companies
themselves, when reporting data, present them not necessarily as they are, and more as
commonly expected [69]. EPDs as a communication tool are believed to give companies a
competitive advantage [70].

A completely different issue than the issues raised above is environmental impact
assessment as a part of the manufacturer’s AVCP of construction products. It is an en-
tirely different issue from the challenges faced by building LCA practitioners for whom
recommendations can be found in the literature [71]. It is essential to add that, in the
wealthy scientific literature on the environmental assessment of construction products,
there is practically no work on this issue from the perspective of the manufacturer of the
building material.
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1.4. Research Hypothesis

This article analyzes third-party-verified EPDs for thirteen cementitious ceramic tile
adhesives (CTAs). CTAs are essential construction products, and the reason for selecting
them for the research presented in this article is, above all, the fact that they contain
relatively few ingredients in their composition, and their performance properties are clearly
defined in EN 12004:A1:2012 [72]. The primary ingredient is Portland cement, for which
the environmental impact is the subject of intensive research by many centers and is well
recognized [73]. Of course, there are differences in the environmental impact ratings of
Portland types of cement depending on who conducted the analysis. Still, there is general
agreement that the reasons for the differences are known [73]. Given the above, CTAs of
different origins can be defined as comparable products.

The study results were analyzed from the perspective of the manufacturer performing
AVCP of CTAs, with particular emphasis on the conditions that will arise in the event of
introducing a new assessment system, i.e., the 3+ system.

The research hypothesis is that the model for assessing the environmental impact of
construction products using EPDs does not provide consistent and comparable data that
all participants in the construction market can use.

2. Materials and Methods

CTAs are commonly used to install ceramic tiles on walls and floors, indoors and
outdoors [74]. Global production of CTAs in 2020 was approximately 65 million tons [75]. The
basis of the AVCP of CTAs in the EU area is the requirements contained in EN 12004:2007 +
A1:2012 [72]. Similar provisions have been adopted by the ISO organization [76]. Thus, these
exact requirements apply to CTAs around the world. It is also worth mentioning that the
requirements underlying the AVCP of the CTA process have been practically unchanged in
the EU since 2001 [74].

The subject of the analysis presented in this article was data for CTAs coming only
from third-party-verified EPDs. The following extracting criteria were taken into ac-
count when collecting data: EPD owner—company/association, EPD program, product
identification—type according to EN 12004/ISO 13007-1, validation from/to date, geo-
graphical representativeness, including the origin of the data used, temporal coverage,
compliance with EN 15804 and ISO 14025, PCR, declared functional unit, LCA database,
LCA software, system boundaries, end of life scenarios, and environmental impacts.

In addition to the EPD databases search and literature research, this study was con-
ducted based on the author’s almost thirty years of professional experience with the
assessment and verification of constancy of performance of construction products.

3. Results

The systematic search of the EPD programs resulted in 10 EPDs. In this article, data on
thirteen CTAs were analyzed—in the case of one EPD, data for three CTAs were selected
for analysis, and in the case of another EPD, data for two CTAs. From the remaining eight
EPDs, data for one CTA from each declaration were used for analysis. All 13 analyzed
CTAs contained gray Portland cement as a mineral binder, and CTAs containing white
cement were not analyzed.

Table 1 summarizes the primary data characterizing the EPDs of the thirteen analyzed
CTAs, which for this study have been marked with letters of the alphabet from A to M.

97



Buildings 2023, 13, 1326

Table 1. Primary data on EPDs, of which data on 13 CTAs are the subject of the analysis presented in
this article.

CTA Valid (from–to) Dataset
Geographical
Coverage

EPD
Operator

EPD
Owner

Ref.

A 05.2016–05.2021 2011–2015 generic and manufacturer data
+ literary research EU IBU assoc. [77]

B 09.2016–10.2023 * 2004–2018 generic data
+ 2017–2018 data from 2 locations in Italy Int. EPD Int. AB mfr. [78]

C 08.2017–06.2022 2016 data from 2 locations in Italy
+ generic data Global EPD Int. AB mfr. [79]

D 09.2016–06.2024 * 2005–2017 generic data
+ 2015–2017 data from 2 locations in Italy Int. EPD Int. AB mfr. [80]

E 12.2019–12.2024 2013–2018 generic data
+ 2018 data from 6 locations in Turkey TR EPD Int. AB mfr. [81]

F, G, H 01.2017–01.2022 2015 data from 4 locations in Turkey
+ generic data WW EPD TR mfr. [82]

I 11.2020–11.2025 2019 data from 5 location in Poland
+ 2017 generic data PL ITB mfr. [83]

J 11.2020–11.2025 2019 data from 5 location in Poland
+ 2017 generic data PL ITB mfr. [84]

K 09.2016–12.2022 2014–2015 data from ten producers,
except cement—2004 data + generic data CA, MX, US UL Env. assoc. [85]

L, M 03.2022–no date 2021 data from one location in Israel
+ 2011–2018 generic data IL IIS mfr. [86]

Abbreviations: EU (European), Int. (International), TR (Turkey), WW (Worldwide), PL (Poland), CA (Canada),
MX (Mexico), US (United States), IL (Israel), IIS (The Israeli Institute of Standards), assoc. (association), mfr.
(manufacturer), * EPDs revised in 2019.

Of the ten analyzed EPDs, only one followed ISO 14025, and the remaining nine were
under ISO 14025 and EN 15804. Among the analyzed CTAs, in the case of the product
marked as F, no classification was given following EN 12004/ISO 13007-1, but from other
entries in the EPD it can be concluded that it is a class C1 CTA. In the case of the product
marked as K, the CTA marking per ISO 13007-1 was not provided, although the EPD
contains a record that the product complies with this standard’s requirements, but without
specifying which ones. For the CTAs marked A, B, D, E, F, G, H, I, J, and K, 1 kg is given
as the functional unit. In the case of CTAs marked as C, L, and M, 1 m2 was indicated as
the functional unit while stating in the EPD that in the case of product C, it corresponds to
3.13 kg of dry product, which is equivalent to 2.5 mm thickness, and for the CTA marked
as K equals 4.2 kg of dry product and 3 mm thickness. For the CTA marked M, 3.9 kg of
dry product is required to cover 1 m2 of the surface with a 3 mm layer. The information
provided allows for the calculation of the environmental impact for a functional unit
defined as 1 kg of CTAs.

Table 2 summarizes the environmental impact indicators—six mandatory categories
that shall be included in an EPD according to clauses 6.5 and 7.2.3.1—Table 3 of EN
15804:2012+A2:2019, i.e., Global Warming Potential (GWP), Ozone Depletion Potential
(ODP), Acidification Potential (AP), Eutrophication Potential (EP), Photochemical Ozone
Creation Potential (POCP), depletion of abiotic resources (elements) (ADPe), and depletion
of abiotic resources (fossil) (ADPff). In the analysis presented in this article, only the produc-
tion stage, covering cradle-to-gate—A1–A3 modules, i.e., A1—extraction, and processing
of raw materials and the processing of secondary materials, A2—transport of the materials
to the manufacturer, and A3—production processes, was analyzed.

98



Buildings 2023, 13, 1326

Table 2. Summary of environmental indicators of thirteen analyzed CTAs.

CTA
GWP ODP AP EP POCP ADPe ADPff

[kg CO2 eq.] [kg CFC11 eq.] [kg SO2 eq.] [kg (PO4)3− eq.] [kg ethene eq.] [kg Sb eq.] [MJ]

A 6.38 × 10−1 5.14 × 10−9 2.03 × 10−3 1.82 × 10−4 1.92 × 10−4 1.06 × 10−6 7.09
B 4.75 × 10−1 1.76 × 10−8 4.25 × 10−4 1.58 × 10−4 3.13 × 10−4 1.46 × 10−7 5.60
C 5.69 × 10−1 3.45 × 10−8 1.77 × 10−3 4.09 × 10−4 1.16 × 10−4 6.74 × 10−7 6.93
D 3.35 × 10−1 1.50 × 10−8 2.42 × 10−4 1.24 × 10−4 1.50 × 10−4 8.88 × 10−8 2.72
E 2.98 × 10−1 1.58 × 10−8 8.21 × 10−4 3.36 × 10−4 9.06 × 10−7 1.15 × 10−7 1.79
F 3.06 × 10−1 1.47 × 10−8 3.01 × 10−5 7.00 × 10−4 1.94 × 10−4 2.18 × 10−7 1.67
G 4.71 × 10−1 2.87 × 10−8 9.41 × 10−5 1.28 × 10−3 3.54 × 10−4 9.68 × 10−7 3.86
H 3.55 × 10−1 1.93 × 10−8 5.59 × 10−5 8.85 × 10−4 2.49 × 10−4 6.28 × 10−7 2.49
I 4.35 × 10−1 1.90 × 10−8 4.75 × 10−4 3.64 × 10−4 7.73 × 10−5 1.23 × 10−3 2.47
J 4.31 × 10−1 2.00 × 10−8 5.31 × 10−4 2.92 × 10−4 9.71 × 10−5 7.30 × 10−4 2.62
K 5.19 × 10−1 1.08 × 10−9 2.33 × 10−3 1.87 × 10−4 1.68 × 10−4 7.11 × 10−7 4.25
L 2.37 × 10−1 1.72 × 10−8 9.38 × 10−4 1.06 × 10−4 7.86 × 10−4 2.19 × 10−6 4.26
M 5.77 × 10−1 3.28 × 10−8 1.85 × 10−3 3.43 × 10−4 1.59 × 10−3 3.05 × 10−6 6.49

Abbreviations: CTA (Ceramic Tile Adhesive), GWP (Global Warming Potential), ODP (Ozone Depletion Potential),
AP (Acidification Potential), EP (Eutrophication Potential), POCP (Photochemical Ozone Creation Potential),
ADPe (Abiotic Depletion Potential (elements)), ADPff (Abiotic Depletion Potential (fossil)).

4. Discussion

It should first be noted that 10 EPDs for CTAs is a small number. As stated in the
introduction, in January 2023, there were about 16,000 third-party-verified EPDs for con-
struction products [28], which is not too much, especially considering the global dimen-
sion of construction and the variety of materials used. These data correspond well with
the number of scientific publications on EPDs, CTAs, and construction products. There-
fore, the result of the search in the Scopus database of scientific journals for the query
“EPD” + “construction products” is the identification of 2962 articles (Scopus database ac-
cessed on 10 March 2023). In the same study, only 13 articles were available for the query
“EPD” + “ceramic tile adhesive”. When the query concerned only “EPD”, 36,818 articles
were identified in the database. For the query “EPD” + “mortar”, the search identified
305 articles. The reason for the search with the word “mortar” was that CTAs are often
referred to as mortars, although they are a particular case of a large group of products
called mortars. CTAs are characterized by strictly defined parameters and purposes in
EN 12004/ISO 13007-1. In the case of product A, analyzed in this article, which is a CTA,
its environmental impact data were calculated based on data for a broadly defined group
referred to as mortars (repair mortars, adhesives, joint fillers, screeds, floor leveling com-
pounds, grouts, and waterproofing slurries), in which modified mineral mortars meet
criteria relevant for CTAs [77]. Additionally, for product K, the term “cement mortar for
tile installation” is used instead of CTA in the EPD. Santos et al., in a literature review on
the LCA of mortars published in 2021, also stated that there is a lack of quantification of
mortar’s environmental impacts. However, more scientific papers on LCA and mortars
have since been published [87].

The analysis described in this article used data for CTAs from 10 EPDs, but only six
of them were valid at the time of the investigation, being the subject of this article. Of the
four EPDs that were no longer valid, three had expired in 2022, and one a year earlier, i.e.,
in 2021. It has not been identified that these documents have been amended, and their
validity has been extended, which is worth noting. This result may be surprising at first,
because the number of EPDs issued for construction products is growing [28]. On the other
hand, there are claims that EPD owners are less interested in this document [49,88].

This lack of interest is due to various reasons, including the inability of the manufac-
turer to position its products among similar products to find out whether it is comparatively
environmentally friendly [49,89]. This is important, because thinking about the environ-
mental impact of manufacturers as reducing negative impact has been formatted over the
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years [90]. Additionally, as noted by Dijkstra-Silva et al., “being “less bad” still means
harming the environment” [90]. For this reason, various authors point to the necessity and
importance of recognizing the positive impact of manufacturers on the environment [90].
All this indicates the need to develop new sustainable business models [14].

In addition, one should remember that the sustainability assessment of construction
products is still voluntary [6,9]. Additionally, one more important point to note. So far,
researchers who have extended responsibility for their work do not create the basis for
accurate decisions and policy formulation, but create for other researchers [91]. An analysis
of 1246 articles related to environmental labeling topics from over 22 years showed the
growth of theoretical considerations parallel to the development of environmental labeling
in the world [92].

The small number of EPDs for CTAs identified in this analysis and the fact that
as much as 40% of the EPDs analyzed in the article have expired, with no evidence of
their amendment and renewal, proves the existence of a crisis in this area. The situation
identified in the study regarding the decreasing number of valid EPDs for CTAs contradicts
the expectation of a higher demand for relevant data on construction products. It may also
prove that we are still not dealing with a significant change in the approach and transition
from predominantly qualitative to predominantly quantitative assessment of construction
products, which manufacturers recommend [91].

Figure 1 shows the analysis results of seven environmental impact indicators for
13 CTAs, which are listed in Table 2. Due to the different units in which individual
environmental indicators are expressed, and the essence of presenting them all in one
figure, Figure 1 shows every single indicator as the quotient of the value of this indicator to
the lowest indicator value in a given group. Due to the significant differences between the
analyzed values, a logarithmic scale was used to present the results, enabling data analysis
from a wide range.

Significant differences exist between the values of all seven environmental impact
indicators in the range of modules A1–A3 of the analyzed CTAs. Minor discrepancies exist
for GWP, where the most significant value for CTA marked as A is 2.69 times greater than
the smallest value for GWP for CTA marked as L. For ADPff, the value for CTA marked
as A is 4.25 times greater than that for CTA marked as F. The most significant differences
were observed for ADPe and POCP indicators. For ADPe, the highest value (CTA-I) is
13.851 times higher than the value for CTA marked as D. Such significant differences
between the values of environmental impact indicators between the analyzed CTAs prove
that it is impossible to make comparisons between products, which is a natural expectation
from all participants of the construction product market.

When analyzing the differences between CTAs’ environmental impact indicators and
trying to understand the state of affairs, various issues need to be considered. One im-
portant aspect is the type of binder, i.e., Portland cement, that is used to produce CTAs.
In the past, CEM I [93] was primarily or even exclusively used to make CTAs. Due to
the significant environmental impact of cement production, a trend has been observed for
several years to increase the use of types of cement with a lower clinker content, i.e., CEM
II, CEM III, CEM IV, and CEM V instead of CEM I. The difference in environmental impact
between CEM II, III, IV, V, and CEM I is significant. For example, the GWP for CEM I was
0.889 kg CO2 eq., while for CEM II—0.704, CEM III—0.482, CEM IV—0.568, and CEM
V—0.518 kg CO2 eq. [94]. The above data were determined based on production data of
all cement plants in Poland from 2017, and the average environmental impact of types of
cement produced in Poland is slightly lower than the moderate environmental impact of
European types of cement [73].
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Figure 1. Relative values of environmental impact indicators GWP (Global Warming Potential),
ODP (Ozone Depletion Potential), AP (Acidification Potential), EP (Eutrophication Potential), POCP
(Photochemical Ozone Creation Potential), ADPe (Abiotic Depletion Potential (elements)), ADPff

(Abiotic Depletion Potential (fossil)) for modules A1–A3 for the 13 analyzed CTAs marked with
letters from A to M.

In the EPDs analyzed in this article, apart from the CTAs marked as I and J, the
type of cement used for production was not disclosed, and the data for what kind of
cement was included in the calculations. In addition, it is worth noting that the data came
from different years. Therefore, for the CTA marked as K, the data came from 2004, as
indicated in the declaration, which was published twelve years later in September 2016.
Considering that the cement content in CTAs is usually in the range of 30–40% by mass,
this means a significant share in all environmental indicators. In addition, due to the
substantial share of the cement industry in global energy consumption and considerable
carbon dioxide emissions, the cement industry started actions to reduce its negative impact
on the environment much earlier than other branches of the economy, which today results
in a much more considerable amount of environmental data. However, comparing existing
EPDs for cement shows differences as high as 300,000% between the highest and the lowest
reported value for ADPe [73]. In the case of the CTAs analyzed in the article, the differences
in this indicator were also huge—CTAs marked as D and E differed by 30% in the ADPe
range for modules A1–A3, but the value for CTA marked as J was 8.220 times higher than
product D, and as much as 13.851 times higher ADPe value was recorded for product I
compared to product D.

When analyzing the values of CTAs’ environmental impact indicators, one should also
pay attention to the various cut-off criteria used in the LCA analyses, which are included
in the EPDs analyzed in this article. For example, for the CTAs marked F, G, H, and K, no
cut-off criteria were applied, and all reported data were incorporated [83,86]. For products
marked L and M, data for some raw materials were not found in the available databases.
Due to this, a contribution from those materials (less than 1% of the product mass) was
excluded from the calculation [86]. In the composition of CTAs, apart from cement and
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fillers, which comprise the majority of the product, there are ingredients of 0.3–0.4% of
the product mass, such as methylcellulose ethers. Often, data on these ingredients are not
included in the calculations. It should be remembered that, due to the high-energy process
by which methylcellulose ethers are obtained, and in how few places in the world they are
produced, which often means long transport to the location of their use for the production
of CTA, not taking into account their impact additionally reduces the credibility of the
obtained data. The use of different cut-off criteria is one of the factors that cause difficulties
when comparing products.

It is also worth noting that the use of secondary raw materials was invisible in this
study, which is vital for various reasons, including for the circular economy [92,95].

When evaluating each product, including a construction product, it is necessary to
determine the criterion whose fulfillment determines whether the product complies with
the requirements. In the case of construction products, the 3+ system proposed in the draft
CPR, which will apply to construction products assessed in terms of sustainability, states
that “the manufacturer shall carry out the assessment of the performance of the product
concerning essential characteristics or product requirements related to environmental
sustainability and keep it updated” [96]. In the proposed 3+ system, the notified body
shall, given input values, assumptions made, and compliance with appropriate generic or
product category-specific rules (i) verify the manufacturer’s initial and updated assessment,
and (ii) validate the process applied to generate that assessment [96]. Measurements or
calculations that are the basis for assessing each product must be reliable, and the variability
of the results resulting from uncertainty is an inherent part of the assessment process. It
is also the case with CTAs’ evaluation against the existing criteria [97]. The results of
this analysis should also be considered in this aspect. Among the seven environmental
impacts analyzed for the thirteen CTAs, the most negligible dispersion of results was
observed in the case of GWP and the largest in the case of ADPe. Thus, the mean value
for the thirteen analyzed CTAs for the GWP indicator is 4.34 × 10−1 kg CO2 eq., and
the standard deviation from the analyzed sample is 1.23 × 10−1 kg CO2 eq. Thus, one
standard deviation, a classic measure of volatility, is 28% of the mean GWP’s value. For
ADPe, the mean value of the thirteen analyzed results is 1.52 × 10−4 kg Sb eq., and the
standard deviation is as much as 3.82 × 10−4 kg Sb eq., i.e., one standard deviation is
252% of the mean value. Significant differences between the analyzed CTAs in the ADPe
category are not particularly surprising, because the depletion of abiotic resources is the
most controversial environmental indicator subject to LCA [98]. The results presented in
this analysis and the literature on the EPDs also indicate that EPDs and the environmental
indicators contained therein are not analyzed in terms of uncertainty [99,100].

Rasmussen et al., analyzing 81 third-party-verified EPDs of cross-laminated timber,
glulam, laminated veneer lumber, and timber developed mainly in Europe but also in North
America, Australia, and New Zealand, proposed that life cycle assessment practitioners
can use median values from their study as the generic data [71]. In the case of CTAs,
in light of the data analyzed in this paper and considering the future potential AVCP of
these products, it should be stated that using mean values as generic data can lead to
many misunderstandings.

As mentioned earlier, following the provisions of the CPR draft amendments, the
notified body should assess the manufacturer’s documentation in the field of sustainability.
Questions arises about this verification—how to relate it to the data collected over a
decade? Is it possible? Based on the data presented in this analysis, there is only one
answer—unfortunately, it is impossible.

The draft amendment to the CPR assumes that the producer will systematically update
environmental indicators. Currently, third-party-verified EPDs are primarily valid for five
years. Additionally, for this reason, the situation will create a field for conflict between
producers. Comparing data from this year with data from five years ago will pose problems.
The data for CTAs collected in Table 2 does not clearly show the changing trend related to
the passage of time. However, for other construction products, where the data associated
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with the production of the same product by the same manufacturer at the exact production
locations in different years, differences were reported [101]. This critical observation about
change over time is consistent with the fact that, in the current model, the assessment
concerns the “static” manner, but the world is changing dynamically [102].

Another issue regarding the future assessment of construction products in terms
of sustainability is the human resources of the notified body. Of course, this issue is
known and discussed in the literature [103]. As mentioned many times, the inconsistency
between published EPDs is known. The fact that years have passed and this issue remains
unresolved is also a sign of the lack of availability of properly educated specialists.

The introduction of a mandatory 3+ system in the field of sustainability, however justi-
fied, also generates additional costs. These costs may be difficult for smaller entrepreneurs
to cover. In the case of smaller producers, there will also be a problem with access to
suitably qualified staff. Additionally, from this perspective, the question arises about the
legitimacy and sense of the proposed formula for assessing construction products in the
field of sustainability. In this connection, there is the already raised issue of the possible
role of associations of producers [33,34].

A view can also be formulated that, due to the lack of comparability of EPDs, it is
difficult to talk about public trust in the issue of proper assessment of construction products
in terms of sustainability. However, public trust is fundamental in building matters [104].
Research on the conscious consumption of such construction products as interior wall paints
and coatings showed a higher importance of making environmental assessment transparent
to end-users [105]. It is also crucial in terms of the fact that consumers today do not have
the willingness to pay the premium price for sustainable products [106]. Additionally,
all this must be considered by the manufacturer when creating a strategy promoting
environmentally friendly products. This is not easy, although, from the perspective of
science, there are views that it is a business opportunity [107]. Of course, it can be, but it
has to be based on solid foundations, including consistent and comparable data from EPDs.

As the study results described in this article show, data on the environmental impact of
CTAs do not make it easier for construction market participants to make the right decisions
when choosing a product. Additionally, considering that other research referring only to
the knowledge of the role of EPDs in the environment of people professionally related
to the construction industry showed that as many as 75.9% of the surveyed sellers of
construction products and 74.0% of investors, as well as 64.6% of contractors, believe that
EPDs are a mandatory document, but in fact they are voluntary documents [108]. Only
in the professional group of architects did a minority of respondents (43.5%) consider
the EPD a required by-law document [108]. Although these answers are incorrect, they
indicate that sustainability issues are perceived as significant. In the same study, the share
of people considering the environmental impact (by a declarative “yes” or “no”) when
selecting construction products varies from 39.1% in the group of architects to 59.8% in
the group of investors [108]. However, to another question that only required a “yes” or
“no” answer, i.e., the question of knowing the GWP value of 1 m2 of External Thermal
Insulation Composite System, responses of “yes” ranged from between 27.1% and 49.7%
in the surveyed groups of professionals [109]. Other studies, in which 55 respondents
gave answers regarding use of EPDs by architects, showed as many as 76% declare their
use [54]. Above all, however, it is worth mentioning that the results of the examination of
sustainability knowledge to understand sustainable behavior indicated that knowledge
had a significant, albeit weak, bivariate correlation with behavior [110].

It is also important to mention that, although CTAs belong to the mortars group
and are perceived and classified in this way in many studies, which is also visible in the
EPDs analyzed in this article, they are a group of specialist construction products. For
this reason, environmental impacts related to the production of CTAs cannot be consid-
ered at the general level of the relationship between mortars and sustainability, treating
mortars as a mixture of three components: aggregates, binders, and water [111]. CTAs
are produced in specialized dry-mix mortar plants. Thus, modules A1–A3 can be or are
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based on existing or historical data, so it is possible to estimate the impacts in principle.
However, it should be remembered that the given value of environmental indicators in
the declaration of performance of construction products will always be only an approxi-
mate/estimate/historical value.

The analysis presented in this article is a contribution to knowledge transfer from
industry to science. The flow of knowledge from industry to science is often the missing
link for properly developing a topic. Of course, issues such as those discussed in this
article, such as the unclear and sometimes confusing values of environmental indicators,
reliability of LCA, LCA input data availability, the necessity of harmonization, inadequate
legislative framework, and necessity of coherence of EPDs, are the subject of scientific
research and publications [112]. However, still, the producers’ point of view is rarely
taken into account. However, due to the plans to amend the CPR and introduce a new
3+ conformity assessment system, it is necessary to consider the manufacturers’ position.
Otherwise, further development of construction products will be disturbed, including the
dissemination of information on the environmental impact of the product. Finally, it is
reasonable to write that the conclusions drawn from the analysis described in this paper
are consistent with the recently formulated recommendations [113].

However, to the author’s knowledge, no analysis has been published on the conse-
quences of introducing a mandatory CTA environmental impact assessment in the event of
the CPR amendment. Results clearly show that notified bodies are not prepared to verify
EPDs, along with a significant increase in their number due to the introduction of the
obligatory sustainability assessment of construction products.

5. Conclusions

This study analyzed the values of seven environmental impact indicators of thirteen
CTAs. The author discussed specific conditions related to the assessment of a construction
product, which has not been a subject of particular interest so far, such as the issue of
uncertainty. The work indicates many factors influencing this state of affairs:

• The analysis of the values of seven environmental impact indicators (GWP, ODP, AP,
EP, POCP, ADPe, ADPff) showed significant differences between them, the smallest
being for GWP and the largest for ADPe;

• The difference between the lowest and highest value of the GWP indicator amounted
to almost 270%;

• The difference of nearly fourteen thousand times between the lowest and highest
value of the ADPe indicator make it impossible to compare CTAs;

• The analysis described in this article clearly shows that the planned introduction of the
environmental assessment of construction products has not been properly prepared.
The results obtained over a decade on the environmental impact of CTAs may be of
little use for the future assessment of these products. In addition, it should be noted
that due to permanently going on a benchmark that takes place on the market of
construction products, many manufacturers may practice greenwashing to show that
their products are not “worse” than others.

6. Future Directions and Limitations

The analysis showed that the environmental impacts of CTAs collected over a decade
are inconsistent, and their use in AVCP does not help consumers choose products. It is
necessary to specify the requirements for qualitative data used in LCA precisely, understood
as narrowing the boundaries, e.g., to data from one year preceding the year of EPDs creation.
In light of the obtained results of the analysis and considering other experiences gained
over the decade, it seems reasonable to develop product category rules used in developing
EPD by producer organizations at the local/national level. It appears that the participation
of producer organizations should facilitate the creation of a transparent situation for all
participants in the construction products market.
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The analysis described in this paper concerned data for 13 CTAs presented in 10
EPDs, i.e., on a relatively limited sample. As mentioned earlier, sixteen thousand EPDs
were published in January 2023 for construction products in general, which is also not
a representative number for the construction products market. Undoubtedly, one of the
reasons why CTA producers do not develop EPDs en masse is that the results contained
therein are not easily presented to consumers. Above all, it should be remembered that
EPDs are voluntary documents, which is also the reason for their limited number.
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Abstract: Deciduous trees are well known for controlling solar gains in buildings, contributing to
energy savings in a sector that consumes 35% of global energy. However, there is still a lack of
information about the real thermal impact that deciduous trees have. This work proposes a new
method that is cheap and easy to implement to quantify the shading efficiency of different types
of deciduous trees in hot seasons. The results can be applied in energy evaluations of buildings.
The trees selected belong to the central valley of Chile, which is characterized by hot summers and
cold winters. The trees selected can also be found in other parts of the world. A spectrometer is
used for measuring the amount of solar radiation (irradiance) that is present in the shadow of trees,
measuring wavelengths between 339 nm and 750 nm (mostly within the visible light range). The full
referential irradiance spectrum of the site is obtained by calibrating the standard ASTM G-173-03. At
the site, the spectrometer is used to obtain the visible light range, while the infrared radiation (IR)
and ultraviolet (UV) radiation ranges are obtained from the literature. Our results indicate that the
analyzed deciduous trees reduce an average of 82% of the solar radiation. This information will help
project designers during the building energy efficiency design phase by representative modeling of
the solar radiation gains allowed by deciduous trees.

Keywords: deciduous trees; energy conservation; spectrometer; passive technology; solar radiation
control; spectrometry

1. Introduction

Climate change is a consequence of global warming, generated by excessive amounts
of carbon dioxide (CO2) emitted to the environment [1]. Some consequences of climate
change are an increasing number of droughts, floods, and melting glaciers [2].

CO2 emissions are released to the atmosphere mostly as a result of human activities,
where fossil fuels combustion for power generation and energy consumption are the
main emitters [3–9]. Acaroglu et al. [7] observed the direct relationship between climate
change and energy consumption. They showed that if energy came from renewable
sources, energy consumption would not increase the Earth’s temperature while maintaining
economic growth.
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Other authors in [6] evidenced a positive direct relationship between the CO2 increase in
emissions, and global growth of the gross domestic product (GDP). They also showed how
this emissions increment comes from a more intensive use of energy to keep higher living
standards, but also causes the degradation of many environmental systems [8].

The built environment is one of the biggest energy consumers these days. According
to Nejat et al. [10], global energy consumption is approximately distributed as follows: 35%
from residential and commercial buildings, 29% from the industry, 33% from transportation,
and 3% for other uses. Similar percentages can be found in Chile, where this study was
developed: 23% from buildings, 40% from the manufacturing industry (including mining
operations), 33% from transportation, and 4.2% from other uses [11].

To reduce energy consumption, increasing energy efficiency is one of the most ef-
fective approaches with potentially lower environmental impact [12]. Energy efficiency
measures in buildings can be classified into active and passive strategies. Active strategies
involve energy consumption to achieve some predefined level of indoor environmental
comfort. This is the case with heating, ventilation, and air conditioning (HVAC) or artificial
lighting. Active strategies could be very efficient in their energy use but still involve energy
consumption for their operation.

Conversely, passive strategies do not consider energy consumption to achieve a re-
duction of the building energy demand [13,14]. Some examples of passive strategies are
elements for solar control gains, thermal insulation, natural light, air infiltration mecha-
nisms, and natural ventilation [15,16]. Most of these elements need to be considered at the
architectural and planning stage of the building. They can also involve complementary
elements such as landscaping or surrounding objects (sometimes other buildings). Most of
these elements and strategies also entail lower investments when considered at the building
design stage.

Some passive strategies related to landscaping are the incorporation of water elements
(pools, wetlands), hardscape materials (bricks, stones), and vegetation (trees, bushes) [17].
These elements significantly contribute to the hygrothermal comfort of their surrounding
spaces, but also protect human beings from solar ultraviolet (UV) radiation [18]. Particularly,
trees decrease the temperature around them while providing visual comfort and mental
health. They also protect biodiversity and reduce urban heat islands. Hence, trees are
especially beneficial in locations with high temperatures [19–22].

Among them, deciduous trees have advantages in climates with hot summers and
cold winters [17]. Deciduous trees lose their leaves in autumn, renewing them again
in spring. This way, they do not impede solar radiation when more thermal energy is
needed in the building (autumn, winter), yet they partially block the solar radiation when
the temperature is high (spring, summer) [23]. However, although this contribution is
recognized, neither the reduction of solar radiation they generate nor their variation for
different types of deciduous trees have been fully addressed. That is why, in this paper,
we propose a low-cost, fast, and simple method to measure how effective deciduous trees
are when they are blocking solar radiation. Our results will help building designers when
anticipating solar control strategies in building energy assessments.

1.1. Literature Review

As mentioned earlier, deciduous trees can be used for passive energy conservation in
buildings. During the winter, they allow solar irradiance to trespass on the empty spaces
between their branches. In summer, their leaves partially block solar radiation, providing
a cooler thermal sensation, while they also contribute to reducing the carbon footprint. Trees
also increase soil humidity around them as a consequence of the temperature reduction
wherever their shade is projected.

However, what is the real impact of deciduous trees on solar radiation control during
summer? It is difficult to quantify, mostly because of their organic nature [24–26]. Some
variables are the tree’s age, biochemical trails, canopy structure, phenological events
(flowering), and other disturbances (such as droughts), which make it difficult to obtain
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consistent results [27–30]. This great variability suggests the need to study the average
contribution of deciduous trees in solar control. However, this contribution is expected
to suffer from high variability, depending on the tree. This is why we analyze different
types of deciduous trees and use an easy-to-implement and low-cost equipment method to
measure that contribution. This way, other researchers and building practitioners will be
able to replicate our measurements in different contexts.

Studies developed by some researchers determined that the effect on building en-
ergy savings as a result of tree shades remains between 8.8% and 40% [23,24,31,32]. More
specifically, authors in [23] determined that deciduous trees generate 15% cooling savings
on the west and east façades of a building, 7% on the north one, and a maximum of 40%
heating energy savings. Other authors have investigated the benefits of tree shades in
building energy savings [33,34]. For example, some of them studied some shade charac-
teristics (extension and quality) to predict the temperature of exterior walls [24]. Others
studied the influence of long-wave and short-wave thermal radiation influence of trees
at different locations around the west wall of buildings in summer [35]. Similarly, [31]
evaluated the impact of trees on the indoor and outdoor thermal comfort and energy
demand in courtyard buildings in Iran. All this research generated interesting advances in
the effect generated by the shade of trees on the energy efficiency of buildings. However,
when it comes to building energy assessments, those results can be hardly transferred to
other climates, especially when the building envelope properties and the internal loads
are different.

Namely, there is still a significant lack of information about the spectral irradiance
blocked by a deciduous tree shade. By knowing the different wavelengths of the light
spectrum trespassing the tree’s branches and leaves, it should be possible to determine the
amount of energy that is effectively controlled by the tree and arrives at its shade. This
is why our study involves all light wavelengths to produce representative results from
a varied set of deciduous trees. This will allow future studies to derive other variables, such
as the temperature or spectrum range under the shade of different types of deciduous trees.

Additionally, when performing previous research studies, different data collection and
processing methods have been used (field measurements, numerical simulation methods,
thermal infrared remote sensing, etc.) [35–39].

1.1.1. Processing Methods

In general, there are two types of numerical simulation methods commonly used when
modeling urban climates and microclimates: the energy balance model and computational
fluid dynamics. Energy balance models are based on heat flow stabilization, whereas
fluid dynamics models use fluid dynamics equations such as conservation of energy, mass,
and momentum. Among the latter, a software widely used to simulate the impact of
vegetation in cities is the ENVI-met simulation software [36,40–42]. ENVI-met includes
a microclimate model for simulating the interactions between buildings and green areas in
a urban environment. However, its accuracy ultimately depends on the input data quality.
In the absence of solar control values to be applied as a function of the type of the tree, the
margin of error of the results is uncertain.

1.1.2. Data Collection Methods

Authors in [43] used a mobile, up–down lifting tower, and an autoleveling instrument-
mounting platform with UV radiation sensors to gather representative spectral light infor-
mation projected on a building. The authors of [18] measured the UV light with electronic
dosimeters between 11:00 to 14:00 to obtain a UV protection factor. However, these ap-
proaches failed to capture the effect of a tree shade across all light wavelengths; hence, they
were unable to obtain the amount of irradiance present in the shade of the tree. That is why,
in our study, we use a spectrometer to measure the solar irradiance trespassing on a tree
shade, and with it, we are able to quantify the solar radiation controlled by trees when they
are located around a building. This information allows building designers to feed existing
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software with more realistic data and to estimate the temperature more accurately beneath
a tree shade. It will also help them to select the most suitable deciduous tree according to
the climate conditions and energy efficiency strategies adopted in each building project.

2. Materials and Methods

2.1. Location

This research was conducted in the central valley of Chile. Chile is a country with
different climatic zones due to its 3800 km length. In this country, some effects of climate
change have become evident: droughts in most of its territory, melting glaciers, stronger
wind gusts, and intense rains in short time periods [44,45].

The central valley of Chile has a Mediterranean climate, with hot temperatures during
summer and cold winters. Summer lasts around 5 months, with an average maximum
temperature of 30 °C, including an average day temperature of nearly 20 °C [46]. In this
region, the insolation rate in January (summer in the southern hemisphere) is 7047 Wh/m2 per
day [47]. Nevertheless, climate change is currently extending the hot seasons’ duration [45].

The season with low temperatures in the central valley of Chile takes place between
May and August. In those months, the average temperature remains around 7 °C and the
average minimum temperature around 4 °C. Additionally, in July (the central month in
the winter), the insolation rate drops to 1825 Wh/m2 per day [47]. Under these conditions,
buildings require solar control in months with high temperatures and solar gains in colder
months. Thus, deciduous trees represent a suitable alternative to achieve both aims.

There is a wide variety of trees in every climate. That is why this piece of research
analyzes the shade of five deciduous trees that can commonly be found in Mediterranean
climates (and also in the central valley of Chile). As described later, a spectrometer is used
for performing field measurements. The measurements are taken from noon to afternoon,
for a future application of these results in west façade building energy simulations. How-
ever, other factors such as tree size, nutrition, growth rate, age, and soil quality, which can
affect the physical conditions of the tree, are not analyzed in this work. The reason is that
these factors could considerably expand the scope of this research and so will be left for
future research. Yet, an important contribution of this study is that our method approach
can be easily reproduced in any other conditions and locations.

2.2. Instruments

A convenient device for measuring the amount of energy of the light spectral irradiance
is the spectroradiometer, or spectrometer for short. Spectrometers measure the amount
of electromagnetic radiation (EMR) passing through a substance. The EMR reduction
measured by this device represents the reflection and interferences that occur in the body of
the substance.

Spectrometers are widely used in chemistry, biochemistry, genetics, and molecular bi-
ology, as they allow quantifying the amount of light absorbed at a specific wavelength [48].
Similarly, they also allow indirectly quantifying the amount of chemical substances con-
tained in a solution [48,49]. Additionally, most spectrometers allow the analysis of a wide
range of energy frequencies of spectral irradiance, generally between gamma rays and
radio waves [50].

The advantages of spectrometers are their ease of use, and that they allow quick and
quantitative measurements [51,52]. For example, the authors in [27] used a spectrometer
to measure the leaf reflectance of different trees, determining the leaf pigments variation
among species. However, to the best of our knowledge, a spectrometer has never been
used to determine the spectral irradiance of a tree shade.

A spectrometer is capable of breaking down the light it receives into different wave-
lengths. Each wavelength has a determined irradiance level depending on its frequency.
This allows measuring the total amount of energy of the light spectrum. In the case of trees,
their leaves mostly use energy from the visible spectrum to perform photosynthesis. These
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are known as photosynthetically active regions (PARs), which absorb (instead of reflecting,
as do most inorganic materials) most of the energy during this process.

However, within the spectral irradiance, the PAR (corresponding to the visible spec-
trum between 400 nm and 650 nm) represents approximately 45% from the global solar
radiation (GR) [53], whereas IR radiation (between 650 nm and 4000 nm) represents ap-
proximately 50% of solar radiation. Hence, more than 70% of light is reflected by and
transmitted from leaves. These amounts are similar across different tree species [54].

The authors in [55] used a spectrometer to measure the spectral distribution in
a thinned Sitka spruce (Picea sitchensis) forest at noon for three days. They proved the
effectiveness of solar radiation to penetrate the tree canopy during cloudy, overcast, and
clear sky days, allowing the trees to keep their photosynthesis activity.

More research attention has been given to the analysis of UV light (between 280 nm
and 400 nm). There are a few researcherswho have performed studies focusing on the UV
end of the light spectrum [56–60]. For example, the authors of [58] developed a UV radiation
mathematical model under the shades of Korean trees, while in [59], they determined the
percentage of the UV spectrum that tree leaves reflect and transmit. On the other hand,
in [60], the authors resorted to polysulphone films adhered to the ground where the shade
of a tree was projected to estimate a UV protection factor on a clear sky day. However, the
study that most resembles our work is the impact analysis of the UVB (280 nm–320 nm)
and UVA (320 nm–400 nm) spectrum presented in [57] regarding the shade of five typical
Australian trees. The authors of that study took three measurements in the shade of the tree
with a spectrometer on a sunny day in summer. They determined that the average ratio of
the UV irradiance was 26% lower under the shade compared to the same spectrum in the
sun. However, the objective of that study was to determine whether the UV present in the
shade exceeds the occupational limit for UV exposure; thus, it lacked many operational
and applicable details for buildings energy efficiency design.

2.3. Research Method

The method proposed below seeks to present an alternative that is easy to implement,
cheap, and without the need for advanced knowledge to quantify the shading efficiency of
different types of deciduous trees during the hot season. As shown in the introduction, the
solar control effect of trees is recognized, hence its impact as a passive energy efficiency
measured in buildings. The use of the spectrometer with the ASTM G-173-03 standard
(created by the American society for testing and materials) allows the replicability of the
proposed method, allowing its application in other trees and in other geographical locations.
The instruments (spectrometer), tool (the ASTM G-173-03 standard), and the trees analyzed
are described below. The workflow summary of the study is also included at the end.

2.3.1. Spectrometer

For performing this research, we used the “GL Optic Mini-Spectrometer” and the “GL
Optic SpectroSoft” software. The selected spectrometer has a handy size, which makes it
appropriate for field measurements (Figure 1). It has a spectral range of 339–750 nm, and
a physical resolution of 1.7 nm–1.8 nm. This equipment also receives and analyzes the
UV–visible light, converting it to an electric signal [50]. The GL Optic SpectroSoft software
is a spectral analysis tool for color calculation conforming to CIE 1931 2° XYZ; xy; CIE 1964
10°, uv; u’v’. With this equipment, we analyzed the EMR present in the tree shades, which
are made up of diffuse radiation, but mainly of the radiation trespassing the tree canopy.
We also used this equipment to obtain the GR by measuring directly pointing at the sun.
Hence, by comparing EMR measurements directly facing the sun with those that have the
tree canopy in between (under the shade), we managed to estimate the amount of energy
that a tree can control.
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Figure 1. GL optic mini-spectrometer.

2.3.2. On-Site Spectral Solar Irradiance

We also used the ASTM G-173-03 standard as a reference for calculating the solar
spectral irradiance on site. This standard emerged intending to normalize the information
gathered from the solar light spectrum for photovoltaic systems, determining the relative
optical performance of materials. This standard was drafted by the American Society for
Testing and Materials (ASTM) and the US government. They developed two terrestrial
solar spectral irradiance distribution standards. The two spectra encompass a direct
normal spectral irradiance model and a standard total (global, hemispherical, within 2-pi
steradian field of view of the tilted plane) spectral irradiance model. Both reference spectra
incorporated in the ASTM G-173-03 standard (see Figure 2) can provide solar radiance data
for our context and allow comparison with our measurements.

Namely, we used the global normal spectral irradiance model, as it involves the direct
and indirect components contributing to the total global (hemispherical) light spectrum.
The validation of its use in this paper is carried out by comparing the global radiation curve
of the ASTM with the measurement of the spectrometer pointing at the sun, obtaining
a difference of 5% regarding the GR measured with the spectrometer. This normalized
spectrum allowed us to complete the IR and UV ends of the spectrum that could not be
measured by our optical spectrometer on site (Figure 3).

2.3.3. Types of Studied Trees

The research was conducted on five types of deciduous trees: Liriodendron tulipi f era
(Tulip), Liquidambar styraci f lua (Liquidambar), Acer negundo (Maple), Melia azedarach
(Melia or White Cedar), and Prunus cerasi f era Erhr (Plum). Images of these trees can be
found in Table 1.

These species were chosen because they are common in regions with Mediterranean
climates and also in the central valley region of Chile. However, these trees can also be
found in different parts of the world, such as coastal, mountainous, and valley regions.
These trees are common in areas with an abundance of solar radiation in the summer,
whose soils vary from dry to high humidity [61–64]. These species are also frequently used
for solar control in buildings. The sample trees we used in our measurements comprised
adult trees with no elements nearby that could affect our measurements.
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Figure 2. ASTM G-173-03 standard graphic on site, including the extraterrestrial irradiance (solar
spectrum at top of atmosphere), global tilted irradiance, and direct (+ circumsolar) irradiance.

Figure 3. Graphic of the spectral irradiance built from the ASTM G-173-03 standard and the measure-
ments made with the spectrometer.

Table 1. Images of the studied trees.

Liriodendron tulipi f era Liquidambar
styraci f lua Acer negundo Melia azedarach Prunus cerasi f era
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2.3.4. Measurements of the Solar Control Carried Out by the Tree

To ensure consistency, the measurements in the shadow of each type of tree were
always taken by orienting the spectrometer directly to the sun, always on a cloudless day,
and between 12:00 to 16:00 h as reported in the supplementary data. The latitude and
longitude of the place were approximately −34.81771º and −71.23644º, respectively. The
measurements were taken between 17–20 February 2017, with a clear sky. The altitude
and azimuth in which the spectrometer was oriented corresponded to 53.82º and 55.42º,
respectively, at 12:00 h, until reaching 53.30º and 303.82º at 16:00 h. This time interval
was defined as starting at 12:00 (noon) as this is the time (for future applicability of these
results) when trees usually cover the west façade of a nearby building, hence enabling
solar gain control. From 16:00, however, the sun position casts shadows from nearby
elements overlapping with the trees’ shadows on most buildings. From 16:00 onwards, the
temperature also usually starts to decrease (though slowly).

Hence, 12:00–16:00 with hourly measurement intervals was deemed a representative
sampling range. Hourly measurement intervals were also deemed appropriate as they
captured significant time deviations in the EMR, but did not entail excessive fieldwork.

To consider the potential shade heterogeneity (because of the leafless areas of the
canopy), several shots were taken under the shade of the tree while pointing at the sun
holding the spectrometer on a tripod (see Figure 4) to ensure homogeneous measurement
conditions (azimuth, altitude). To facilitate this task, the shadow of each tree was divided
into quadrants with a 1 m2 grid. Every hour, a solar radiation measurement with the
spectrometer was taken for each quadrant. It should be noted that the grid was drawn
on the ground where the shade of the tree was present, as shown in Figure 4. Thus,
the measurements are representative of the reduction generated by the tree. Namely,
measurements were taken covering the central part of the tree shadow, neglecting the
borders (see Figure 5). An average of 14 quadrants were obtained for each tree that was
measured. Then, an average value of solar radiation was calculated for every hour for
each tree.

Figure 4. Location of the spectrometer in a quadrant to take the measurements.

As mentioned earlier, to determine the GR, one shot was made by pointing directly at
the sun every hour from 12:00 to 16:00. This allowed us to obtain, by its difference with the
average solar radiation values obtained under the tree shade, the EMR value blocked by
that tree at that particular time of the day. To calculate this difference, the GL SpectroSoft
software was used to extract and process the measurement data.

The GL SpectroSoft software displays the solar light radiation measured of each shot
in a two-dimension graph on a Cartesian plane such as the one shown in Figure 6. In this
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figure, the X-axis represents the wavelengths, mainly of the visible light spectrum (from
339 nm to 750 nm), and the Y-axis represents the global irradiance magnitude in milliwatts
(mW) per square meter (m2), that is, mW/m2.

Figure 5. Measurement grid with canopy edges removed.

Figure 6. Example graph form SpectroSoft software generated from one shot with the spectrometer.

Hence, all measurements had to be stored numerically (one (X, Y) point per wave-
length and global irradiance) through several spreadsheets resembling the one shown in
Table 2, where:

• Tree: scientific name of the species.
• Hour: time of the day at which the measurements were performed.
• Measurement date: calendar date of the measurements.
• Direct measurement to the sun: represents the GR, capturing the direct and diffuse

solar radiation.
• Measurements 1. . . n: measurements collected under the shade of the tree in quadrants

1. . . n.
• Wave: spectrum wavelength, measured in nanometers (nm).
• Value: global irradiance delivered by the spectrometer based on each wavelength, and

measured in milliwatts/square meter (mW/m2).
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Table 2. Database for data processing for each tree.

Tree

Hour

Measurement Date

Direct measurement to the sun Measurement 1 Measurement 2 Measurement 3 Measurement 4

Wave
(nm)

Value
(mW/m2)

Wave
(nm)

Value
(mW/m2)

Wave
(nm)

Value
(mW/m2)

Wave
(nm)

Value
(mW/m2)

Wave
(nm)

Value
(mW/m2)

This way, the visible light spectrum (between 400 nm and 650 nm) was obtained
with the spectrometer, along with some wavelengths of the UV and IR spectra (between
339 nm and 400 nm for the UV, and between 650 nm to 750 nm for the IR). The remaining
UV and IR tails of the spectrum that were not measured were completed from the literature.
Namely, the UV wavelengths were obtained by subtracting 74% from the onsite spectral
irradiance as shown in [57], whereas, to determine the EMR of the IR wavelengths, we used
the spectral irradiance onsite measurement and subtracted 70% of the irradiance values
according to [54].

As a summary, the previous research steps are represented in sequential boxes and
shown in Figure 7. In the next section, we will present the main research results.

Figure 7. Workflow of this piece of research.

3. Analysis and Results

In this research, all five types of trees were evaluated under the conditions described
in the previous section. The overall average solar radiation results measured with the
spectrometer are presented later in Table 3. All measurement results can also be found
as supplementary material. However, for clarity, the data processing steps followed are
presented for one of the trees (Liriodendron Tulipifera). Basically, the GR was obtained first
by pointing directly at the sun at hourly intervals (12:00, 13:00, 14:00, 15:00, or 16:00).
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This is represented in Figure 8 which represents a measurement taken on 20 Febru-
ary for one of the sample trees. Then, the graph that represents the average measure-
ments of different quadrants under the three (different shots) at that same time of the
day for the same tree can also be represented (12:00, as superimposed in Figure 8 for
a better comparison). To determine the amount of solar radiation controlled by the tree,
the Y values of average spectral irradiance are subtracted from the values of the solar
spectrum (Figure 8).

Figure 8. Solar spectrum of the GR measured at 12:00 vs. average spectral irradiance from all
quadrants under the tree shade measured at 12:00.

Our final comparisons were calculated through the relative difference of intensities of
the GR on site and the radiation value obtained under the shade of the tree (SR), as shown
in Equation (1):

Relative di f f erence =
GR − SR

GR
∗ 100% (1)

Equation (1) was evaluated for every nanometer of the spectrum (from 339 nm
to 750 nm). Then, an average value was obtained for that tree and that time of the day,
repeating these steps for the five hours of a day and the rest of the trees.

Table 3. Solar radiation reduction percentage for the five types of trees calculated with the spectrome-
ter’s measurements (from 339 to 750 nm).

Liquidambar
styraciflua L. (%)

Acer negundo
L. (%)

Liriodendron
tulipifera L. (%)

Melia azedarach
L. (%)

Prunus cerasifera
Ehrh (%)

12:00 90.42 98.29 88.50 89.74 91.25
13:00 92.84 92.96 89.61 79.02 93.60
14:00 86.48 94.50 90.05 87.03 94.67
15:00 90.61 92.54 86.18 88.82 94.58
16:00 88.95 94.44 90.96 87.06 96.06

Average 89.41 95.50 90.01 86.70 93.53

Table 3 and Figure 9 show that the Acer Negundo (Maple) controls the highest amount
of solar radiation, with 95.5% on average. A total of 93.53% on average was obtained for
the Prunus Cerasifera (Plum) tree. The Melia Azedarach (Melia) tree controls less radiation
than the rest (86.70% on average).

It was also found that the solar radiation reduction measured with the spectrometer
under the trees does not vary significantly over time (average values at each time of the
day vary both and below the average value without following any visible pattern). This
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means that the radiation control capacity of a tree is not that affected by the solar azimuth
and altitude.

Figure 9. Solar radiation reduction percentage per hour for all trees calculated with the spectrometer’s
measurements (from 339 to 750 nm).

The greatest data dispersion can be found in the Melia Azendarach (Melia) tree, with
a difference of 10.72% between 12:00 and 13:00 h. This tree also presents the second-largest
difference of 8.01% between 13:00 and 14:00 h. This higher dispersion may be due to the
greater separation between the leaves of this tree, thus allowing larger spaces through
which the solar radiation can penetrate.

Furthermore, to obtain the solar radiation in the spectral ranges not measured by the
spectrometer, a reduction of 74% was applied to the UV range, as defined in [56,57]; and
a 70% reduction to the IR range, as defined in [54]. These reductions allowed obtaining the
average results shown in Figure 10.

Figure 10. Difference between GR on site and the average solar radiation under the tree shade.
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The total solar radiation reduction results, considering the UV, visible light, and IR
spectra, are presented in Tables 4–7. The most noteworthy amount of solar radiation
reduction was achieved in all trees within the visible light spectrum, with percentages
exceeding 86% over the other spectrum ranges. The percentage of average reduction
generated by the studied trees was 82%, ranging from 935.45 W/m2, on average, of GR on
site to 167 W/m2, on average, under the shade of the trees. More specifically, the reduction
of each tree is distributed as follows: 79% for the Melia Azedarach, 81% for the Liquidambar
styraciflua and Liriodendron Tulipifera, 84% for the Prunus Cerasifera, and 85% for the
Acer Negundo.

The largest amount of solar radiation present in the shade of the tree is provided by
the IR spectrum (78% on average with respect to the total solar radiation in the shade),
while the visible is 18%, and the UV just 4%. Thus, we can notice the great impact of
the chlorophyll generation in the leaves, since the GR without the shade of the tree is
distributed as follows: 43% of IR, 56% of visible, and 1% of UV, and always reducing, in
greater proportion, the spectrum of visible light (between 86% and 95%).

Table 4. Range magnitude of the solar spectrum in shade (SSR)(W/m2).

Spectral Range Liriodendron Tulipifera Prunus Liquidambar Melia Acer

UV 9.03 6.17 8.98 9.57 6.92

VIS 35.85 20.03 35.21 48.30 19.09

IR 130.77 126.56 129.85 134.47 125.23

Total 175.65 152.76 174.04 192.35 151.24

Table 5. Range magnitude of the solar spectrum measured to the sun (GR) (W/m2).

Spectral Range Liriodendron Tulipifera Prunus Liquidambar Melia Acer

UV 43.46 44.36 44.64 42.32 49.97

VIS 347.29 361.12 362.40 355.63 395.21

IR 520.83 525.60 525.35 525.10 533.98

Total 911.59 931.08 932.394 923.06 979.15

Table 6. Reduction percentage of solar radiation (SSR/GR).

Spectral Range Liriodendron Tulipifera Prunus Liquidambar Melia Acer

UV 79% 86% 80% 77% 86%

VIS 90% 94% 90% 86% 95%

IR 75% 76% 75% 74% 77%

Total 81% 84% 81% 79% 85%

Finally, it is also worth noting that, although measurements were made on clear
(cloudless) days to reduce the noise produced by other uncontrolled weather variables,
similar percentages of reduction would have been found under different weather conditions.
Hence, in the presence of clouds, the indirect solar radiation controlled should be almost
the same. However, in the case of rain, the direct solar radiation component would not be
present and the diffuse component should be very low. Therefore, the GR impact of the
tree shade on a rainy day would be irrelevant.
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Table 7. Range percentage of the solar spectrum in shade (% SSR).

Spectral Range Liriodendron Tulipifera Prunus Liquidambar Melia Acer

UV 5% 4% 5% 5% 5%

VIS 20% 13% 20% 25% 13%

IR 74% 83% 75% 70% 83%

Total 100% 100% 100% 100% 100%

4. Discussion

The use of the proposed method was proven to be valid for obtaining the reduction of
solar radiation generated by a deciduous tree. The combination of instruments, such as
ASTM G-173-03 standard and spectrometry, was demonstrated to be a valid option, easy to
implement, with fast results, low calculation requirement, and without the requirement of
specific knowledge in the use of evaluation software.

This means that the new method can be easily replicated for other geographical
locations and other types of trees, testing the versatility of the proposed method. The level
of detail obtained in the results (total irradiance, spectral range, wavelengths) allows for
other future applications to be explored.

The use of a spectrometer for measuring solar radiation under a tree shade was shown
to be a useful and handy tool for field measurements. Additionally, the software is easy to
use and allows almost instant results processing. This is how solar irradiance reduction
measurements for other tree shapes, sizes, or canopy densities in other locations or climate
conditions, as indicated in [24], could also be calculated by means of spectrometry. The
level of detail obtained in the results (total irradiance, spectral range, wavelengths) allows
for other future applications to be explored.

On the other hand, the use of the ASTM G-173-03 standard as a basis for constructing
the solar irradiance of the site is validated. The solar irradiance results obtained in this
study with the spectrometer (between 339 nm and 750 nm) turned out to be almost identical
to the ASTM G-173-03 standard for that range, being, on average, 5% lower than ASTM,
allowing to adjust and build all the spectral irradiance with that value. This confirms
what was observed in [53], obtaining differences below 10% in the waveband of 400 nm
to 700 nm.

As suggested in [54], a high percentage of the solar radiation within the visible spec-
trum is absorbed by the tree, regardless of the tree type. Our work measured an average
reduction within the visible spectrum of 91% for the five trees (from 95% of the Acer
Negundo to 86% of the Melia Azendarach). This also confirms that the trees capture most
of the visible light to perform photosynthesis.

The IR spectrum was measured in [55] with a reduction of 70%, on average, under the
shade, a similar value to our study, where the average reduction reached 75% (from 77% of
the Acer Negundo and Prunus Cerasifera to 74% of the Melia Azendarach).

The UV spectrum was observed with a reduction of 89% in [60], while authors in [57]
obtained an average reduction of 74%. Our study determined that, on average, the UV
spectrum was reduced by 82%, with Prunus Cerasifera and the Acer Negundo having 86%
and 77% for Melia Azendarach.

From the results obtained, it can be concluded that the trees studied controlled between
79% and 85% of the solar radiation under their shade. These percentages mean an average
irradiance reduction from 935.5 W/m2 to 169.2 W/m2 by the studied deciduous trees.
These results are valid as highly effective elements for passive solar control for adjacent
buildings. In that sense, it can be concluded that 169.2 W/m2 on average would be reaching
the external envelope (the shadowed surface) of the building. In other words, the shaded
areas of the building envelope would receive only 18% of the solar irradiance of the place,
while surfaces without shadow would have the entire irradiance, that is, 935.5 W/m2.

123



Buildings 2023, 13, 1130

This reduction of energy gain will generate energy savings, as well as an improvement
in the indoor thermal comfort. However, to determine the magnitude of this improvement,
the characteristics of the building envelope, thermal inertia, internal loads, occupants’
behaviors, and shade surface percentage on the building, will also have significant impacts.
This is why the shadow effect will be different for each building according to its charac-
teristics. This is demonstrated in [65], where a statistical model linked with the hedonic
characteristics of the building (structure characteristics, occupants’ behaviors, and shade
density) was developed and in which 3.8% to 20% electricity reduction was achieved. How-
ever, there is scarce research addressing these aspects, due to the variability that all these
factors generate in the results. Arguably, that is why, unlike [65], other authors consider
small samples that do not allow generating general conclusions that can be extended to
other building characteristics [34,66].

Thanks to these measurements, it is possible to determine the total energy transferred
to a nearby building when performing building energy assessments. The amount of
solar energy effectively transmitted and reflected, though, will depend on other factors of
the building (exterior surface emissivity, thermal transmittance, and wind speed, among
others), which must also be incorporated as input in the energy efficiency analysis software.

5. Conclusions

Deciduous trees constitute a well-known passive energy measure for controlling solar
gains in buildings. However, there is a lack of information about the real impact they
have. In this work, we quantified the reduction of solar radiation captured by five types of
deciduous trees that are easily found in Mediterranean climates and which are characterized
by hot summers and cold winters.

To perform the measurements, we used a spectrometer. This is a validated tool that, in
a practical and simple way, allows obtaining quantitative values of solar radiation in the
field. However, besides direct measurements, we also used the ASTM G-173-03 standard to
complete the data from the IR and UV tails of the light spectrum.

Our results indicate that the deciduous trees analyzed dissipate an average of 82% of
the UV radiation, 91% of the visible light spectrum, and 75% of the IR radiation. It was also
found that the average solar radiation absorption did not vary significantly either by type
of tree or by the time of the day. This was unexpected as all selected trees had different
branch structures, as well as different leaf shapes and densities. However, the presence
of larger spaces between leaves and branches resulted in higher absorption variability
over measurements.

This information will help project designers during the building energy efficiency
design phase by more representatively modeling the solar radiation gains allowed by
deciduous trees. Specifically, this work contributes to providing a first set of quantitative
data on the effectiveness of the tree shade for absorbing solar radiation energy. These
data can be used by any building energy simulation software to obtain more accurate
and realistic outputs. Additionally, our results confirm again the important effect that
deciduous trees have on nearby buildings; this is on top of other benefits of trees in urban
climates, such as absorbing CO2 and reducing the carbon footprint.

In future works, we expect to analyze the impact of solar radiation control that
evergreen trees may have on different seasons, as photosynthesis activity may affect the
solar radiation absorption of the tree leaves during the year. Similarly, we will study the
optimum distance of trees to a nearby building depending on the canopy size and the
desired level of heat reduction in the building. In this sense, it is also interesting as a future
work to evaluate the impact of the shade of deciduous trees in high-rise urban buildings,
regarding the energy demand reduction. Just as this study considered the assumption of
measuring during the afternoon hours, thinking about the effect on the west façade, one
could consider evaluating the solar reduction achieved from the morning to afternoon to
evaluate the reduction achieved by a deciduous tree located on a green roof. Finally, as the
spectrometer turned out to be a very versatile instrument, future work could be carried
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out to calculate the energy transmitted inside the building and the indoor thermal comfort
achieved, considering the building envelope characteristics.
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Abstract: Enhancing contractual construction project documents with sustainability and green build-
ing requirements reflects growing concerns for the majority of organizations in hot zone districts. The
aim is to provide a healthy, best functional performance, safe environment with occupant comfort,
and an efficient building performance as an environmental-friendly building. This research study
develops a holistic evaluation system for the façade composite of contractual documents. The aim of
the current study was to enhance building energy performance under the sustainability rating system
focusing on adapting active envelope energy applications. The research used technical evaluation
with energy simulation based PVsyst V7.1.0 software and contractual status evaluation for an ongoing
unique case study project in Saudi Arabia. Feasibility analysis was carried out for a sustainable active
envelope using the adopted specifications of the Building Integrated Photovoltaics (BIPV) façade item
instead of the contractual passive item in the Giftedness and Creativity Center project. The project
was registered in the sustainability rating system called Leadership in Energy and Environmental
Design (LEED). The results showed that using BIPV facades as an active renewable energy source
enhances building energy performance over the project life cycle. Additionally, it generates 68%
of energy demand as a nearly-zero energy project. Several other advantages include lower cost
than tender cost without any contractual conflicts, energy savings per year, project upgrade to the
platinum certificate, added value to the public investment, CO2 emission reduction, and barrels of
oil saved.

Keywords: sustainable rating system; building integrated photovoltaics (BIPV) facades; sustainable
building; nearly-zero energy; energy performance

1. Introduction

Ensuring sustainable future is a key objective of the UN 2030 vision, which is highly
acknowledged by the UN General Assembly under the Sustainable Development Goals
(SDGs) which aim at achieving a comfortable and safe life, planet protection, development
plans to prevent hunger and poverty, and reducing environmental degradation [1]. The
SDGs include 17 goals, 169 targets, and 244 indicators [2,3]. The goal number 7 in SDGs
aims to enclose the affordable and adoption of clean energy, which has become the priority
of many countries worldwide.

Saudi Arabia is the top country among the Gulf cooperation countries GCC in electric-
ity consumption. Figure 1 illustrates the growth consumption of electricity for the six GCC
countries from 1990 to 2018 [4,5]. The carbon emissions from energy consumption have
a long-term effect on the economic development in GCC [6–8]. Saudi Arabia is the top
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among the GCC countries in CO2 emissions where it produces 471.82 M tonnes of CO2
(18 tonnes of CO2/person). Figure 2 shows the forecast of CO2 emissions from 2011 to 2050
in GCC countries [9,10]. Therefore, the GCC countries, via new policies, measures, and
legislative instruments, are promoting sustainable urban development and clean energy
efficiency aspects, e.g., PV systems technology [10–14].

Figure 1. Gulf Cooperation Council (GCC) countries electric power consumption 1990–2018.

 

Figure 2. Forecast of CO2 emissions from 2011 to 2050 in GCC countries.

The Saudi Arabia Kingdom (KSA) with 2030 Vision, is aiming to regulate the newly
constructed buildings after the country was labeled with the highest ecological footprint in
2007 [15]. The major goals of KSA 2030 Vision include a good life for society, a flourishing
economic status, and an aspirant Saudi nation [16]. The three main goals comprise nine
sub-goals with broad line projects and implementation measures, especially in energy
aspects, 13 implementation programs to achieve the 96 strategic objectives [17–19]. The
report of the renewable energy projects development office at the Ministry of Energy, will
reduce the domestic energy consumption which is expected to exceed 120 gigawatts by the
year 2032 [20].

130



Buildings 2023, 13, 1110

The national renewable energy program under the prosperous economy goal aims to
establish the largest solar energy project plant in the world (located between 35◦ north and
35◦ south of the Kingdom) to generate 200 gigawatts at the cost of USD 200 billion in 2030
via solar plants. The first stage costs USD 5 billion with a capacity of 7.2 gigawatts [21,22].
The second stage is in Sakaka city—Al-Jouf region with 300 megawatts of clean energy for
45,000 housing units. The third stage offers 12 projects in phases with a total value of about
USD 4 billion and produces 6.77 MW [21,22]. The solar system in construction projects in
Saudi Arabia is still limited, where the use of renewable energy production in building
roofs is about 1.6% of the existing renewable energy in Saudi Arabia. The KSA Vision plans
to make the Kingdom a global logistics hub, promoting mining and energy industries, and
solar systems in construction projects in line with the gulf standards for green building
construction projects, which became mandatory procedures for all local municipalities in
the major gulf countries [23,24].

1.1. Sustainable Rating Systems

Green and sustainable buildings contribute to a better environment, sustainability
processes, and benefits to building owners and users throughout the project lifecycle [25].
The regulations, which were addressed in green buildings, include a coalition of more than
80 countries around the world become mandatory in most of these countries in the building
code for all public and private sector construction projects [26]. Qatar has incorporated
QSAS and GSAS certification in green building, comprising 140 sustainability assessment
mechanisms, divided into eight sections [27,28]. Abu Dhabi green building regulations is
running under the name of the pearl rating system in UAE and is the sustainability rating
system for UAE to support sustainability from design to implementation to operation,
including communities, buildings, and villas [29]. Lebanon has a Lebanese Green Building
Association LGBC as a cedar system for green building evaluation and assessment [30].
Saudi Arabia established a sustainable building program and launched a building sustain-
ability assessment “Mostadam” aims to raise the quality of life in residential buildings
besides reducing water and electricity consumption, which will positively affect family
health, the building internal environment, and reduce the operational cost [22,31].

LEED is an American sustainability rate system that supports buildings to consider a
triple bottom-line approach to achieve returns for people, planet, and profit. LEED 2009
consists of rating systems for new design and construction, building operation, houses,
and residential neighborhoods. Five overarching categories correspond to the specialties
available under the LEED program called LEED rating systems, consisting of credit and
prerequisites for the green building certification program [32,33]. The LEED 2009 system
established points of potential environmental impacts and human benefits for each credit.
LEED v4.1 version includes efficiency selections of energy, water, site, material, daylight,
and waste management. The LEED rating system consists of perquisites, credits, and points
that could be managed in a points system or a scorecard in eight categories with a total
of 110 points. The four certification levels start from certified (40–49 points), then silver
(50–59 points), gold (60–79 points), and platinum (80+ points) [32–34].

BREEAM is the British Research Establishment Environmental Assessment Method,
which is the sustainability assessment for buildings, master planning, infrastructure, and
asset conservation [35,36]. The Australian Green Star rating system uses a robust assessment
process. [37]. The common international sustainable building certification and rating
systems are LEED, BREEAM, and DGNB—“German Association for Sustainable Building”.
A comparison between these international well-known rating systems is illustrated in
Table 1. The BREEAM and LEED have several advantages, a strong system and large
market use with a score of more than 75 points [38,39].
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Table 1. Review comparison of well-known sustainable rating systems.

BREEAM LEED CASBEE Green Star HK-BEAM

Popularity and influence 10 10 6 5 5
Availability 7 7 7 8 8

Methodology 11 10 13 9 11
Applicability 13 13 11.5 10 9

Data collecting process 7 7 6 9 8
Accuracy and verification 8 7 9 5 5

User-friendliness 8 10 6 8 8
Development 8 8 7 8 8

Results presentation 3 3 4 3 4
Final Score 75 75 69.5 65 66

1.2. Solar BIPV Modules in Building Envelopes

Different types of Solar PV panels serve different needs and purposes, while the
classification by generation focuses on the materials and efficiency of different types of
solar PV panels. The PV panels in the first-group solar are the traditional types of solar
PV panels made of monocrystalline silicon or polysilicon, which are most commonly used
with efficiency 21–23%. The PV panels cells in the second-group solar are thin-film solar
PV cells (TFSC) such as silicon, cadmium, amorphous silicon solar PV cell, or copper onto
a substrate, primarily used for to integrate buildings with photovoltaic power stations or
smaller solar PV systems with efficiency 15–41%. The PV panels in the third generation
solar include a variety of thin-film technologies; most of them are still in the research or
development phase using organic materials. and some using inorganic substances, e.g.,
CdTe, concentrated PV cell curved mirror surfaces, CVP, and HCVP [40,41] with efficiency
15–18%. These different renewable resources and energy storage systems can reduce CO2
emissions and costs by 50% [27,42] and affect financial returns [35,38].

The application of photovoltaic PV as a construction element in architectural structures
and buildings is an abbreviation of the building-integrated photovoltaic BIPV. The key
market driver for building integrated photovoltaics (BIPV) was the European Directive
2010/31/EU [43]. The BIPV facades consider the energy road map for several countries in
the construction industry [44]. The advantages of using BIPV façades are the production of
renewable electric clean energy, contributing to increase the degree of buildings sustainabil-
ity towards net-zero energy construction [45], producing more renewable energy on-site
or close to the building, and support for CO2 and heat island reduction [46]. Planning
buildings with multifunctional BIPV systems is an essential for architectural design and
environmental concern [47].

BIPV module surfaces are manufactured as flat or flexible type to be integrated in the
building envelope. BIPV efficiency and productivity, which can be installed on roofs and
façades, are affected by orientation, shading, and surrounding surfaces reflections [48,49].
Figure 3 shows the component of BIPV panels and Figure 4 shows different international
examples of BIPV facade design with the production rate [50].

The idea of integrating PV panels with the building elements increases the prospects
of renewable energy systems, and the assessment of BIPV potential is considered as a pre-
liminary fundamental step towards supporting public decision-makers to achieve energy
transition goals [51]. The global BIPV market experienced fast growth, and the annual
worldwide BIPV market was predicted to be more than 11,500 MWp in 2019 with high
investment in the solar energy market. Table 2 shows the global installation forecast of the
BIPV growth from 2014 to 2020 [51,52].
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Figure 3. Component of BIPV panels.

Figure 4. Different international examples of BIPV facade design.

Table 2. The global installation forecast of the BIPV growth from 2014 to 2020 (MW).

Region/Country 2014 2015 2016 2017 2018 2019 2020 CAGR %

Asia/Pacific 300 492 722 1159 1672 2329 3.134 47.8
Europe 650 967 1441 2103 2929 3807 4838 39.7

USA 319 476 675 917 1200 1491 1766 33.0
Canada 42 61 86 119 157 190 228 32.6
Japan 143 201 268 349 434 520 612 27.5

Rest of world 81 125 184 263 355 451 561 37.9
Total (GW) 1.5 2.3 3.4 4.9 6.7 8.8 11.1
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This research discusses a holistic approach, which presents a comprehensive guideline
of measuring and calculating the specifications of sustainable clean energy in the construc-
tion industry. The research adopted this approach in a pioneer case study to achieve the
triple bottom sustainability benefits in energy consumption for an ongoing construction
project inside an existing public campus in Saudi Arabia. Therefore, significant goals could
be accomplished. First, at the project level, complete analysis and simulation were con-
ducted to improve the specifications of the external envelope. It contributed to shifting the
building towards a nearly zero energy building by covering more than 68% of the needed
energy from renewable energy resources. It also contributed to the sustainability ranking
of the case study in the sustainable rating system without any contractual conflicts. Second,
at the campus level, a complete actual sustainable guideline approach was presented to
the decision maker to apply the results to the remaining 76 campuses construction project.
This contributed to reduction of the energy consumption, CO2 emission, and heat island
loads, and enhancing the skyline looking at the whole campus. Third, at the Saudi Arabian
level, these guideline specifications submitted an actual updating of applying renewable
energy regulations and specifications. The significant contribution of the building facades
and rooftops is to contribute to the required clean energy resource as a part of the Saudi
vision 2030.

The study analysis for the case study built its approach based on two phases. The
first phase is a numerical feasibility comparison in energy performance between the tender
façade composite design and the new façade composite design. The second phase is the
calculation of the clean energy production value and potential quantity of the sustainability
points in energy performance. It can be applied in the case study to upgrade the existing
sustainability ranking. The case study which was selected is registered in the LEED NC v3
sustainable rating system and awarded 37 points in the design phase and possibly pending
31 points in the construction phase. The holistic approach focuses on upgrading the
design system of the building envelope from a passive energy envelope to an active energy
envelope based on technical feasibility assessment and numerical comparison analysis,
giving due consideration to project execution status, project cost, contractual situation,
environmental impacts, and excellency needs.

The study opens the gate for various studies for improving contractual construction
project documents with sustainability for enhancing building energy performance, under
the sustainability rating system focusing on adapting active and passive envelope energy
applications. Therefore, the next main questions arose. What is the practical approach
to modifying contractual construction project documents to improve the building energy
performance? Is it worth making a cost analysis to convert the passive envelope to an active
envelope? What are the contractual risks encountered in the project in this case ? To answer
these questions, the paper highlights the main research problem and explores the methods
used. Then, it presents the results of the evaluation and assessment for the numerical
calculations of the design of a new solar module cladding to the case study shell. The paper
then concludes the research and discusses its limitation and future search venues.

2. Methodology

The energy efficiency enhancing process using the composite active facade based
renewable energy technologies system to adapt contractual construction documents to the
sustainability requirements in public building is an increasing concern. It aims to maximize
the environmental benefits. The case study project was registered in Leadership in Energy
and Environmental Design LEED organization (LEED NC v3) to obtain golden certification
with 68 points (37 point in design document—31 points expected after project handover)
according to first design document review. The study used PVsyst V7.1.0 software for
data analysis, the design process, and the sizing system for solar systems, performing
a simulation run system, and a comparison analysis. PVsyst V7.1.0 software specifies
parameter details, and analyzes fine effects such as thermal behavior, wiring, module
quality, mismatch and incidence angle losses, horizon (far shading), or partial shadings
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of near objects on the array. Results include several dozen simulation variables displayed
in monthly, daily, or hourly values [53]. The outcomes are the specific PV production
(kWh/kWp year), annual PV production (MW), and the performance factor. The research
used HAP software for energy analysis to make energy consumption comparisons, to
operate design costs, and support green building design alternatives in buildings [54].

The holistic evaluation used technical feasibility assessment and numerical comparison
analysis. It aims to explore the quantity of the upgrading process for the sustainable points
earned in energy and atmosphere EA criteria of the sustainable rating system in LEED
NCv3 in a unique project in Saudi Arabia as a case study between 2019–2022. Therefore,
the holistic evaluation was conducted based on two stages. The first stage was designed
based on PVsyst V7.1.0 software for energy simulation, focusing on the main shell skeleton
envelope structure. The study conducted the numerical feasibility comparison between the
tender façade design document, consisting of composite aluminum with tempered glass. It
also redesigned the facade with BIPV modules to calculate energy improvement quantity,
considering the unbalance in bidding value status.

The second stage involves adjusting the results according to energy improvement
quantity in the first stage. Therefore, the study explores points obtained in an energy
sustainable rating system score based on using the available points in two credits from
energy and atmosphere EA criteria. The first credit is EAc2: on-site renewable energy
credit, while the second credit is EAc1: optimized energy performance credit. The study
used the data from three essential sustainable ranking tables from LEED NC v3 to explore
and illustrate the study results. Table 3 illustrates the sustainable 7 criteria with a total of
110 points in LEED NC v3. Table 4 illustrates sustainability credit and points in US LEED
NC v3. Energy and Atmosphere (EA) criteria. It consists of 3 perquisites and 6 credits
with a total of 36 points. Table 5 illustrates sustainable credit and points details in Energy
and Atmosphere criteria including sustainable points in credit EAc1: optimized energy
performance and credit EAc2: on-site renewable energy. It is used as an achievement
parameter in energy generation [31–33]. The other parameters to evaluate the feasibility
of the results include a contractual impact study of this comparison and financial issue in
variation order. The building shell skeleton was executed by the main contractor and the
Chinese subcontractor. To make the final envelope from solar BIPV modules, high technical
coordination of all technical teams was required [32,40].

Table 3. Sustainability credit and points in US LEED NC v3.

Section to Cover Total No. of Criteria No. of Prerequisites No. of Credits No. of Points

Sustainable sites 15 1 14 26

Water efficiency 4 1 3 10

Energy & atmosphere 12 3 9 35

Material & Resources 8 1 9 14

Indoor environmental quality 17 2 15 15

Innovation & design 2 0 2 6

Regional priority 4 0 4 4

Total 65 8 73 110

2.1. Case Study

The case study project is one of the important projects at the King Faisal university
campus. The design of the project was started in 2015 in accordance with the strategic
plan of the university under the name of the project of the center for talent and the center
for research and consultation. It aimed to support the university’s strategic objectives in
developing talent and research and experimental studies for students and faculty members.
It also aimed to become one of the centers for research and development as well as to achieve
the Kingdom’s vision in developing human energy [54]. The building was designed with
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a unique design on a building area of about 15,000 square meters, with a basement and
four recurring floors. Figure 5 illustrates the project tender ground floor and perspective.
Figure 6 illustrates the tender shell steel structure with length 117 m width, 71 m, maximum
height 35 m, and gate height 12 m in the conceptual design of the envelope from composite
aluminum and structure glazing, which in its philosophy represents the human mind as
a center of talent, sense, and development [54,55]. Both buildings under the shell form
the left and right lobes of the mind. The building consists of 66 classes and training halls,
seminar exhibition and discussion halls, halls for visiting researchers, and a modernized
hall that can accommodate about 280 students. It also contains a large hall for students
that can accommodate about 280 students. The building’s exterior envelope dimension is
117 m in length, 71 m in width, and 35 m in maximum height, with a total area of about
9520 m2 [54,55]. The envelope is a steel structure with 1200 tonnes, and the cover for the
steel structure is designed from composite aluminum with 6200 m2 and double structure
glazing with 3300 m2. Figure 7 illustrates the calculated electrical and mechanical energy
load consumption in the tender design after execution which include the total demand
loads for the building reaching about 1275 kW, including 355 kW for mechanical loads (air
handling units, elevators, fan coil units, fountains, water pumps), 852 kW for power loads,
and 426 kW for lighting loads [55]. The project in the design stage accomplished an energy
cost saving of 23.23% which helps the project to obtain 6 points and raise the sustainability
rating system points [54,55].

Table 4. Energy and atmosphere criteria in LEED NC V3 (35 points).

Credit Credit Title Criteria Points

EA Prereq 1 Fundamental commissioning of the building energy systems
EA Prereq 2 Minimum energy performance
EA Prereq 3 Fundamental refrigerant management
EA Credit 1 Optimize energy performance 19
EA Credit2 On-site renewable energy 7
EA Credit 3 Enhanced commissioning 2
EA Credit 4 Enhanced refrigerant management 2
EA Credit 5 Measurement & verification 3
EA Credit 6 Green power 2
Total 35

2.2. Case study: Energy Simulation Document

The study used PVsyst V7.1.0 software for energy simulation, focusing on the main
shell skeleton envelope structure which structurally is separate from the building structure.
The study divided the envelope into five main areas based on project longitude and latitude,
solar zone radiation, and sun movement. Figure 8 shows the five division for the shell
on the satellite image of the actual constructed case study project location with primary
simulation for each area. The study conducted energy simulation for 4750 BIPV module
design cover for the shell skeleton envelope. The results from using the PVsyst V7.1.0
software include simulation parameters, grid-connected system, near shading definition,
main results, special graphs, loss diagram, cost of the system, financial analysis, CO2
balance. Figure 9 illustrates the simulation results for the final study, the solar BIPV module
project using PVsyst V7.1.0 software.
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Table 5. Sustainability points in Credit EAc2: on site renewable energy, and Credit EAc1: optimize energy.

Credit EAc1: Optimize Energy Performance Credit EAc2: on Site Renewable

New Building Existing Building Renovation LEED Points Percentage of Renewable Energy LEED Points

12% 8% 1 1% 1
14% 10% 2 3% 2
16% 12% 3 5% 3
18% 14% 4 7% 4
20% 16% 5 9% 5
22% 18% 6 11% 6
24% 20% 7 13% 7
26% 22% 8
28% 24% 9
30% 26% 10
32% 28% 11
34% 30% 12
36% 32% 13
38% 34% 14
40% 365 15
42% 38% 16
44% 40% 17
46% 42% 18
48% 44% 19

Figure 5. The project tender ground floor and perspective.

2.3. Case Study: Sustainable Rating System Document

The challenge for the building professionals and building designers in the sustainable
design process is how a building meets all sustainable requirements. The project was regis-
tered in the LEED organization under LEED NC v3 rating system for golden certification.
According to the design document review, the project obtained in total 68 points, including
37 points awarded in the design phase and potential expected 31 points that could be
achieved in the construction processes phase. Tables 6 and 7 illustrate awarded points
distribution in the design phase of the LEED NC v3 sustainability rating system checklist
for the case study project. It includes the Talent & Research Project which awarded points
distribution in all criteria of the LEED NC v3 sustainability rating system checklist, the
points distribution in the case study project design phase and that expected in the con-
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struction phase in all criteria of the LEED NC v3 sustainability rating system checklist—the
sustainability score reached 37 points for the design document and expected 31 in the
construction execution processes phase—and the points distribution expected in the con-
struction phase after applying the case study results in energy and atmosphere EA criteria
(EA credit1+EA credit2) in the LEED NC v3 sustainability rating system. The authors and
sustainability team started to make full details of all points gained in the design phase. They
focused on the attempted points to classify the potential to achieve more points in ongoing
construction based on Energy and Atmosphere (EA) criteria [33–35]. The total criteria
goal points in Energy and Atmosphere EA in LEED NC are 35 points. The project’s total
awarded points in Energy and Atmosphere EA criteria were 8 points (6 points awarded in
the credit optimized energy performance, and 2 points awarded in the enhanced refrigerant
management) in the design phase review [33,34].

Figure 6. Tender shell steel structure with length 117 m, width 71 m, and maximum height 35 m.

Area lighting
Equipment lighting 
Task lighting
Pumps &Aux
Electricity usage 
Yenthiator fans 
Refrigeration  
Heat rejection 
Space cooling 
Water heat pump 
M. pump sup. 
Space heating 

Figure 7. The calculated electrical and mechanical energy loads consumption in tender design.

 

Figure 8. Shows the five division for the shell in the case study actual satellite image with primary
simulation for each area.
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Figure 9. Simulation results for final study Solar BIPV module project using PVsyst V7.1.0 software.
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Therefore, the official sustainability team held more than 14 workshops to discuss
upgrading the building tools, materials, and systems in a technical and financial study [53].
One important alternative was to convert the shell envelope from composite aluminum
with 6000 m2 and tempered double glazing roof with 3500 m2 to solar BIPV modules as
on-site renewable energy with an area of 9500 m2 to achieve five significant goals; first:
enhance energy performance to build a pioneer project in the whole gulf countries in the
public campus sector to achieve nearly net zero energy by retrofitting for the ongoing or
existing project, second: avoiding the risk to the project of not be gold certification and
achieve the potential to upgrade the certification to the platinum certificate, third: to achieve
the modern architectural shape, fourth: maximize energy saving in total demand loads
for the building, which reaches about 1.2 MWp, and fifth: to maximize the sustainability
impacts, and extend the life span of the building while providing a healthy and safe
living environment in cities as well as promoting a culture of green buildings based on
international sustainability standards with actual application in hot areas [53,54].

Solar BIPV (building integrated photovoltaic) modules as renewable energy can sig-
nificantly contribute to LEED certification. The solar BIPV contributes in the Energy and
Atmosphere category (EA), e.g., on-site renewable energy credit, which offers up to 7 LEED
points, demonstrating over 17% of the points for certification. Ventures chasing for certifi-
cation through LEED-NC V3009 use the benefits of on-site renewable energy, which give
up to 7 points for providing up to 13% of the building’s energy with on-site renewables
as illustrated in Table 5. The performance of the venture was calculated according to
the energy produced by the renewable systems as annual energy cost percentage of the
building and the number of points achieved according to Table 5. Electricity and heat
generated on-site were sold to the local grid connections at a premium stage. Nonetheless,
this relatively humble delineation of what constitutes "renewable energy" has become more
complex by integrating technologies. Hence, LEED-NC V3009 has attempted to define
renewable energy more comprehensively [53–55].

3. Results and Discussion

3.1. Sustainable Rating System Impact

The study team members with external experts reviewed every detail related to the
efforts made to draw the maximum benefits of building a shell structure envelope. It
was carried out to enhance the sustainability team’s effort to raise the ability to be an
active shell as well as to obtain the golden certificate from the LEED organization. In
contrast, the project could submit another 20 points for energy and atmosphere credit in
the construction phase process to have 51 points instead of 31 points. It means that the
total points in the design and construction phases will be 88 points. This, the project will be
under a platinum certificate instead of a gold certificate. These 20 points are explained in
the succeeding paragraphs.

The credit EAc1: Optimize Energy Performance intends to increase energy perfor-
mance levels behind the prerequisite standard to make the environmental and economic
impact reduction associated with extensive energy use, by using option 1 mentioned in the
credit for whole building energy simulation. The committee with experts demonstrated
a percentage improvement in the proposed building performance rating as compared
to the baseline building performance rating. The committee, with support from experts,
also calculated the baseline building performance mentioned in ANSI/ASHRAE/IESNA
Standard [56] (see Appendix G).

The sustainable team used solar BIPV energy PVsyst V7.1.0 software by applying
4750 bifacial monocrystalline solar BIPV modules with 310 W: 360 W power in different
efficiency and transparent for the whole Solar BIPV shell envelope. 90.1-2007. The team
used a software simulation for the case study building. According to the tender design and
after electromechanical system selection by the site technical team using HAPP software,
the total load connecting TLC was 1267 kWh (0.355 MW for mechanical equipment and
0.896 MW for power and lighting loads). It means that the total load demand TLD was
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1367 kWh, resulting in 3700 MW/year with total cost (according to tariff cost 0.33 SAR/kW)
of 1221.000 SAR/year. The project with an active shell can generate about 925 kWp with
1320 MW/year, with total cost (according to tariff cost 0.33 SAR/kW) of 436.000 SAR/year
as a cost-saving. It presents about 36% of the total demand of energy in the project which
can give 13 points in the rating system LEED NC v3.

The credit EAc2: requirements use on-site renewable energy systems to offset building
energy cost intents to increase on-site renewable energy self-supply to reduce negative
environmental and economic consequences. According to it, the team calculated venture
performance by checking the energy produced by the active shell as a renewable energy
system as a percentage of annual energy cost and use in the building. The active shell
produces 925 kW/p and 1320 MW/year. The total demand energy TDL in the project is
1367 kWh and 3600 MW/year. Therefore, according to production hours, the percentage of
energy produced from the active shell as a renewable energy source as kW/p is 68% of the
total energy needed for the case study building. It enables the project to obtain 7 points in
the rating system. Table 7 illustrates classification of points in the energy and atmosphere
checklist in the LEED NC v3 sustainability rating system checklist in the construction
phase for the case study project. Table 8 shows the classification of points in energy and
atmosphere in the case study checklist in credit EAc2: on site renewable energy, and Credit
EAc1: optimize energy performance in the construction phase.

Table 8. The classification of points in energy and atmosphere in case study checklist in credit EAc2:
on site renewable energy, and Credit EAc1: optimize energy performance in construction phase.

Criteria
Goal

Points

Credit Title
Type of
Credit

Status after
Final Design

Review

Awarded
in Design

Phase

Awarded in
Construction

Phase
Credit

EA Prereq 1 Fundamental Commissioning of
the building energy systems construction on going

EA Prereq 2 Minimum Energy Performance design Awarded

EA Prereq 3 Fundamental Refrigerant
Management design Awarded

19 6 13 EA Credit 1 Optimize Energy Performance design Awarded
7 7 EA Credit2 On-site renewable energy construction on going
2 EA Credit 3 Enhanced commissioning construction on going

2 2 EA Credit 4 Enhanced Refrigerant
Management design Awarded

3 EA Credit 5 Measurement & verification construction on going
2 EA Credit 6 Green Power construction on going
35 8 20 28

3.2. Contractual Document Conflict

The new item cost is less than 17% of the main contractor tender item price and could
be contractually approved. Therefore, the authors reviewed and compared all tender
bidders’ documents related to the shell structure component with the solar BIPV energy
system cost as a new contractual item. They rechecked if there was any contractual conflict
between the costs for all bidders in this item, so that any kind of contractual objection did
not occur from any related authorized reviewers.

3.3. Execution Process Impact

The sustainable team coordinated with solar BIPV energy experts to submit design
drawings between the existing shell structure and the active shell envelope from solar BIPV
energy modules. The team also undertook the technical procedures to connect the solar
BIPV system inverter. The main project electrical board was connected to the main building
switchgear according to the distribution of the solar BIPV envelope and the remaining
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solar BIPV system components such as cables, junctions, and combiners. In addition, the
execution time matched the project’s approved baseline schedule time. Table 9 shows the
multi-benefits of using BIPV in the shell envelop compared with the tender envelope that
affects reduction of 7 tonnes of CO2 annually and saving of oil burning consumption to
about 7 Barrels/m2. The cost of the proposed solar BIPV modules is less than the cost of the
corresponding item. Additionally, all building roofs are designed as outdoor areas. Thus,
maintaining the financial balance of the project and increasing the size of the glass block
with the use of solar cells in solar panels with different degrees of transparency increase
the positive visual interaction between the outdoor and the indoor and the psychological
comfort of the building’s occupants.

Table 9. The multi-benefits of using BIPV in shell envelop compared with tender envelope.

Project
Talent & Research

Total Lighting
Points

CO2

Emission
Barrels of
Oil Saved

No. of
Modules

Electricity
Generated

Total
Saving

Total
Cost

Total
Area

The Study

Numbers. Ton m2 No MW/year Thous.
SAR/year

Thous
SAR m2

        

57,000 7 7 4750 1320 436 15,000 9500

The Tender

N/A N/A N/A - N/A N/A 18,500 9500

Figure 10 illustrates the comparison study of upgrading results in a sustainability
rating system for the case study. It adds 20 sustainability points to shift the project to the
platinum certificate as well as to prove all the advantages and goals mentioned in this
holistic study. Applying the study proposal of using BIPV modules instead of composite
aluminum with tempered glass in the construction phase processes assures that the project
earned 37 points in the design document phase and 31 points expected in the construc-
tion phase. However, after applying the study proposal, the project earned 57 points in
construction phase processes with 20 sustainability points extra.
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Figure 10. Comparison study of results in the LEED sustainability rating system for the project.

4. Conclusions

The Saudi Arabia Vision 2030 has three main axes. One of them is a prosperous
economy, which aims to achieve production of about 50% of renewable energy from the
total energy that Saudi Arabia needs based on solar plants. The construction projects
are still not clearly considered in the policies and regulations. The construction projects
contribute only 1.6% based on the official renewable energy 2020 statistic. Therefore, a
holistic study as an assessment and evaluation approach for the selected case study inside
a university campus as a public construction project in Saudi Arabia was conducted. The
aim of this study was to provide a pioneering example for achieving a retrofitting process
and a near zero energy campus to support the Saudi Arabia 2030 Vision. The holistic study
explored the quantity of contributions in improving the energy performance and updating
the bidding documents to achieve advanced ranking in the construction sustainability
standards. The selected case study from the campus projects was the shell envelope of the
talent and research center project. This project was under construction and was registered in
the LEED to obtain the golden certificate in sustainability with a total of 68 points (37 points
in the design phase and potential 31 points in the construction phase). By applying the
holistic approach and analysis for the entire contract documents for the shell envelope,
significant goals were achieved. PVsyst V7.1.0 software was used for solar analysis to
redesign and implement the steel dome covered with 30% double structured glass and 70%
composite aluminum on a surface of 9500 m2 to give 4750 active BIPV solar panel panels
on the entire surface of the case study building. It involved two comparative analysis
stages. The significant goals included the upgrading of the building energy performance by
generating electricity with approx. 925 kWp and about 1,320,000 kWh/year, which covers
68% of the energy building needs, achieving an annual saving of about 436 thousand riyals
annually. The significant goals also include the building’s upgrading in the sustainability
rating system from gold certificate to platinum certificate based on energy performance
by obtaining another 20 points in credit EAc1: optimize energy performance and credit
EAc2: on-site renewable energy. Other significant results include reducing 7 tonnes of
CO2 annually and saving oil burning consumption to about 7 Barrels/m2. In addition,
the cost of the proposed solar BIPV modules is less than the cost of the design bidding
item, and transparency increased. Since all building roofs were designed as outdoor areas,
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this enhances the positive visual interaction between the outdoor and the indoor and the
psychological comfort of the building’s occupants.

5. Limitations and Future Research Opportunities

This research focused on enhancing energy performance, upgrading the sustainability
rating certificate, and adopting a nearly-zero energy project based on an active envelope
to asset clean energy for a public campus project. Contractual assessment and technical
evaluation with the latest PVsyst V7.1.0 software were applied in the construction project
case study. The results could be limited for other public construction projects in the same
context, but it has opened the door for future studies on public organization construction
projects concerning the use of active envelope aspects such as commercial and healthcare
projects. Additionally, design processes for economic and environmental impacts can be
another area of future research opportunity.
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Abstract: Despite being perceived as a warm country, winters in the Central Mexican Plateau
frequently reach temperatures below zero Celsius. Prolonged exposures to low temperatures resulting
in heart and respiratory morbidities are estimated to be responsible for 50% of the reported illness
in the plateau, attributable primarily to the design of homes ill-suited to extreme temperatures.
Consequently, there is a growing need to ensure that dwellings provide adequate indoor thermal
conditions in the region. Hence, on-site sensors were used to collect temperature and relative
humidity data every five minutes in 26 living rooms in the Plateau for 11 months. From these
data, a subsample was determined, resulting in dwelling-level thermal comfort and health surveys
on 15 homes. Computer simulations were used to investigate whether the building itself could
provide thermal comfort under different retrofitting scenarios. Multiple linear regression relating
the Predicted Percentage Dissatisfaction (PPD) index to self-perceived health was undertaken. Both
monitored and simulated results were matched against our underheating model, finding that 92%
of the homes had cold indoor environments, some even during summer. High PPD and intense
levels of underheating were positive predictors of higher self-reported health problems. More self-
reported health problems were correlated with both lower life satisfaction and self-worth, and with
subjects’ use of more adaptive strategies against environmental dissatisfaction. Dynamic computer
simulations suggested that indoor thermal environments could be improved by enforcing the non-
utilised standard NOM-ENER-020, which recommends the addition of insulation on walls and roofs.
These findings suggest that the cold environments within homes of the plateau influence the self-
perceived physical and mental health of its population. Hence, the application of adequate measures,
such as retrofitting homes with stronger standards than the existing NOM-ENER-020 are needed
in place.

Keywords: underheating; self-perceived health; indoor temperatures; Mexico; NOM-ENER-020;
thermal comfort

1. Introduction

Climate change is expected to convert conventional season patterns to hotter summers
and colder winters, threatening human health [1]. Estimations indicate a global temperature
rise of more than 5 ◦C by 2070 [2] making, among other consequences, seasonal cold
waves worldwide (cold fronts and cold spells) stronger and longer [3], homemakers and
children spend about 80% of their day at home (and likely to increase with the COVID-19
pandemic) [4], homes without adequate protection will be more exposed, endangering
the health of their occupants. To date, Mild Climate Countries (MCC) show higher Excess
Winter Deaths (EWD) than countries with severe winters [5]. This may be because there
are no adequate building standards in MCCs that address this issue, or they exist but
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are not enforced [6]. The latter is the case in areas such as Latin America [7], Greece [8],
Australia [9], Spain [10], and New Zealand [11].

In this context, Mexico fits the definition of a “hot climate” country with an unrecog-
nised “cold housing” problem. Although to date there are no studies that examine this
issue in the country, this can be confirmed by its high percentage of EWD, as the 11%
presented in 2020 [12] is similar to countries with more severe winters, such as Hungary
(11.3%), Germany (11%), and even higher than Poland (10.2%) or Finland (10%) [13]. In
fact, it is common for MCCs to have higher EWDs than countries with severe winters [14].
Unfortunately, vulnerable social groups such as the elderly [15], those of lower-income [16]
and people with chronic diseases [17] are more likely to be affected by this issue. Hence, it
is important to examine this unattended issue affecting thousands of people every year,
as mortalities and morbidities related to respiratory and cardiovascular diseases rank first
and second, respectively, as the most common in the country.

This paper examines different retrofitting solutions that can potentially solve this
issue. In this sense, its relevance is underlined by being one of the first field studies of
winter cold discomfort and indoor temperatures of houses in the Mexican Plateau, coupled
with strategies for homes whose building fabric coincides with 27.4 K homes in Mexico,
corresponding to 78% of the country’s housing stock. In this research, we aimed to address
the following two questions:

Q1. Is the current building fabric of the majority of the housing stock in Mexico putting
at risk the health of the inhabitants in Central Mexico?

Q1.1. What effective solutions can be implemented to improve the indoor thermal
comfort of houses without relying on inefficient electric or gas heaters that contribute to
increased energy consumption?

Q2. Is there any relationship between the current internal environments in the Cen-
tral Mexican Plateau and householders’ self-reported perception of their physical and
mental health?

1.1. Thermal Comfort

Thermal comfort models are the most common means of assessing the balance between
indoor environmental conditions and the personal factors that make a person feel thermally
comfortable [18]. There are two approaches to evaluating thermal comfort that emerged
in the last century. The steady-state approach (also known as Predicted Mean Vote PMV)
developed by Fanger [18], currently used in the international standard ISO 7730 [19], and
the adaptive method, proposed by Nicol and Humphreys [20] used in the American Society
of Heating, Refrigerating and Air-Conditioning Engineers [21]. The Mexican government
adopted the first, published as its voluntary standard NMX-C-7730-ONNCCE-2018 [22].
Both are based on building users’ votes on a scale ranging from cold (−3) to neutral (0) and
from neutral to hot (+3). The vote is called Thermal Sensation Vote (TSV). Both standards,
ISO7730 [19] and the ASHRAE 55 [23], comply if the vote range is TSV is within the range
of [−1, +1].

The steady-state approach assumes that any effort to adjust the internal thermal
environment makes it undesirable [24]. This method was developed in climate chambers
and for the air conditioning industry, and it should be used in conditioned spaces. The
PMV value is calculated with four environmental variables (air velocity (Av), external air
temperature (Tair), internal operative temperature (Top), and relative humidity (RH), as
well as two personal variables metabolic rate (Met), and clothing insulation (Clo). The
Predicted percent dissatisfied (PPD) term indicates the percentage of people that are not
thermally comfortable in a space. The ASHRAE 55 standard limits this percentage to 10%.

The adaptive method considers that the building occupants adapt to their indoor
environment through three general mechanisms: behavioural, physiological, and psy-
chological. This method should be used in naturally ventilated buildings, where usually,
people are thermally satisfied at a more extensive range of temperatures, compared to those
in a more mechanically ventilated space [25]. Hence, this model does not aim to find a
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fixed temperature, but a temperature band at which the occupant, with sufficient adaptive
opportunities (i.e., wearing an extra layer of clothing, drinking a hot beverage, etc.), can
experience thermal comfort.

1.2. Housing and Health

The experience when arriving at a heated home during a cold day depends on
temperature-balanced regulation between the internal environment and external condi-
tions. Our sympathetic nervous system uses physiological activation to control the body’s
temperature, allowing us to adjust our behaviour, contributing to faster and more efficient
response and adjustment [26]. In this context, thermal comfort refers to balancing envi-
ronmental and personal control elements leading an individual to feel satisfied in their
thermal environment [25]. When temperature variations in the external environment are
more difficult to control (i.e., when extreme temperatures become environmental stres-
sors), thermal comfort is harder to achieve [27]. Thermal comfort is highly associated
with distinct health indicators. Many social determinants of health, including economic
resources, housing conditions, and social resources, can modify an individual’s thermal
sensations [28]. For instance, housing quality has been associated with infectious diseases.
Cold, damp, and mouldy housing are often associated with respiratory problems such
as asthma, and even mental disorders, including anxiety and depression [29]. The World
Health Organization (WHO) has set the minimum recommended indoor temperature to 18
◦C for healthy environments. In addition, the WHO quantified the environmental burden
of disease-associated inadequate housing in Europe, describing the variety of maladies
that can be associated with lower quality home environments. Table 1 summarises the
relationships found by that extensive report [30].

Table 1. Diseases caused by poor quality indoor environments according to the WHO.

Housing Characteristic Health Impact

Indoor dampness/mould Asthma onset in children

Physical conditions Home injury

Crowding Tuberculosis

Cold Mortality

Noise exposure Ischemic heart disease

Indoor radon Lung cancer

Second-hand smoke Respiratory infection; asthma; heart disease; lung cancer

Lead exposure
(e.g., paints)

Anaemia decreased renal function, cognitive,
developmental, neurological, behavioural, and

cardiovascular effects.

Carbon monoxide CO2 intoxication, tissue hypoxia.

Formaldehyde exposure Respiratory symptoms in children.

Indoor smoke from solid fuel use
Pneumonia in children, and chronic obstructive
pulmonary disease and lung cancer in adults.

Housing quality
Mental health: anxiety, behaviour conduct disorders in

children, depression, feelings of inadequacy, social
isolation, stigmatisation.

In this sense, self-rated health is a widely used index of actual health status in research
on neighbourhood environments and health, often measured through Likert-type scale
answers [31] including self-assessments of mental health [32].

Ormandy et al. [16] found that even after controlling for age, gender, socio-economic
status and smoking, poor health (i.e., self-reported) had a significant association with
perceptions of poor thermal comfort. Moreover, they found that asthma attacks in the past

153



Buildings 2023, 13, 814

year, allergies, hypertension, colds and sore throats, migraines, and gastric and duodenal
ulcers were associated with poor thermal comfort. It seems then that the perception of cold
in the internal living environment can affect essential health indicators. Moreover, blood
pressure and viscosity may be fundamental causes of higher winter morbidity in MCCs,
associated with strokes and heart attacks. Investigating the relationship between indoor
temperature and the risk of high blood pressure in Scotland, Shiue et al. [33] determined
that an indoor temperature below 8 ◦C could account for 9% of the population with a risk
of high blood pressure. Indeed, people with lower income and poor access to various
resources are less likely to live in decent housing, where exposure to environmental factors
detrimental to health is more likely [28].

Regarding a relationship between low air quality and poor health in social vs. non-
social housing, Patino et al. [34] found no evidence that social housing residents were
significantly more exposed to pollutants such as formaldehyde or dampness. Instead,
they found that poor thermal comfort was highly prevalent and associated with adverse
health effects. The above suggests that low-income households may accept lower indoor
temperatures and reach lower thermal comfort status due to budgetary constraints [35].

1.3. NOM ENER 020

The NOM-020-ENER-2011 (NOM-020) [36] is a mandatory Mexican standard that
defines acceptable heat transfers for walls and roofs (among others, i.e., shading coefficients)
in residential dwellings. This standard does not include criteria for floors or windows.
Despite its obligatory nature, it is not enforced for various reasons, e.g., it is not requested
to process a building’s construction permit as well as the lack of technical knowledge of
building inspectors [37].

Appendix A of the NOM-020 provides an allowed U value (Wm−2 K−1) for residential
buildings up to three floors high of 0.909 Wm−2 K−1 for walls and roofs in Toluca. However,
this varies depending on the region or state. To date, 88% of the total Mexican housing
stock is built with 150 mm solid walls made from brick, block or concrete that provides
an average U value of 2.88 Wm−2 K−1 (sd = 0.52 Wm−2 K−1) Further, 77% of the homes
in the country have a roof composed of 100 mm reinforced concrete slab, plus 38 mm
of lightweight stone (locally known as “Tepojal”) and a 12 mm waterproof membrane,
providing together a U value of 3.06 Wm−2 K−1. Both values are outside the parameters of
this standard.

Given that only 2% of Mexican houses comply the NOM-020 standards [38] it is practi-
cally impossible to study the effectiveness of the NOM-020 standard. Hence, alternative
methods should be used to study its effectiveness. Ruiz Torres et al. [39] evaluated the
NOM-020 standard with three houses located in the city of Tuxtla (hot and humid climate,
Köppen Aw) in southwest Mexico, with dynamic simulations in Energy-Plus [40]. Their
results show that the homes could not provide environmental conditions within the accept-
able ranges of the ISO-7730 Standard [19]. Alpuche Cruz et al. [41] calculated the thermal
balance of three houses located in different cities (Hermosillo—hot and arid; Colima-hot
and humid, and Mexico City—temperate, within the Central Plateau) as built (without
insulation), and with the NOM-020 parameters. They found that even after manually
calculating the thermal balance of the homes under the NOM-020, houses in hot climates
showed thermal imbalances, contrary to the one in Mexico City. Romero-Moreno et al. [42]
conducted a similar study assessing the thermal balance of three homes in Mexicali (hot
and humid climate) against the NOM-020 with a web-based tool provided by the govern-
ment [43], and reached similar conclusions to those of Alpuche Cruz et al. However, we
found no peer-reviewed studies in which a dynamic simulation tool was used to evaluate
the parameters of the standard in the Central Mexican Plateau. Therefore, it is necessary to
study the effectiveness of the NOM-020 for temperate climates such as those found in the
Central Plateau, ideally with larger samples and with calibrated dynamic simulations.

154



Buildings 2023, 13, 814

2. Methodology

2.1. Field Study and Participants

This study aimed to examine the internal environments of the type of house with
constructive characteristics predominating in central Mexico. An adaptive cluster [44]
coupled with a targeted sampling [45] process was used. The study was promoted through
posters and Facebook in local markets, schools, and churches in Toluca, Mexico. Thirty
householders volunteered to participate and, after four dropouts, we had a final sample
of 26 householders/homes. Every home visit took approximately 1 to 1.5 h, as surveys
included 122 questions. Due to time restrictions, sometimes respondents only answered
the thermal comfort survey, leaving the health questions out. As the temperature starts to
drop in August, partly due to high levels of precipitation and relative humidity, the thermal
sensation in the region becomes colder. Therefore, surveys applied in Autumn and Winter
were pooled in what we defined as a “cold season”. Then, the data were reduced to the
houses that responded to the questionnaires at least once per season. This process left us
with a final sample of 15 homes. While we understand that this is a small sample, it can be
considered representative of the region since the characteristics of all the homes match at
least 71% of the total housing stock in the country [46]. Additionally, the occupancy levels
of our sample match the country’s housing occupancy of 3.4 occupants per home [46]. The
characteristics of the full sample are described in Table 2. However, we should mention that
this sample is reduced only for the health section, as applying surveys took much longer.

Table 2. Sample characteristics.

Characteristics of the Sample

Sex Female 9
Male 6

Age 20–30 6
30–40 4
40–50 3

50 or more 2
Qualifications Undergraduate 9

Postgraduate 4
Preferred not to answer 2

Socio-Economic Characteristics

Room numbers 0–5 10
5–10 5

House age 0–5 7
5–10 5

10 or more 3
Income Less than 9000 MXN 10

More than 9000 MXN 5

The houses selected in this study are built with solid brick walls rendered with cement
on the external face, and with plaster on the internal, resulting in a wall thickness of 150 mm.
The roof is built with a 100 mm reinforced concrete slab, with plaster on the internal face
and a waterproof membrane on the external. None of the homes had any insulation, double
glazing or any passive design strategies to avoid solar gains.

On average, the homes in this study had 1.6 storeys (sd = 0.5), with an average
occupancy of 3.15 inhabitants (sd = 1.5). Four homes were oriented to the north, seven
to the east, nine to the south and six to the west. Figure 1 provides an overview of key
characteristics provided by the household. It shows that the age of the homes ranged
between 1 and 50 years, that the age of the respondents was between 20 and 65 years old,
and that heating was used only in isolated cases.
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Figure 1. General information of the selected sample. The figure shows box plots of the information
gathered during the fieldwork stage from the sample. The black line within the box represents the
mean. The circles represent the outliers.

Figure 2 shows the location of the homes and the weather station “CODAGEM,
METEPEC, 15266 (Clave OMM-76675, altitude 19◦17′28′′, longitude 99◦42′51′′)”, where the
weather data were obtained. We always ensured that the same householder responded to
the questionnaire for every house. Lastly, the values used as responses in the questionnaires
were transformed from qualitative responses (i.e., never, rarely, sometimes) to scalar data
(i.e., 1, 2, 3) for our statistical model. Further information on this transformation is found in
Appendix A.

 

Figure 2. Location of the participating homes in Toluca and the weather station from which the
external climatic data were obtained. Source of the background image was OpenStreetMap® [47].
Source of the house icon was. The red line next to the house represents the orientation of the room in
which the sensor was positioned.

2.2. Site

Toluca is a city with approximately 900,000 people. However, fifteen cities are attached
to it, resulting in an urban area with 2.3 M inhabitants, making it the fifth most populated
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urban area of Mexico, with the second largest area [48]. The city is located on the Meseta
Central Mexicana (Central Mexican Plateau). We should underline that, at 2600 m of
altitude, it is the highest city in North America. It has a Köppen climate classification of
Cwb or “dry winter subtropical highland climate”, an average temperature of 12.5 ◦C
(sd = 1.5 ◦C), and an average daily temperature swing of 15.1 ◦C (sd = 4.3 ◦C), as seen in
Figure 3. It has an average yearly precipitation of 113.4 mm (sd = 96.57 mm), the period
from June to October being the most humid and rainy with an average rainfall of 209.4 mm
(sd = 63 mm), and average relative humidity of 78% (sd = 4.2%). These climatic conditions
are not limited to this urban area, characterising others such as Mexico City and Puebla,
which have up to 30 M people.

Figure 3. Daily outdoor temperatures in Toluca from May 2018 to February 2019. Light grey
represents the minimum, mid-grey the average, and dark grey the maximum.

2.3. Indices
2.3.1. Clothing and Metabolic Activity

The Metabolic Rate (MET) was calculated according to the methods suggested in the
ASHRAE 55 standard. Our calculations were made based on the activities we observed
15 min prior to the application of the questionnaire. Particular references were made to
Table A1 of the ASHRAE 55 [49]. Participants described their clothing in a given table,
where they would tick the piece of clothing they were wearing. After, these garments were
matched against the values listed in Table 5-3 “Garment insulation” of ASHRAE 55 [23]
and computed following the “Method 2” guidelines of Appendix B of the same standard.

2.3.2. Predicted Mean Vote and Predicted Percentage Dissatisfied Model

The predicted mean vote (PMV) method aims to predict the thermal sensation vote
(TSV) a person would choose from a seven-point scale survey. The PMV model uses the
heat balance of the human body and considers the conditions of the internal environment
and the effect these have on the clothes worn by the occupant (CLO), as well as their
metabolic activity (MET).

The PPD index aims to quantitatively predict what percentage of people do not feel
thermally comfortable in their environment, i.e., too cold or hot. The ISO 7730 standard
defines this group as voting +2, +3, −2 and −3 on its 7-point scale.

The PMV and PPD were computed with an “R” script [50], based on equations from the
ISO-7730 [19] (PMV Equations (1)–(4); PPD Equation (5)) found in Section 4 of the standard.

The PPD index was used as a predictor in our multiple regression analysis, as described
in Section 2.6 This is because (1) the PPD index already includes the PMV, which itself
includes both environmental and personal variables described in Section 1.1, and (2) it
only considers “cool (−2)” or “cold (−3)” votes, i.e., those who were thermally dissatisfied
towards cold.
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2.3.3. Adaptive Model

The adaptive method is based on the principle that the building occupant will adapt
to a range of temperatures. This adaptation is made via physiological (e.g., body per-
forms actions to return to the temperature of 37 ◦C), psychological (acclimatisation), and
behavioural (those performed by the individual to be in thermal balance) processes. The
thermal comfort band for naturally ventilated buildings is 7 ◦C wide for 80% of acceptability,
centred around the comfortable temperature Tcon f defined as:

Tcon f = 0.31 Ta,out + 17.8 (1)

where Ta,out is the average external dry bulb temperature [51]. Further, the adaptive graph
requires the operative temperature Top on the Y-axis. Our sensors only recorded dry bulb
air temperature Ta. As in indoor spaces there are minor differences between radiant and air
temperatures [52], and many studies have assumed that Ta is a good proxy to Top [50,53].
Hence, the results in this article should be read as Top = Ta.

2.4. Sensors

The fieldwork stage included the measurement of environmental conditions such as air
temperature ta and relative humidity Rh. The ISO-7730 standard requires operative temper-
ature top in the adaptive thermal comfort model. However, it has been recognized [53,54]
that in small environments with low wind speed, air temperature may be a good proxy
for operative temperature. Hence, the findings in this paper should be read under the
assumption that ta = top.

The characteristics of the sensors selected are shown in Table 3. These sensors were
attached to a Raspberry Pi computer and left in the living room of our participants for eleven
months. The sensors recorded relative humidity and temperature every five minutes, and
data were averaged hourly as established in the ISO-7730 standard. To measure windspeed,
an anemometer ATP AVM-8880 was used. This is slightly out of standards, but has been
used in other, similar field studies [53].

Table 3. Characteristics of the sensors.

Parameter Sensor Model Range Accuracy

Temperature DS18B20 −10 to +85 ◦C >±0.5 ◦C
Relative Humidity RHT03 0–100% >±2%

2.5. Questionnaires

The fieldwork stage of the study took place from March 2018 to February 2019. Houses
were visited every month based on availability. Two types of surveys were applied, a
“short” one that aimed to capture information about aspects such as the participant’s
home (aspect, orientation, windows and doors), personal information (gender, age, income,
occupation, weight and height), thermal comfort (7-point ASHRAE scale) and the necessary
information for the PMV calculations as described in the ISO-7730 standard [19]. The “long”
survey included data regarding participants’ self-perceived mental and physical health.
Table 4 shows the types of questions included in the health survey.

Questionnaire Data Conversion Methods

The answer options available in the health questionnaires were written in a way that
they could later be translated into a scalar form for regression analysis. This subsection
describes how the translation was made for all the question types.
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Table 4. Types of questions and answers included in the “long” surveys deployed during the
fieldwork stage.

Self-Reported Physical Health

Participants responded: “Last month I had __ problems” Responses available

Vision Yes
Ear No

Arthritis Rather not to say
Cardiovascular
Hypertension
Respiratory

Neurodegenerative
Depression
Circulatory

Life Satisfaction and Self-worth
Participants responded: “Last month I felt __” Responses available

Happy Never
Confident Rarely

Excited Sometimes
Loved Often

Content Very often
Joyful Rather not to say

Healthy

Life anxiety
Participants responded: “Last month I felt __” Responses available

Nervous Never
Hopeless Rarely
Worthless Sometimes
Restless Often

Powerless Very often
Lonely Rather not to say

Adaptation Style
Participants responded: “Last month when I felt too cold, I __” Responses available

Used extra blankets Never
Wore extra layers Rarely
Drank a hot drink Sometimes

Stayed longer in bed Often
Took a hot shower Very often
Left the cold room Rather not to say

Self-perceived physical capacity
Participants responded: “Last month I could __” Responses available

Walk half kilometre Extremely difficult
Climb ten steps Moderately difficult

Stand for two hours Easy
Bend over kneel Manageable

Reach something above head level Very easy
Carry a supermarket bag Rather not to say

Pull furniture
Go out to socialize

(a) Self-reported health problems

This section included nine “yes or no” questions. Every “yes” was later transformed
into a value “1”. A single home/respondent could obtain a maximum of none “points”
for their answers (i.e., when its answers were all “Yes” in the nine questions). Thus, we
obtained the total score per home/respondent by adding the values of each question into a
single score per home or respondent per season. Furthermore, we calculated a single mean
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for each home or respondent across the three seasons and obtained an “average total health
problems score”.

(b) Life satisfaction and self-worth, life anxiety, and adaptation style

The answers in these sections were scalar. They ranged from never to very often,
as seen in Table 5. We obtained a total score per home or respondent across these seven
questions per season by adding the values of each into a single score per home/respondent.
Thus, a single response could obtain a maximum of 35 points in seven questions (i.e., if
the answers were all “very often” in all seven questions). Afterwards, we calculated the
median value for each home or respondent across the three seasons, obtaining a single
“median life satisfaction and worth self-reported score”, “mean life anxiety self-reported
score” and “median added adaptation score”.

Table 5. Scores assigned to the different answer options in the group of questions regarding life-
satisfaction and worth.

Option Score Assigned

Never 0

Rarely 2

Sometimes 3

Often 4

Very often 5

Rather not say 1

(c) Self-perceived physical capacity

The results in this section were also scalar, ranging from extremely difficult to very
easy, as seen in Table 6. A single home/respondent could obtain a maximum of 45 points
for their answers to these nine questions (i.e., if its answers were all “very easy” in the nine
questions). Thus, first we obtained the total score per home or respondent in each season
by adding the values of each of these questions into a single score per home or respondent.
Afterwards, we calculated the mean of these values for each home or respondent, obtaining
the “average physical self-perception score”.

Table 6. Scores assigned to the different answer options in the group of questions regarding physical
capacity.

Option Score Assigned

Extremely difficult 1

Moderately difficult 2

Easy 3

Manageable 4

Very easy 5

2.6. Regression Methods

Similar field studies have used multiple linear regression for modelling subjects’
thermal sensation in a range of environments [55]. Therefore, we also used the multiple
regression method for predicting a quantitative dependent variable based on data from
other quantitative predictors (i.e., independent variables), given a series of assumptions.
In this case, once the fieldwork stage finished and the survey data were compiled into a
single database (as seen in Appendix A), a multiple linear regression was used to determine
whether any of the self-perception variables collected in the surveys, or any of the data from
the homes’ inner or outer environments predicted the subjects’ average total self-reported
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health problems score. The particular regression method chosen was a stepwise, backwards
multiple linear regression. This approach differs from the traditional regression method.
Its utility lies in initially including all predictors saturating the model, and subsequently
excluding each predictor based on its contribution to the final model. All predictors are
first included but are then excluded based on their statistical significance, testing each
predictor’s importance against the overall result. The significance value for a t-test for
each predictor is compared against a removal criterion (in this case set to p ≤ 0.050): if
the predictor does not make a significant contribution, then it is removed, and the model
is re-estimated with the remaining predictors (i.e., reassessing the contribution of each
remaining predictor). The stepwise backward method is considered preferable to the
forward method due to suppressor effects and a lower risk of making a Type II error [56].
This statistical test was carried out using SPSS 21.0.

2.7. Simulations

After the eleven months of temperature monitoring were completed, the information
about house geometry was used in Design Builder® models. The Design builder® (DB)
software is a Graphical User Interphase (GUI) that runs an ‘Energy plus®’ simulation
engine. This software is widely used in energy and thermal simulation in buildings, and
is one of the few considered to be standard practice software in dynamic simulations [57].
The weather file was created with the open-source software LADDER® created by the
Rocky Mountain Institute® with weather data provided by the Mexican Water National
Commission. The files were provided in XLS format in hourly intervals of wet and dry
bulb temperature, relative humidity, vapour tension, cloud levels, wind speed, and wind
direction. The files were provided in MS Excel® format, where one file corresponded to
one month, and each day was in a different Table. Then, the data were saved into a single
file for conversion through a Macro written in M.S. Visual basic®.

Figure 4 shows the simulation process divided into three stages. The calibration
process against the temperatures monitored is described in Section 2.7.1. Figure 5 illustrates
the cross-section details of the different parameters inputted to Design Builder®. The first
was the final calibrated model of the homes “as built”. This includes a layer of a solid
brick of 13 cm, rendered on both sides by gypsum and cement on the inner and outer
faces, respectively. This layout corresponds to all of the homes used in this study, and at
least 73% of the total housing stock in Mexico [58] as mentioned earlier. The second was
made with similar characteristics to the first but added double glazing. The third included
the same 15 cm solid wall, with the addition of 3 cm fibreglass insulation on the inner
face of the walls and roofs with single glazing, as determined in the Mexican Standard
NOM-ENER-020. The fourth was similar to the previous one, but with 5 cm of insulation,
as this is the standard industry size for a layer of glass fibre insulation. The fifth had 5 cm
of insulation and double glazing. All the simulations were undertaken with a 100 mm
concrete slab for the floor. It was impossible to determine the percentage of homes from
the existing housing stock in the country for each simulation layout, as official information
only states that 4% of the total housing stock has insulation on the roofs and 1% on the
walls [58]. The U-values of the different building envelope typologies are shown in Table 7.

Table 7. U-Values in Wm−2K−1 for each building fabric configuration used in dynamic simulations.
The letters at the top of the table correspond to the sections shown in Figure 5.

Building
Element

(a) (b) (c) (d) (e)

Wall 2.97 2.97 0.91 0.56 0.56

Roof 3.06 3.06 0.89 0.57 0.57

Window 6.12 3.15 6.12 6.12 3.15
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Figure 4. Stages of the simulation process. Stage 1 (monitoring phase) consisted of obtaining the
sensors, ensuring their correct operation, and placement in the different houses. Stage 2 (modelling
phase) surveyed the homes (measuring the perimeters and taking photographs). Later, these data
were used in D.B. to create the simulation models. Finally, Stage 3 (simulation stage) consisted of
simulations with the different building envelopes.

Figure 5. Section drawings of the different building fabric typologies used in the dynamic simulations.
Each cross-section is explained below identified by its letter: (a) as built; (b) double glazing, no
insulation; (c) single glazing and 3 cm of insulation (as established by the NOM-ENER-020); (d) single
glazing and 5 cm of insulation (standard practice); (e) double glazing and 5 cm of insulation.
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2.7.1. Model Calibration

The calibration of a computer model to real data is one of the most complex steps
of a simulation study [59]. It compares the real data collected to the simulation results,
proving the validity of the computer model for further studies and applications related to
improving house thermal behaviour and energy conservation measures [60]. One of the
most accepted calibration techniques is to compare real monitored hourly data against the
simulated data [61]. The magnitude of the difference is evaluated with mean bias error
(MBE) and the coefficient of variation of the root mean square error (RMSE). A model is
considered calibrated if these values are not above 25% (MBE) and 35% (RMSE), according
to ASHRAE guideline 14 [21]. Table 8 shows the MBE and RMSE values for the different
calibrations undertaken. The mean value for MBE is 12.5 (sd = 3.6), and for RMSE is 15.2
(sd = 3.5). None exceeds the threshold values set by ASHRAE. A graphical check shows
the comparisons in line and box graphs per hour as seen in Appendix A.

Table 8. Mean Bias Error (MBE) and Root Mean Square Error (RMSE) comparing the calibrated
temperatures provided by our sensors against those provided by the Design-Builder model.

ID_2 ID_3 ID_4 ID_6 ID_7 ID_14 ID_16 ID_17 ID_18 ID_20 ID_22

MBE 10.08 12.88 12.8 7.79 12.43 20.32 16.47 12.34 9.65 11.16 9.69

RMSE 12.69 19.32 13.7 9.96 14.08 20.05 20.61 18.44 12.81 12.76 12.22

ID_24 ID_26 ID_27 ID_28 ID_29 ID_30 ID_31 ID_33 ID_37 ID_38 ID_39 ID_40

MBE 14.22 12.64 11 10.66 12.31 7.11 18.29 12.35 21.48 10.98 13.03 9.02

RMSE 15.81 16.41 12.78 13.32 16.37 9.03 19.5 15.53 22.34 13.09 16.39 11.72

2.8. Underheating

The WHO has established that a temperature range between 18 ◦C and 24 ◦C presents
no risk to human health during sedentary activities in indoor spaces [17]. Although existing
literature [53] and standards [62] confirm that the upper threshold may vary depending on
other variables, such as the outside temperature, many studies have agreed on the lower
threshold of 18 ◦C [9,63,64], and even 20 ◦C for spaces occupied by vulnerable groups [50],
for naturally ventilated buildings.

The CIBSE TM59 Standard [62] was first used as a benchmark to develop an under-
heating model. This standard considers that the building must provide thermal comfort by
without external air conditioning or heating devices. This principle was a key consideration,
as our sample homes in the Toluca Valley do not use central heating. The TM59 defines
ΔT as the difference between Top and Tmax. This difference should not exceed 1 K for more
than 3% of the occupied hours. This means that a space can be considered overheated if
Top = 26 ◦C and Tmax = 24.93 ◦C. In contrast, the lower threshold must not contain this
flexibility, as 18 ◦C is accepted as a “healthy temperature threshold”. Hence, we define
ΔTmin as the difference between 18 ◦C and Top, when Top < 18 ◦C being:

ΔTmin = 18 − Top (2)

Our Criterion 1 considers the hours of exceedance of the lower threshold (He,low),
where the total amount of hours at ΔTmin > 0 should not exceed 3% of the year. This 3%
maximum percentage is based on the standard TM52.

Criterion 2 assesses the severity of underheating. It is well established that exposure
to temperatures below 18 ◦C damages the health of the occupant; however, the lower the
operating temperature, the more damage. For example, Saeki et al. [65] found that the
blood pressure of the adult population in their study worsened when the temperature
dropped by one Centigrade degree. In addition, Shiue et al. [66] found a risk of high blood
pressure rises when subjects spent time at temperatures below 16 ◦C. In addition, a house
exposed to temperatures below 14 ◦C encourages mould growth, affecting the health of its
occupants [67]. Hence, we deemed it necessary to evaluate the severity of underheating
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in the homes in this study. Criterion 2 uses a metric based on the heating degree day
(HDD) [68]. This metric is used as a proxy to calculate the energy needed to heat a space.
The HDD formula is:

D = 18.3 − t, D ≥ 0 (3)

where D is the degree day, and t is the average daily temperature in ◦C. Disregarding the
fractional part, we propose that our model measures the severity of underheating as

Uhday = 18 − t, Uhday ≥ 0 (4)

where Uhday is the underheated day, and t is the average temperature of any day in ◦C of all
the monitored (or simulated) hours equal to or below 18 ◦C. The Kelvin hours (Kh) above
18 ◦C are not considered in this metric. Hence, if a sensor captures readings as described in
Table 9:

Table 9. Example of monitored hourly temperature data.

Hour 00:00 01:00 02:00 03:00 04:00 05:00 06:00 07:00

Temperature in ◦C 16 16 16 16 15 16 17 18

Hour 08:00 09:00 10:00 11:00 12:00 13:00 14:00 15:00

Temperature in ◦C 19 20 20 21 23 23 21 21

Hour 16:00 17:00 18:00 19:00 20:00 21:00 22:00 23:00

Temperature in ◦C 21 20 18 18 18 17 17 16

(i) there will be ten data points (Kelvin hours—Kh) with temperatures higher than
18 ◦C (in the period from 8:00 h–17:00 h), and (ii) the remaining 14 Kh are then equal or less
than 18 ◦C (0:00 h–7:00, & 18:00–23:00). The mean, in this case, will be calculated over the
fourteen Kh, as in (iii) where Top ≤ 18 ◦C (0:00 h–7:00, & 18:00–23:00). Hence, t = 16.7 ◦C.

If the Uhday ≤ 1, and the daily temperature average Top ≤ 18◦C, the space is consid-
ered as “mild underheated. If Uh > 1 and ≤ 2, the space is medium underheated. When
Uh ≥ 3, the space is considered severely underheated.

3. Results

3.1. Home Characteristics

The homes studied had, on average, three occupants per house (sd = 1.1), the average
age of the householders was 40 years old (sd = 12.8 years), and the average age of the
homes was 23.5 years (sd = 17 years). Only 5% of households used any kind of external
heating systems (including electric heaters and ethanol chimneys) to raise the temperature
of their homes, and these were used rarely. The most common strategies to achieve a
personal thermal balance were related to the use of clothing, since 66.2% of the participants
affirmed that they used more than two layers of clothing when they felt “too cold” at home.
During the winter site visits, the interviewees affirmed having various layers of clothing,
equivalent to 1.2 to 1.6 CLO according to Figure A7 from Appendix B of the ASHRAE
55 standard. In these cases, the building would not meet the criteria set in ASHRAE 55
since they are no longer valid when CLO values are above 1.5

To illustrate the contrast of internal temperatures across the seasons, Figure 6 presents
a heatmap of the monitored bedroom temperatures averaged per hour for the different
seasons. For the hot seasons of spring and summer, the living rooms’ mean temperature
was 21.4 ◦C (sd = 2.5 ◦C) and 20.4 ◦C (sd = 3.38 ◦C), respectively. However, in Autumn, the
average temperature drops to 18.7 ◦C (sd = 3 ◦C), slightly above the WHO recommended
threshold. Worryingly, the winter average living room temperature was 17.7 ◦C (sd = 3.2)
below the WHO threshold, and heating systems were rarely used. For this period, most
homes (i.e., except for id11, id14, and id16) averaged temperatures between 15 ◦C and
20 ◦C, especially during the night hours. Figure 7 shows a cumulative graph of the hours
monitored during the whole study, compared to the “cold season”. It shows that 50% of the
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monitored hours recorded temperatures below 18 ◦C for 60% of the houses. This problem
was exacerbated during the cold season, when only 20% of the houses had more than 3%
of the total recorded hours above 18 ◦C. This suggests a serious underheating problem in
more than half of the studied houses.

Figure 6. Heatmap of the average of each house’s seasonal living room temperatures across 2018
(spring, summer and autumn) and 2019 (winter).

Figure 7. Hourly living room temperatures for the length of the study (left) and those in the cold
season (right). The cold season comprises the period from 1 October to 28 February. The dashed
horizontal blue line shows the limit of hours (3%) that the homes must not exceed before meeting the
dashed red vertical line, which represents the 18 ◦C temperature threshold recommended by WHO.
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Figure 8 shows seasonal box plots of the monitored living room relative humidity
measured across the spring, summer and autumn of 2018, and the winter of 2018–2019.
The average relative humidity throughout the whole monitoring period was 35% (sd = 7%).
This remained consistent throughout the year (spring: 32.5%, sd = 6.7; summer: 37.4%,
sd = 6.4%; autumn: 37.5%, sd = 8.1%; winter: 31.9%, sd = 8%).

Figure 8. Ranked living room relative humidity by season. The red dotted line represents the mean.

3.2. Underheating

Criterion 1 indicates that only two houses did not experience underheating for the
annual period, as shown in Figure 9. For the annual period, the average of the underheated
hours accounted for 32% (sd = 20%). However, this figure increased to 47% on average
(sd = 26.5%) for the cold season between August and January. The high standard deviation
observed in both the annual and cold seasons suggests a significant disparity in the number
of underheated hours in both periods within our sample. We identified three patterns of
behaviour that if divided into groups, showed very low standard deviations, implying a
high degree of proximity to each other.

The first group consisted of id30 and id28, averaging 26% of underheated hours with
a standard deviation of 0.2%. The results of both health and thermal comfort surveys did
not reveal any significant patterns or commonalities among these houses. The next group,
which comprised id2, id4, id22, and id28, had an average of 45% underheated hours with a
standard deviation of 4.1%. The results of our surveys (further discussed in Section 3.4)
showed that this group of houses had high levels of adaptation coupled with an average
PMV of −0.7 (sd = 0.35), still within the comfort zone. This means that despite the low
temperatures recorded by our sensors, the house occupants were able to be in comfort
ranges after taking appropriate adaptive measures. Finally, it is concerning that the majority
of houses averaged 59% underheated hours, indicating longer cold periods. The results
of the thermal comfort surveys for this group showed a similar pattern to the previous, in
that PMV and PPD average values were, in general, within comfort ranges, indicating a
consistent trend similar to the previous group.
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Figure 9. Percentage of underheated hours according to criterion 1.

Figure 10 shows the frequency of underheated days according to criterion 2. The
summer months show long diurnal temperature swings resulting in 66% of the houses
with light underheating throughout the year. Only one house (id11) did not experience any
underheated days. Houses in May and June averaged 4.2 underheated days (sd = 6 days).
This number increased to 11.5 days on average (sd = 1.2 days) from July to October. However,
it decreased to an average of 6.4 days (sd = 2 days) from October 2018 to February 2019.

Figure 10. Number of underheating days per home split monthly according to criterion 2.

The medium underheated houses during the months of May to October were reported
only on 1.7 days on average (sd = 1 day). However, from October 2018 to January 2019,
the number of reported cases increased to an average of 6.2 days (sd = 1.3 days). In
terms of severe underheating, from May to October 2018 there was an average of 0.5 days
(sd = 1 day). However, from November 2018 to January 2019, the number of severely
underheated days increased significantly to an average of 10.2 days (sd = 0.9 days) across
the sample. In addition, extreme cases of severe underheating were observed in three
instances: id24 and id40 with 30 days of severe underheating during December, and ID38
which had 28 days.
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3.3. Dynamic Simulations
3.3.1. Home Characteristics

After identifying that the majority of homes in this study (93%) were underheated,
various retrofitting options were simulated. The addition of double glazing resulted
in an average Top increase of 20.6 ◦C (sd = 7.3 ◦C). However, the significant standard
deviation indicates that some houses (i.e., id7, id14, id28, and id38) had hours below
18 ◦C. Adding insulation made a substantial difference compared to the previous two
simulations. Living room temperatures under the NOM-020 parameters (with 3 cm of
insulation) averaged 22 ◦C (sd = 2.5 ◦C), and homes with double glazing and insulation
averaged 23 ◦C (sd = 2.4 ◦C). For all simulations using the insulation parameter, the yearly
average was always above the 18 ◦C threshold, as seen in Figure 11.

Figure 11. Boxplots of internal temperatures, where the light grey (first from left to right) corresponds
to the temperatures monitored with sensors. The blue boxes (second from left to right) correspond
to the simulations with double glazing, the green (third from left to right) to the homes only with
insulation, and the white (fourth from left to right) correspond to the ones under the NOM-ENER-
021 parameters.

3.3.2. Thermal Comfort

This sub section presents the results of both monitored and simulated environmental
data against the adaptive model from the ASHRAE 55 Standard, as shown in Figure 12.
Although we found data points below the lower threshold of the adaptive graph, there was
an increase in data-points within the ASHRAE 55 comfort bands in the retrofitting cases. For
the monitored data, 30% of the living room hours were within the 80% acceptability limits.
This percentage was increased to 40% with double glazing only. There was a noticeable
change when insulation was adhered to ceilings and walls, as 50 mm of fibreglass increased
comfort hours to 67%. The comfort hours increased to 65% when using the parameters
established under the NOM-020.
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Figure 12. Adaptive approach graphs showing the outdoor running mean temperatures (◦C) (x-axis)
and the indoor operative temperature (◦C) (y-axis) of the homes included in this study against the
parameters established in the ASHRAE 55 standard. The segmented line (inner) represents 90%
acceptability. The continuous (external) line represents 80% acceptability ASHRAE thresholds. Finally,
the spots represent one hour (monitored or simulated). The top left (grey) shows the monitored
(actual) temperatures. The different simulations provide the remaining results, as stated in each
graph’s title.

3.3.3. Underheating

Figure 13 shows the results of the underheating analysis under criterion 1. The results
show a significant decrease in underheated hours for the retrofitted options compared to
the calibrated models. The addition of double glazing lowered the number of underheated
hours compared to the calibrated models to an average of 15.4 ◦C (sd = 9.5 ◦C) for the
annual period, and 18.5 ◦C (sd = 11 ◦C) for the cold season. Insulation alone considerably
reduced the number of underheating hours, since these were reduced on average by 34.2 ◦C
(sd = 13.5 ◦C) and 40 ◦C (sd = 12.8 ◦C) for the annual and cold periods, respectively
compared to the calibrated models. A combination of insulation and double glazing
resulted in a slight increase of 2 ◦C (in both periods) concerning the batch that only included
insulation. Finally, simulations based on the NOM-020 standard resulted in an average
reduction of 28.5 ◦C (sd = 13.5 ◦C) for the annual period, and of 31.3 ◦C (sd = 12.7 ◦C) for
the cold period.
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Figure 13. Percentage of underheated hours according to our criterion 1 after simulations.

Table 10 presents the results of the analysis with underheating criterion 2. The cali-
brated models showed an average of 6.5 days per month of light underheating (sd = 1.8 days).
On average, the number of medium underheated days per month was 3.2 (sd = 1.2 days).
While the average number of severe underheated days observed was 1.6 days (sd = 2.2 days),
it is concerning that this value increased to 8.6 days on average (sd = 4.5 days) in the cold
period. The data indicate that the installation of double glazing resulted in a reduction of
52% in the average number of light underheated days. Despite this improvement, the cold
period still had 3.8 days on average (sd = 2.6 days) of light underheating. As expected,
significant reductions in underheating were observed after insulation was added, mainly
in medium and severe underheating, decreasing from 3.5 days per month to 0.3 days.
The application of the NOM-020 standard parameters resulted in a reduction of severe
underheating in most of the houses (all but three: id7, id24 and id38). Despite the addition
of insulation, some homes still had light and medium underheating days during November
and December, averaging 3 days in both months (sd = 2.6 days). Additional information on
the evaluations conducted under criterion 2 can be found in Appendix B.

Table 10. Average days per month with light, medium and severe underheating. D G stands for
double glazing.

Calibrated
Double
Glazing

Insulation
D G and

Insul
NOM-020

Light
mean 6.5 3.1 0.7 0.6 1.3

sd 1.8 1.1 1 1 1.2

Medium
mean 3.5 1.3 0.3 0.3 0.7

sd 1.2 1.2 0.6 0.5 1.2

Severe
mean 4.1 1.6 0.3 0.1 0.6

sd 4.1 2.2 0.6 0.3 1
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3.4. Health Surveys

Table 11 below presents the summary of the results for each house ID, after the data
reduction methods were applied. It shows the results for the variables where people ranked
their self-perceived thermal comfort (mean predicted percentage dissatisfied, the mean
added adaptation score and mean PMV), the variables of self-reported physical health (the
mean total health problems score, and the median life satisfaction and worth), self-reported
mental health (median life satisfaction and worth, mean life anxiety), and variables related
to their personal characteristics (days with underheating, house age, and respondents age).
It is important to mention that these are the variables that resulted in the step-backwards
regression model after iterations.

Table 11. Summary of survey results per house ID, for each of the variables used in multiple
regression analyses.

House
ID

Mean
Predicted
Percentage
Dissatis-
fied
(PPD)

Median
Added
Adapta-
tion
Score

Mean
Total
Health
Problems
Score

Median
Life Satis-
faction and
Worth Self-
Reported
Score

Days w/
Under-
heating

House
Age

Respondent’s
Age

Mean
Physical
Self-
Perception
Score

Mean
Life
Anxiety
Self-
Reported
Score

Mean
Predicted
Mean
Vote
(PMV)

2 31.37 15 2.67 7 134 10 60 27.66 7 −0.76
4 27.02 20 2 7 92 50 55 30.33 6 −0.85
7 23.06 15 3 6.5 220 20 32 30.33 3.67 −0.65
9 12.48 19 1.75 6.25 108 15 44 34.75 3 −0.6
11 12.88 16 1.8 5 0 30 31 39.4 2.2 −0.11
14 27.89 14.5 4 3.25 2 6 31 33.5 4.5 −0.41
16 11.11 12 2 7 20 10 24 37 3.5 −0.43
22 10.25 15 3.6 3.5 176 20 52 37.4 5 −1.03
24 6.78 10 2.5 5 156 30 33 29.5 6 −0.08
27 48.89 18 4.33 6 71 20 60 45 5 −1.45
28 23.8 14 2.5 7 115 15 32 30.25 2.75 −0.62
30 5.17 6 1.66 6.5 61 30 49 41.33 5.67 −0.05
38 9.73 8 2.8 4.5 114 3 30 33.4 7 −1.03
39 14.7 4 3 6 217 15 27 30.33 5.67 −0.35
40 12.7 4 3.66 4 103 25 63 36.33 9 −0.23
Mean
± SD

18.52 ±
11.74

12.70 ±
5.20

2.75 ±
0.85 5.63 ± 1.32 105.93 ±

68.95
19.93 ±
11.90

41.53 ±
13.69

34.43 ±
4.95

5.06 ±
1.85

−0.58 ±
−0.40

n = 15.

3.5. Multiple Linear Regression

Results for the best-fit final multiple linear regression model (R2 = 0.91, F (4,14) = 28.4,
p > 0.01, n = 15) suggest that the PPD index was a first, significant, positive, and strong
predictor of the average total self-reported health problems score. The second-best, negative
predictor was the median life satisfaction and worth score; the median added adaptation
score was also a significant and negative predictor. Total days with underheating was the
last significant but positive predictor (Table 12).

Table 12. Best-fit final stepwise linear regression (backward) model with average total self-reported health
problems score as the dependent variable for 15 homes in the city of Toluca, State of Mexico, Mexico.

Predictor B SE StB t p Tolerance VIF

(Constant) 4.47 0.37 12.87 >0.01

Median Life satisfaction and
worth self-reported score −0.45 0.061 −0.71 −7.51 >0.01 0.91 1.10

Median added adaptation score −0.053 0.018 −0.32 −2.94 0.015 0.66 1.51

Average PPD 0.06 0.008 0.89 8.21 >0.01 0.69 1.44

Total days w/Underheating 0.003 0.001 0.25 2.68 0.023 0.93 1.07

R2 = 0.91; Adjusted R2 = 0.88; F(4, 14) = 28.40, p > 0.01, n = 15.
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In contrast, variables such as “House age”, “Respondent’s Age”, “Average Physical
self-perception score”, “Mean Life anxiety score”, and “PMV” were all non-significant
and were thus excluded (Table 13). PPD was positively correlated with the median added
adaptation score (r = 0.54; p = 0.37) and the median life satisfaction and worth score (r = 0.23;
p = 0.41), but negatively correlated with total days with underheating (−0.09; p = 0.74).
The median added adaptation score and the median life satisfaction and worth score
were positively correlated (r = 0.24; p = 0.39). The correlation between Total days with
Underheating and Median life satisfaction and worth score (r = 0.1; p = 0.71) and that
between Total days with Underheating and Median added adaptation score (r = −0.21;
p = 0.45) were also non-significant, as seen on Figure 14.

Figure 14. Relationships among predictors of average total self-reported health score in the best-fit
multiple linear regression model (backward method; R2 = 0.91; Adjusted R2 = 0.88); distinguished by
whether predictors are of the environmental origin or personal adaptive strategies. Direct effects are
displayed by straight arrows, whereas correlations among predictors are described as curved arrows.
Variables composing the PPD index are pictured within a lighter-shaded box (upper-left corner) for
informative purposes only.
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Table 13. Excluded variables for the best-fit final stepwise linear regression (backward) model with
average total self-reported health problems score as the dependent variable for the data of 15 homes
in the city of Toluca, State of Mexico, Mexico.

Beta in t p Partial
Correlation

Tolerance VIF

House Age −0.91 −0.96 0.36 −0.30 0.905 1.106

Respondent’s Age −0.018 −0.18 0.86 −0.059 0.847 1.181

Average Physical self-perception score 0.131 1.25 0.24 0.384 0.699 1.431

Mean Life anxiety self-reported score −0.087 −0.71 0.498 −0.229 0.563 1.777

Average (PMV) −0.137 −1.03 0.328 −0.326 0.461 2.172

4. Discussion

4.1. Underheating

The results of this study suggest that many houses in the Central Mexican Plateau do
not provide adequate internal environments to their inhabitants because of issues with the
building envelope. The underheating analysis indicates that while applying the NOM-020
standard parameters lead to a decrease of underheated hours, it was not sufficient to
fully resolve this issue. It is important to state that we observed significant disparities in
underheating percentages among the monitored houses without any evident explanation, as
their parameters did not show any relevant differences. This suggests that external factors
may be at play, potentially related to variations in airtightness that may be contributing
to the observed disparities. Unfortunately, no permeability study (m3/hr/m2@50Pa

)
has

been conducted in Mexico to date, indicating a further need to investigate this area.
The different simulations suggest that the single addition of double glazing does not

significantly reduce the number of underheated hours. Further, the average temperatures
between the models with insulation and single glazing, against those with insulation and
double glazing only, provide an average temperature rise of 2 ◦C. This does not seem
worth the investment, as double-glazed windows are still new in Mexico, making their
manufacture and installation costly. Hence, they are not recommended as a retrofitting
strategy for the homes in our sample or in the whole plateau. Although the models with
insulation did not meet our 3% target, considerable amounts of underheated hours were
reduced. Therefore, this suggests a need to enforce the NOM-020 standard in the region,
coupled with adequate air leakage measures.

4.2. Underheating and Health

It is clear that improving the internal environment of the houses on the Central Mexican
Plateau may also positively impact the self-perceived mental health of the population.
However, based on our analysis, we found that self-reported indicators of poor health are
significantly associated with perceptions of poor thermal discomfort (i.e., PPD), consistent
with other studies. Additionally, our findings indicate that a combination of environmental
factors and personal adaptive strategies can be used as predictors of self-reported health
problems, at least within the limited but representative sample of houses examined in
this study.

Our results suggest that an interaction of both environmental factors and personal
adaptive strategies can be used as predictors of self-reported health problems, at least
for this small sample of houses in Mexico. Our results concur with the multidimensional
characteristics of the adaptive approach to human thermal comfort, based on physiological
acclimatisation, behavioural adjustment and psychological adaptation [25,55] against en-
vironmental (i.e., thermal) insult [69]. Conversely, the substantial predictive influence of
both PPD and total days w/underheating upon average total self-reported health problems
scores suggests that subjects perceive environmental insults (i.e., temperature drops, damp-
ness, cold winds) that elicit physiological responses, yet still influence their psychological
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welfare. In this regard, it is interesting to observe that the significant negative relation-
ship between self-reported health problems and life-satisfaction and self-worth perception
suggests that subjects with better self-regard tend to report fewer health problems. This
factor has been reported before, indicating that life satisfaction, self-esteem and perceived
health are related [70]. In contrast, however, the same results suggest that when subjects
have a worse self-perception, they report more health problems associated with greater
dissatisfaction with their environments, perhaps even increasing the possibility that result-
ing psychological stress worsens any previous health condition. On the other hand, the
behavioural aspect of the model is underlined by the possibility that, despite the environ-
mental insult, subjects with higher adaptive capabilities can reduce the order of magnitude
of their self-perceived health problems. The inverse interpretation is also of interest. As sub-
jects exert worse adaptative strategies (one of the possible reasons could be related to lower
incomes), they may consider that they have more health problems or perceive their health
as worse. This confirms previous results related to the health locus of control and suggests
that as subjects perceive that their control upon their lives is higher and their self-esteem
better, their behavior and cognitive processes are greater promoters of their mental and
physical health [71]. The correlations between predictors complete this interesting scenario.
Dissatisfaction with the environment and house underheating increase subjects’ display
of adaptive responses; those with higher self-regard and higher life satisfaction showing
more (or more intense) adaptive responses. However, such responses could be discouraged
if subjects have insufficient financial means to exert a compensatory response, or lack the
sufficient psychological drive to display a resolute behavioural response. Overall, would be
interesting to investigate if the interaction between the perception of health and self-esteem
is one of the factors that contribute to the unfortunate statistic of the high amount of EWD
reported for Mexico. This should be a question for study with a larger sample of homes
across different locations in Mexico.

5. Conclusions and Limitations

The houses in our study were below established thermal comfort standards and below
the parameters set by our underheating model. Both a higher Predicted Percentage of
Dissatisfaction (PPD) and more days with underheated homes led to poorer self-perception
of health. As subjects felt worse in their internal environments, the worse their self-reported
physical health became, the lower their life satisfaction, and the poorer their self-worth,
i.e., the less satisfied they felt at home. This was associated with greater use of adaptive
strategies against environmental dissatisfaction.

The results of this study of cold comfort in Mexico align with the vast body of literature
on cold comfort in hot countries. Paradoxically, the less extreme the winter, the lower the
internal temperature and the greater the cold discomfort. In addition, we found that these
events also correlate with worse self-perceived health. In the case of the Central Mexican
Plateau, the external air temperatures are not close to what is considered an extreme
environment. Nevertheless, the vast majority of homes were underheated. Furthermore, a
crucial result provided by dynamic simulations is that would be possible to reduce heat
losses if the unenforced, but mandatory, standard NOM-ENER-020 was strictly applied.
The findings of our PPD self-reported health relationship model suggest that raising
internal temperatures in winter could also contribute to raising subjects self-reported
health perceptions.

Despite the focus of this research being centered on the NOM-ENER-020 standard, it is
noteworthy that the results have relevance to other cold cities in hot countries, particularly
in cities with high altitudes in Latin America. This is also due to the similarity in housing
typologies between Mexican houses and those located in the region. In fact, a comparative
analysis of green building regulations in Latin America [7] determined that the NOM-
ENER-020 ranks among the most stringent regulations in the area with regards to the
building envelope. Therefore, the findings presented in this paper may offer valuable
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insights for policy makers and stakeholders seeking to enforce building codes so homes in
other Latin American regions provide adequate environments.

This study’s limitations include a relatively restricted sample size. While it is acknowl-
edged that a larger sample size is generally necessary to draw valid conclusions to ensure
representativeness, a qualitative approach was adopted, given that 71% of the homes in
Mexico share the characteristics of the homes examined in this sample. Therefore, while
the sample size may be considered small, the homes studied are representative and the
findings may still be valuable to policymakers and stakeholders seeking to enhance the
quality of houses in the region.

Three aspects should be considered for future research. First, a study with a larger
sample size should be conducted to confirm and expand upon the current findings of this
study. Another crucial aspect would be to conduct a pilot study involving the retrofitting
of a home using a “before and after” approach, where thermal comfort surveys and temper-
ature sensors are installed prior to and following the intervention in several homes. This
methodology would enable the assessment of the effectiveness of retrofitting in enhancing
thermal comfort and reducing energy consumption. Finally, a cost-benefit analysis is re-
quired to investigate the expense of retrofitting the housing stock of the most vulnerable,
while examining the benefits of such investment in terms of reduced healthcare costs in
the region, and improved health outcomes. Addressing these aspects will be critical in
building upon the findings of this study and developing effective strategies for enhancing
the quality of housing in the region.
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Appendix A. Results of Visual Calibrations

Figure A1. Results of the calibration of the models used for simulation—page 1.
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Figure A2. Results of the calibration of the models used for simulation—page 2.
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Figure A3. Results of the calibration of the models used for simulation—page 3.
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Figure A4. Results of the calibration of the models used for simulation—page 4.
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Figure A5. Visual results of the calibration of the models used for simulation—page 5.

Appendix B. Results of the Underheating Criteria 2 Applied to the Simulations

Figure A6. Results of the underheating criteria 2 applied to the calibrated models. The X axis
shows the months, and Y axis shows the house ID. The intersection of both shows the number of
underheated light (left), medium (middle), and severe (right) days in that month.
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Figure A7. Results of the underheating criteria 2 applied to the models with double glazing. The X
axis shows the months, and Y axis shows the house ID. The intersection of both shows the number of
underheated light (left), medium (middle), and severe (right) days in that month.

Figure A8. Results of the underheating criteria 2 applied to the models with only insulation. The X
axis shows the months, and Y axis shows the house ID. The intersection of both shows the number of
underheated light (left), medium (middle), and severe (right) days in that month.

181



Buildings 2023, 13, 814

Figure A9. Results of the underheating criteria 2 applied to the models with insulation and double
glazing. The X axis shows the months, and Y axis shows the house ID. The intersection of both shows
the number of underheated light (left), medium (middle), and severe (right) days in that month.

Figure A10. Results of the underheating criteria 2 applied to the models simulated under the NOM-
020 standard. The X axis shows the months, and Y axis shows the house ID. The intersection of
both shows the number of underheated light (left), medium (middle), and severe (right) days in
that month.
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Abstract: As attention to indoor environmental quality (IEQ) grows, a systematic strategy for as-
sessing IEQ in schools needs to be developed. For this purpose, this paper presents a summary
of parameters measured in school classrooms to characterize the quality of thermal, acoustic, and
visual environments and indoor air quality (IAQ). The summary is based on a review of published
literature reporting measurements in schools in Europe and North America in the past ten years. It
also summarizes the measurement protocols and measured concentrations. Eighty-eight papers de-
scribing measurements in schools were identified and analyzed. No unique standardized measuring
method was used in the reviewed studies and different parameters were measured. The most often
measured parameters were those describing the thermal environment and IAQ. The former mainly
comprised air temperature and relative humidity. The latter mainly comprised concentrations of
carbon dioxide, particulate matter, radon, formaldehyde, and some volatile organic compounds. The
measured parameters describing acoustic and visual environments mainly comprised noise level,
reverberation time, and illuminance. A few studies reported additional measurements of radiant
temperature, operative temperature, and speech intelligibility. Measurement protocols from different
studies show inconsistency in sampling duration and location and expressed results. Measured con-
centrations also show high variation between studies, with some pollutants exceeding the threshold
values proposed by local and/or international organizations such as the World Health Organization
(WHO). This review provides the reference for developing a rating scheme and protocols for uniform
characterization of classroom IEQ.

Keywords: IEQ; thermal; acoustic; IAQ; visual; measurement

1. Introduction

Indoor environmental quality (IEQ) depends on the quality of the thermal environ-
ment, acoustic environment, indoor air quality (IAQ), and visual environment [1]. IEQ is a
primary concern because people spend a significant portion of their time in buildings [2].
A growing body of studies has shown the influence of IEQ on occupants’ health, comfort,
and well-being, at homes, offices, and schools [3,4].

In the last twenty years, it has been shown that poor schools’ IEQ can affect children’s
health. The study of Gaffin et al. [5] showed that exposure to a concentration of NO2
greater than 8 ppb in urban American schools was associated with respiratory airflow
obstruction in children. Meanwhile, a growing body of studies showed that low indoor
environmental quality in schools can impact children’s school performance. The study of
Wargocki et al. [6] showed that improved classroom ventilation, as indicated by reduced
carbon dioxide (CO2) concentrations from 2100 to 900 ppm, resulted in improved chil-
dren’s academic performance by 12%, while the performance was increased by 20% when
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classroom temperatures were reduced from 30 to 20 ◦C [7]. Most of the work published to
date examined the effects of one parameter, and no relationships were created between the
quality of the indoor environment and health effects and children’s school performance.
One reason is the complexity and cost of performing measurements. The other is the lack
of a rating scheme for IEQ. The latter is needed to take into account interactions between
different parameters and their influence on children.

Recently, Wei et al. [8] reviewed parameters measured to characterize IEQ in offices
and hotels. Nearly 100 parameters were identified, but no common rating scheme was
identified for IEQ. Consequently, the TAIL (Thermal, Acoustic, IAQ, Lighting) rating
scheme was developed including twelve IEQ parameters [9]. Moreover, the method to
predict the parameters included in TAIL through simulation was developed and is called
predicTAIL [10]. No similar rating exists for schools. In this context, the development of
this approach to assess IEQ in school buildings is a relevant issue.

Green Building Certification (GBC) schemes identify some parameters to be monitored
to describe IEQ. These are Beam plus [11], BREEAM [12], DGNB [13], Green Globes [14],
Green Mark [15], Green Star [16], GREENSHIP [17], HQE [18], KLIMA [19], LEED [20],
Lotus [21], Trees [22]. They, however, do not share similar methods or a homogeneous
approach. Furthermore, only DGNB, HQE and LEED have a specific section focusing on
classrooms and schools. GBC schemes are voluntary, therefore criteria applied in these
schemes are not systematically used during measurements in schools. In an attempt to
develop an IEQ rating scheme for schools, the present work aimed to review existing mea-
surements of IEQ parameters in schools. Three specific research questions were examined:
(1) which IEQ parameters were often measured in schools; (2) what measuring methods
were used; and (3) what are the main findings from these measurements?

2. Materials and Methods

The Scopus database was used to search for relevant literature. The following combina-
tion of keywords was used: (“indoor environmental quality” OR “IEQ” OR “thermal” OR
“acoustic” OR “indoor air quality” OR “IAQ” OR “luminous” OR “visual” OR “lighting”)
AND (“school” OR “daycare center” OR “nursery” OR “university”) AND (“measure-
ment”). To ensure a collection of studies with the latest and up-to-date measurement
protocols, the search only covered papers published from 2010 with the following topics:
environmental sciences, engineering, social sciences, energy, and multidisciplinary.

A total of 573 papers were identified. A geo-localization filter was applied as only
studies in Europe and North America were included to ensure comparability across stud-
ies regarding climate conditions, surrounding environment, and building characteristics.
Consequently, 324 articles were retained and used for screening. Non-relevant to IEQ
measurements in schools, simulation studies, and studies based only on questionnaires
were removed. This screening resulted in 79 papers. Nine additional papers were identified
and added manually although they did not appear in the initial search. Finally, 88 papers
were analyzed in this review. Figure 1 presents a PRISMA flowchart describing the paper
selection. It should be noted that 11 studies in university classrooms were included in the
review because universities are school environments, even though the students are young
adults and no longer children.
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Figure 1. Review flowchart.

3. Results

Among the 88 articles analyzed in this review, some were issued from the same study.
Two articles by Branco et al. [23,24] reported results from a measuring campaign in four
nurseries in Porto, Portugal; one focused on CO2 and comfort, the second one on IAQ
pollutants. The report by Csobod et al. [25] on the thermal environment and IAQ and the
article by Baloch et al. [26] on the results of the visual environment both reported findings
from the SINPHONIE pan-European study. Among the 88 articles, IAQ parameters were
measured in 73 studies, thermal parameters in 43 studies, visual parameters in 15 studies,
and acoustic parameters in 13 studies. In 40 studies, the parameters describing at least
two of the four IEQ components were measured. Only four studies [27–30] measured
parameters of the four IEQ components. These studies were carried out in 28 countries
(Figure S1 in Supplementary Materials (SM)).

Nine studies were conducted in day-care centers, nine in nursery schools, 40 in
elementary schools, 24 in secondary schools, 12 in high schools, and 11 in universities.
In 59 studies, schools had no mechanical ventilation system. In eight studies, an HVAC
(Heating, ventilation, and air conditioning) system with heat recovery was installed. In
nine studies, measurements were performed in both classrooms with no ventilation system
and classrooms equipped with a mechanical ventilation system. In three studies, no
information on ventilation type was available, and only acoustic and visual measurements
were conducted [31–33]. Table 1 summarizes all studies presented in this review. Table 2
summarizes the main findings with the range of results from the 88 articles.
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Table 1. Summary of the investigated studies (n = 88 articles).

Study [Reference] Location Season Type of School IEQ Component

Aguilar et al., 2022 [34] Spain Winter University Thermal, IAQ
Ahmed et al., 2019 [35] Finland, Estonia Winter Daycare, elementary Thermal, IAQ
Alves et al., 2013 [36] Portugal Winter Kindergarten,

elementary
Thermal, IAQ

Annesi-Maesano et al.,
2012 [37]

France N/A Elementary IAQ

Azara et al., 2018 Italy Spring
Summer

Elementary, secondary,
high school

IAQ

Baloch et al., 2021 [38] Europe Spring
Summer

Kindergarten,
elementary

Visual

Barmparesos et al., 2018 [39] Greece Summer Elementary Thermal, IAQ
Becerra et al., 2020 [40] Spain Spring Kindergarten,

elementary, secondary,
high school

IAQ

Branco et al., 2015 [23] Portugal Spring
Autumn

Daycare Thermal, IAQ

Branco et al., 2015 [24] Portugal Spring
Autumn

Daycare IAQ

Branco et al., 2016 [41] Portugal Year long Daycare, elementary IAQ
Brdaric et al., 2019 [42] Croatia Spring Elementary Thermal, IAQ
Buratti et al., 2018 [43] Italy Spring

Autumn
University Thermal, Acoustic,

Visual
Canha et al., 2016 [44] France Winter Daycare, elementary Thermal, IAQ

Cequier et al., 2014 [45] Norway Winter
Spring

Elementary IAQ

Chetoni et al., 2016 [46] Italy N/A Secondary, high school Acoustic
Csobod et al., 2014 [25] Europe Spring

Summer
Kindergarten,

elementary
Thermal, IAQ, Visual

de Gennaro et al., 2013 [47] Italy N/A Elementary IAQ
De Giuli et al., 2012 [48] Italy Spring Elementary Thermal, IAQ, Visual
De Giuli et al., 2014 [49] Italy Spring Elementary Thermal, IAQ, Visual
De Giuli et al., 2015 [50] Italy Spring Elementary Thermal, IAQ, Visual
de la Hoz –Torres et al.,

2022 [29]
Portugal, Spain Fall University Thermal, Acoustic,

IAQ, Visual
Dhoqina et al., 2019 [51] Albania Spring Elementary, secondary,

high school
IAQ

Erlandson et al., 2019 [52] United States University Thermal, IAQ
Fabbri 2013 [53] Italy Fall Kindergarten Thermal

Franci et al., 2014 [54] Italy Winter Elementary, secondary,
high school

IAQ

Gaffin et al., 2018 [5] United States Fall
Spring

Elementary, secondary IAQ

Harcarova et al., 2020 [28] Slovakia N/A Elementary Thermal, Acoustic,
IAQ, Visual

Heracleous et al., 2019 [55] Cyprus Winter Secondary Thermal, IAQ
Irulegi et al., 2017 [56] Spain Spring University Thermal
Istrate et al., 2016 [57] Romania Summer High school Thermal, IAQ

Ivanova et al., 2014 [58] Bulgaria Spring Kindergarten IAQ
Ivanova et al., 2021 [59] Bulgaria Fall

Winter
Elementary IAQ

Jovanovic et al., 2014 [60] Serbia Spring Elementary Thermal, IAQ
Klatte et al., 2010 [61] Germany N/A Elementary Acoustic
Kojo et al., 2020 [62] Finland Winter

Spring
Daycare, Elementary IAQ

Korsavi et al., 2019 [63] England Summer
Fall

Winter
Spring

Elementary Thermal, IAQ, Visual
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Table 1. Cont.

Study [Reference] Location Season Type of School IEQ Component

Kristiansen et al., 2011 [64] Denmark Fall
Winter
Spring

Secondary Acoustic

Krugly et al., 2014 [65] Lithuania Winter Elementary IAQ
Laborda et al., 2020 [66] Spain Winter Secondary Thermal, IAQ, Visual
Larsson et al., 2017 [67] Sweden Spring

Fall
Kindergarten IAQ

Leccese et al., 2020 [31] Italy Spring
Fall

University Visual

Liaud et al., 2021 [68] France Spring High school IAQ
Loreti et al., 2016 [30] Italy N/A Secondary Thermal, Acoustic,

IAQ, Visual
Madudeira et al., 2015 [69] Portugal Fall

Winter
Elementary Thermal, IAQ

Mainka et al., 2015 [70] Poland Winter Daycare IAQ
Mikulski et al., 2011 [71] Poland N/A Elementary Acoustic

Müllerova et al., 2017 [72] Hungary, Poland,
Slovakia

Fall
Winter

Kindergarten IAQ

Nunes et al., 2016 [73] Portugal Spring Nursery IAQ
Oldham et al., 2020 [74] United States Fall

Spring
Elementary Thermal, IAQ, Visual

Oliveira et al., 2016 [75] Portugal Spring Kindergarten Thermal, IAQ
Oliveira et al., 2017 [76] Portugal Winter

Spring
Kindergarten IAQ

Oliveira et al., 2017 [77] Portugal Spring Kindergarten Thermal, IAQ
Onishchenko et al., 2017 [78] Russia N/A Kindergarten IAQ

Papadopoulos et al., 2020 [79] Greece Winter University Thermal, IAQ
Papazoglou et al., 2019 [80] Greece Summer University Thermal

Pereira et al., 2014 [81] Portugal Spring Secondary Thermal, IAQ
Pereira et al., 2015 [82] Portugal Spring Secondary Thermal, IAQ
Persson et al., 2018 [83] Sweden Year long Kindergarten IAQ
Poulin et al., 2012 [84] Canada Winter Elementary, secondary,

high school
IAQ

Raffy et al., 2017 [85] France N/A Nursery, elementary IAQ
Ramalho et al., 2015 [86] France N/A Nursery, elementary IAQ

Rivas et al., 2014 [87] Spain Winter
Spring

Summer

Elementary, secondary IAQ

Romagnoli et al., 2014 [88] Italy Winter
Spring

Summer

Elementary, secondary,
high school

IAQ

Rovelli et al., 2014 [89] Italy Winter Elementary, secondary IAQ
Rucinska et al., 2020 [33] Poland Winter University Visual

Russo et al., 2019 [32] Italy N/A Elementary Acoustic
Sarantopoulos et al., 2014 [90] Greece Spring Elementary Acoustic
Sarka Langer et al., 2020 [91] Sweden Fall

Winter
Spring

Elementary Thermal, IAQ

Senitkova et al., 2017 [92] Czech Republic N/A Daycare Thermal, IAQ
Shield et al., 2015 [93] England N/A Secondary Acoustic

Simanic et al., 2019 [94] Sweden Fall
Winter
Spring

Elementary Thermal, IAQ

Sivanantham et al., 2021 [95] France Fall
Winter
Spring

Daycare, Elementary Thermal, IAQ

Slezakova et al., 2019 [96] Portugal Winter
Spring

Elementary IAQ
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Table 1. Cont.

Study [Reference] Location Season Type of School IEQ Component

Smith et al., 2019 [97] United States N/A Elementary, secondary Acoustic
Stamp et al., 2020 [98] United Kingdom N/A Secondary Thermal, IAQ
Toftum et al., 2015 [99] Denmark N/A Elementary Thermal, IAQ
Trevisi et al., 2012 [100] Italy Year long Daycare, elementary,

secondary
IAQ

Ulla Haverinen-
Shaughnessy et al., 2015 [101]

United States Fall
Winter
Spring

Elementary IAQ

Verriele et al., 2016 [102] France N/A Elementary, secondary Thermal, IAQ
Vilcekova et al., 2017 [27] Slovakia Fall Elementary Thermal, Acoustic,

IAQ, Visual
Villanueva et al., 2018 [103] Spain Spring Elementary IAQ

Vornanen Winqvist et al.,
2018 [104]

Finland Spring Secondary Thermal, IAQ

Vornanen Winqvist et al.,
2020 [105]

Finland Winter Secondary Thermal, IAQ

Z.Curguz et al., 2020 [106] Bosnia and
Herzegovina

N/A Elementary, secondary,
high school

IAQ

Zecevic et al., 2018 [107] Bosnia and
Herzegovina

Winter
Summer

University Thermal, IAQ

Zhong et al., 2017 [108] United States Winter
Spring

Elementary Thermal, IAQ

Živković et al., 2015 [109] Serbia Winter
Spring

Elementary, secondary,
high school

IAQ

Table 2. Summary of the main results (n = 88 articles).

Parameters Number of Studies Main Findings Reference Values

Thermal environment

Air temperature (◦C) 43 Western Europe: Range: 13 ◦C
to 38 ◦C with a mean of 22 ◦C

Northern Europe: Range:
12 ◦C to 26 ◦C with a mean of

21 ◦C

22 ± 1 ◦C
(EN 16798-1)

Relative humidity (%) 43 Naturally ventilated
classrooms range 22% with a

mean air temperature of 23 ◦C
to 78% with a mean air
temperature of 25 ◦C.

Mechanically ventilated
classrooms, range: 30 to 72%

30–50%
(EN 16798-1)

PMV/PPD (derivative) 8 Mean result: ±0.5 from 0 ◦C ±0.2 ◦C (EN 16798-1)
Mean radiant temperature (◦C) 7 Range: 13 to 24 ◦C N/A

Air speed (m/s) 7 All reported results are under
0.1 m/s

N/A

Operative temperature (◦C) 5 Range: 19 to 22 ◦C N/A
Acoustic environment

Background noise level (db(A)) 8 Range: 41 to 82 db(A) <30 db(A) (EN 16798-1)
Reverberation time (s) 8 Range: 0.9 to 1.1 s 0.5 s for small spaces

0.8 for large spaces (EN
16798-1)

Speech intelligibility (%) 7 SNR range: 12 ± 3.6 db
STI range: 41–76%

C50 range: −6.3 to 5.6 db

N/A
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Table 2. Cont.

Parameters Number of Studies Main Findings Reference Values

IAQ
CO2 (ppm) 42 Naturally ventilated

classrooms, range: 591 to
3494 ppm

Mechanically ventilated
classroom, all under 1000 ppm

≤550 ppm (concentration
above outdoor)
(EN 16798-1)

PM (μg/m3) 22 PM10 range: 34 to 2061 μg/m3

PM5 range: 31 to 206 μg/m3

PM2.5 range: 1.3 to 106 μg/m3

PM1 range: 6.0 to 33 μg/m3

PM0.5 range: 2.1 to 22 μg/m3

PM2.5 ≤ 5 μg/m3

(WHO)

Radon (Bq/m3) 16 Range: 56 to 579 Bq/m3 100 Bq/m3 (WHO)
BTEX (μg/m3) 14 Benzene range: 0.5 to

3.2 μg/m3

Toluene range: 0.2 to
17 μg/m3

Ethylbenzene range: <Limit of
detection to 9.0 μg/m3

Xylene range: 1 to 12 μg/m3

Benzene: <2 μg/m3

SVOCs (ng/m3) Tables S14–S16 N/A
Aldehydes (μg/m3) 15 Formaldehyde range: 1.4 to

89 μg/m3
Formaldehyde: <30 μg/m3

ACR/ VR (h−1 or l/s/p) 11 ACR range: 0.1 to 0.4 h−1

VR range: 0.8 l/s per person
to 3.4 l/s per person

≥10 L/s per person +
2.0 L/s/m2 floor

VOCs (μg/m3) 10 Table S12 N/A
NO2 (μg/m3) 11 Range: 4.9 to 125 μg/m3 <10 μg/m3 (WHO)

Mold inspection (cm2 or CFU/m3) 4 Range: 22 to 260 CFU/m3 <400 cm2 (Nordic
classification and Levels)

Visual environment
Artificial illuminance (lx) 4 Range: 241 to 748 lx 500 lx

Can be drop to 300 lx for
younger children (EN 12464-1)

Total lighting (natural + artificial) 4 Table S19 N/A
Natural lighting 3 Table S19 >5% (EN 17037)

3.1. Thermal Environment

Thermal environment was assessed in 43 studies. The air temperature, radiant tem-
perature, operative temperature, humidity or air speed were measured. Some studies
additionally estimated thermal comfort using the model developed by Fanger [110].

3.1.1. Air Temperature

The air temperature was measured in 43 studies; it was often measured simultaneously
with relative humidity. Measurements were performed during winter (heating season) in
eight studies, during non-heating season, i.e., spring and autumn in 29 studies, during
summer in six studies, and seven studies did not provide any information.

Temperature was mainly recorded continuously for the periods of over thirty minutes
to three months with a time step ranging from two to ten minutes. In three studies, only spot
measurements were carried out. In one study, a combination of continuous measurements
over three months and spot measurements four times in each classroom were carried out.

Different numbers of sensors, at various locations in each classroom, were used. Thirty-
eight studies used only one sensor for each classroom, and three studies used three sensors
per classroom. Laborda et al. [66] measured air temperature in 12 locations in the classroom:
six at 0.6 m and six at 1.7 m, divided into two arrays close to the window and next to the
entrance doors. Papadopoulos et al. [79] measured air temperature in 11 locations in the

192



Buildings 2023, 13, 433

classrooms, with their height situated from 0.5 to 2.5 m above the ground to be compliant
with the students’ breathing zone. Nine studies reported that their sensors were placed
at 0.6 m above the ground, and seven other studies placed their sensors from 0.7 to 2 m
above the ground. Fabbri et al. [53] measured air temperature at two different heights: 0.6
and 1.3 m. The detailed protocols and results can be found in Table S1 in Supplementary
Materials.

Studies from Western Europe (Italy, Spain, Portugal, France, and Greece) measured
temperatures ranging from 13 to 38 ◦C with a mean of 22 ◦C. Studies from Northern Europe
(Sweden and Finland) measured temperatures ranging from 12 to 26 ◦C with a mean
of 21 ◦C.

3.1.2. Humidity

Relative humidity (RH) was measured simultaneously with air temperature using
hygrometer sensor. In one study, absolute humidity was also determined along with
relative humidity. Humidity was reported in 43 studies. Findings on the number of
sensors, their location, and the duration of measurements are identical to air temperature
measurements since the two parameters were always measured together in the reviewed
studies. RH ranged between 22% with a mean air temperature of 23 ◦C and 96% with a
mean air temperature of 25 ◦C. Among the classrooms with mechanical ventilation, the
relative humidity varied between 30 and 72%, while the air temperature varied between
21 and 25 ◦C.The detailed protocols and results can be found in Table S2 in Supplementary
Materials.

3.1.3. Mean Radiant Temperature

Mean radiant temperature was measured in 11 studies. In eight studies, the mea-
surements were made using one globe thermometer, placed in the center of the room in
each study, with a measurement duration ranging from one to five days. Other studies
made spot measurements of the radiant plane temperature to estimate the mean radiant
temperature but the monitoring protocol was not detailed and in two studies, air and mean
radiant temperature were measured over 24 h. Papadopoulos et al. [79] used a thermal
imaging camera to estimate the mean radiant temperature from surface temperatures.
The mean radiant temperature measured in the 11 studies ranged between 13 and 24 ◦C.
Table S3 in Supplementary Materials shows the details concerning measuring protocols
and results.

3.1.4. Operative Temperature

Operative temperature was reported in six studies based on the measurement of globe
temperature, and air velocity. In these studies, a small sample of classrooms (less than
ten) was monitored, but the measurements were made at different classroom locations
and repeated. In their study in 145 classrooms in Sweden, Simanic et al. [94] assumed
that the operative temperature was similar to air temperature, as these schools were
well insulated [15].Reported operative temperature from five studies ranged from 19 to
22 ◦C. Table S3 in Supplementary Materials provides details regarding measuring protocols
and results.

3.1.5. Airspeed

Airspeed was measured in 12 studies in schools. These measurements were made to
assess thermal comfort. Spot measurements were always made using an anemometer, but
its position was never clearly mentioned. The reported results were all under 0.1 m/s.

3.2. Acoustic Environment

Thirteen studies reported measurements of parameters characterizing acoustic envi-
ronment in schools. Parameters measured included noise level, reverberation time (RT)
and speech intelligibility.
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3.2.1. Noise Level

The background noise level was the most frequently measured acoustic parameter. It
is also a parameter commonly used to assess occupants’ long-term noise exposure [111].
Background noise level can be estimated using the variation of the pressure in the air caused
by sound waves (sound pressure level-SPL) or the equivalent continuous sound level, e.g.,
LAeq, defined as the total energy from the sound pressure level during the measurement
period [112].

LAeq was measured in nine studies, with one or two sound meters per classroom. The
location of the sound meter was mentioned in three studies: Chetoni et al. [46] measured in
the center of the room and one meter from the window, Shield et al. [93] also measured at
two positions in the classroom, and de la Hoz-Torres et al. [29] only used one sound-meter
placed in the center of the room.

Measurements were a spot measurement of one minute or continuous from two hours
to two days. In some studies, measurements were made during day without students in
the classrooms, while in other studies, measurements were made when the students were
occupying the classrooms.

The average measured LAeq in studied classrooms varied between 29 and 82 dB(A).
Chetoni et al. [46] used the LDAY indicator, defined as the daily LAeq over the 12 h diurnal
period from 7 a.m. to 7 p.m. since this parameter is used in Italy’s national regulation
for outdoor acoustic. The LDAY ranged between 23 and 63 dB(A). Smith et al. [97] in their
study quantified the influence of the different mechanical ventilation systems (single- and
multi-zone HVAC systems) on the non-speech noise during occupied periods. The average
LAeq was 66 dB(A) for unit ventilators, 67 dB(A) for centralized systems, and 66 dB(A) for
systems with decentralized heat pumps. Details on measurement protocol and results can
be found in Table S4 in Supplementary Materials.

3.2.2. Reverberation Time

A room reverberation time (RT) expresses the time required for the sound to decay
after the sound source has stopped; for example, T20 is the time it takes for sound to
decay by 20 dB, and T60 is the time for a decay of 60 dB, T20 as the time for a decay by
20 dB, respectively [112]. There is a linear relationship between T20 and T60 in the same
environment, as the measurement of T20 can be used to evaluate T60, which is the case in
the study by Loreti et al. [30].

RT was measured in in four studies in Italy [30,32,43,46], one study in Poland [71],
one in Denmark [64], one in Germany [61], and one in England [93]; all referred to the
measurement methods defined in the ISO 3382 standard [112], using an impulsive response
method for a controlled and continuous (white noise) generated by an omnidirectional
loudspeaker, blank gun noise, or maximum-length sequence signals. Two to twelve micro-
phones were placed in children’s seat positions, i.e., at least 1.1 m of height, and the results
were expressed as the average of all these measurements. Mikulski et al. [71] measured
the Tmf which is the arithmetic mean of RT for 500 Hz, 1000 Hz, and 2000 Hz, as well as
the Twf which is the arithmetic mean of RT for 250 Hz, 500 Hz, 1000 Hz, 2000 Hz, and
4000 Hz. The authors specified that measuring Tmf alone does not always correspond with
the subjective evaluation of the acoustical properties of the room. Other studies, such as the
Klatte et al. [61] study, measured the T20 averaged from results of octave bands from 250 to
2000 Hz. The measured RT ranged from 0.9 to 1.1 s for T60 and 1.1 to 1.4 s for T20. Details
on measurement protocol and results can be found in Table S6 in Supplementary Materials.

3.2.3. Speech Intelligibility

Speech intelligibility depends on the spoken language familiarity of the listeners
and is limited in children due to a lack of vocabulary and grammar skills [113]. Speech
transmission is the physical measurement of the speech intelligibility, which depends on
classroom acoustic characteristics such as the RT and the background noise level.
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One indicator of speech intelligibility is the signal-to-noise (SNR) ratio. It is defined as
the ratio of the signal power to the background noise power and is expressed in decibels. A
review on speech intelligibility in school has shown that high background noise levels can
mask speech sounds, as the authors stated that a recommended SNR should be greater than
+15 dB, and ideally at +25 dB [114]. Sarantopoulos et al. [90] measured the SNR using LA90
in an occupied classroom with a teacher talking. LA90, defined as the 90th percentile of
LAeq in a one-minute measurement period, was considered as a proxy to background noise
during the active teaching period. The SNR was calculated by subtracting the measured
teacher’s speech noise to the LA90. For 41 teachers in 15 classrooms, the average SNR for
teaching was 12.0 ± 3.6 dB(A), ranging from +6.8 dB(A) to + 21.6 dB(A).

Another indicator of speech intelligibility is the speech transmission index (STI),
which ranges between 0 and 100% and represents the transmission quality of speech
concerning intelligibility by a speech transmission channel, according to the standard EN
60268-16, 2011 [115]. STI was assessed in four studies in Italy [30,32,43,46], one study in
Poland [71], and one in England [93] by emitting a speech-like sound signal and measuring
its transmission quantity at another point in the room, referring to the methods described
in the standard EN 60268-16, 2011 [115]. Measurements were performed in unoccupied
classrooms as students’ presence can alter the STI results, and the results ranged from
41 to 76%.

The clarity index is also used to assess speech intelligibility. It is the difference between
the emitted sound energy and the later arriving sound energy after a time limit [112],
expressed in dB. C50 is the clarity index in case of a time limit of 50 ms (ISO 3392-1
standard, 2010). C50 was measured simultaneously with STI in the same three studies in
Italy [30,32,43], and in one study in England [93]. The results ranged from −6.28 to 5.55 dB
in 66% of classrooms. Details on measurement protocol and results of measured SNR, STI,
and C50 can be found in Table S5 in Supplementary Materials.

3.2.4. Sound Insulation

Sound insulation is the ability of buildings’ components to reduce sound transmission
through the envelope and the internal walls and floors. Façade insulation measurement
can be determined by measuring the airborne sound reduction index between outside and
inside the buildings. Different methods exist (ISO 16283-3 standard, 2016 [116]) and aim
at assessing either the sound reduction index of an element of the building façade, such
as windows, or the reduction of indoor noise levels due to building façade with actual
traffic conditions. In some countries, minimum sound insulation level requirements exist in
building regulations: at least 38 dB(A) façade insulation in the Italian technical regulation
and at least 30 dB(A) façade insulation in the French regulation [116].

Chetoni et al. [46] in Italy determined the total insulation of the school building façade
exposed to road traffic and calculated the weighted standardized level insulation (D2m,nT,w),
following ISO 16283-3 [116]. The study found that the façade insulation index was below
the regulatory value of 38 dB in 23 out of 24 classrooms. Different classrooms in the same
school had different results, as there are various conditions of poor quality or even damaged
windows and doors.

In the same study, airborne sound insulation between two classrooms or between
classrooms and corridors was assessed by measuring wall insulation between interior
spaces (R’w). Results showed that in 11 out of 24 classrooms, the R’w between two class-
rooms [46] was below the Italian regulatory value of 41 dB [54]. A large variability of R’w
(at a maximum of 18 dB) between the classrooms was observed. It was explained by the
different construction technologies, either with load bearing or only with a partition wall.

3.3. Indoor Air Quality (IAQ)

IAQ depends on the concentrations of pollutants having outdoor or indoor origin.
Sixty-two studies performed IAQ measurements, including the following parameters: car-
bon dioxide, different ventilation parameters, formaldehyde and other aldehydes, volatile
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organic compounds (VOC), semi-volatile organic compounds (SVOC), particulate matter,
nitrogen dioxide, bio-contaminants and radon.

3.3.1. Carbon Dioxide (CO2), Ventilation Rate (VR), and Air Change Rate (ACR)

CO2 is a marker of ventilation adequacy in the presence of people indoors and is
the most prevalently measured parameter in connection with IAQ monitoring [117]. CO2
was measured mainly with a non-dispersive infrared (NDIR) sensor. The concentrations
were determined using spot or continuous measurements, the latter for a period of 30 min
to three months with a time interval ranging from two to ten minutes. The number of
measurement locations was either one in the center of the room or in multiple locations.

Across 32 studies that measured CO2 in a naturally ventilated classroom, average mean
concentrations ranged between 591 and 3494 ppm. In all naturally ventilated classrooms,
CO2 concentration varied throughout the day depending on children’s presence and the
frequency of window opening. Studies in classrooms equipped with mechanical ventilation
systems showed that CO2 concentrations did not exceed 1000 ppm.

Details on measurement protocols of CO2 and results from studies can be found in
Table S7 in Supplementary Materials.

The air change rate (ACR) and ventilation rate (VR) can be calculated using the
measured CO2 concentrations. Six studies calculated the ACR using the CO2 decay rate
during the non-occupied period, and one study calculated VR using the CO2 production
rate during the occupied period. The estimated ACR ranged between 0.11 and 0.39 h−1 in
naturally ventilated classrooms, and between 1.4 and 3.2 h−1 in classrooms with mechanical
ventilation systems.

In 70 classrooms equipped with either air handling units (17%), fan coil units (21%),
or individual unit ventilators (62%) in the USA, VR was calculated using the peak level of
measured CO2 and mean VR was estimated to be 3.6 ± 2.3 L/s per person. The VR was cal-
culated using measured CO2 concentrations in 51 classrooms in France (14 classrooms had
mechanical ventilation systems and 37 had natural ventilation). Mean VR was estimated
to be 4.2 ± 1.7 L/s per person in mechanically ventilated classrooms and 2.4 ± 1.4 L/s
per person in naturally-ventilated classroom. In the pan-European SINPHONIE study,
the mean VR ranged from 0.87 L/s per child in Western Europe to 3.4 L/s per child in
Northern Europe.

Detailed protocols regarding ACR/VR can be found in Table S8 in Supplementary
Materials.

3.3.2. Formaldehyde and Other Aldehydes

Formaldehyde was measured in 15 studies, while other aldehydes were measured
in six studies. A summary of formaldehyde measurements is provided in Table S9 in
Supplementary Materials while Table S10 presents the measurements of other aldehydes.

Formaldehyde can be measured using passive (12 studies) or active (three stud-
ies) methods. It is sampled on a cartridge containing an organic reagent, such as 2,4-
dinitrophenylhydrazine (DNPH), then analyzed with high-performance liquid chromatog-
raphy (HPLC) and ultraviolet (UV) detection, as recommended in the ISO 16000-4 stan-
dard [118] for lightweight aldehydes. One or two passive samplers were deployed per
classroom, and their locations were not always reported. The sampling duration for passive
samplers ranged from two days to two weeks. The three studies that used active sampling
had measured in either spot measurements from one minute [24] and 30 min [108], or
2.5 h [119]. The mean concentration of formaldehyde ranged between 1.4 and 89 μg/m3.
Summaries of measurement protocols and results of formaldehyde and other aldehydes
are provided in Tables S9 and S10 in Supplementary Materials.

3.3.3. Volatile Organic Compounds (VOCs)

The most frequently measured VOCs were BTEX: benzene, toluene, ethylbenzene, and
xylenes. Fourteen studies measured BTEX, among which three also measured concentration
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of total volatile organic compounds (TVOC), and eleven measured a larger number of VOCs.
Three studies used a portable analyzer including a photoionization detector with UV to
measure organic compounds. The other studies used diffusive passive samplers for a
duration of two to four weeks. The location of the samplers was usually in the center
of the room with other measurement devices, but in most studies, it was not reported.
The mean indoor concentrations ranged between 0.5 and 3.2 μg/m3 for benzene, 0.2 and
17 μg/m3 for toluene, less than the limit of detection and 9.0 μg/m3 for ethylbenzene, and
0.6 to 12 μg/m3 for xylenes. A summary of all the measured BTEX compounds and other
VOCs, their protocols and results can be found in Table S11 and Table S12 in Supplementary
Materials, respectively.

3.3.4. Semi-Volatile Organic Compounds (SVOCs)

SVOCs are less volatile than VOCs and can also be present in the particulate phase in
addition to the gas phase. Four groups of SVOCs were measured and reported in eleven
studies. They were polycyclic aromatic hydrocarbons, PAH (acenaphthene, anthracene,
benzo(a)pyrene), flame retardants (tributylphosphate, polybrominated diphenyl ethers),
phthalates (BBP, DBP, DEHP, DEP, DiBP), and synthetic musks (tonalide, galaxolide). Phtha-
lates were the most frequently detected SVOCs in the air. Active sampling on polyurethane
foam (PUF) was often used to trap the SVOC gas phase. The samples were then ana-
lyzed using GC-MS. The sampling duration ranged from 24 h to one week at one point
in the room, with the accurate location not specified. SVOC measurement protocols and
concentrations can be found in Tables S14–S16 in Supplementary Materials.

3.3.5. Particulate Matter (PM)

Particulate matter (PM) can originate from indoor (e.g., cooking and heating) and
outdoor (e.g., traffic) sources. Twenty-two studies measured PM in classrooms, among
which ten measured PM10, 21 measured PM2.5, one measured PM4, two measured PM1,
and one measured PM0.1.

PM concentrations can be measured using optical and gravimetric methods. Optical
PM counters use a laser to count the particles passing a small volume, with results expressed
in the total particle count adjusted to the volume. The gravimetric method uses an air pump
to drive air through an impactor that collects PM according to their size. Eight studies used
an optical counter, and twelve used the gravimetric method to measure PM concentrations.
Two studies used condensation particle counters (CPC) that can measure small particles,
such as PM0.1 and PM0.5. The sampling duration ranged from eight hours to ten months,
with a time interval from one to ten minutes. The sampling locations in the classrooms
were not specified.

The measured concentrations ranged from 34 to 2061 μg/m3 for PM10, and from 1.3
to 106 μg/m3 for PM2.5. PM1 was measured in one study with a mean concentration of
19.2 ± 7.2 μg/m3 in two classrooms during school hours. One study measured PM0.5 in two
classrooms and reported concentrations ranging from 2.1 to 22 μg/m3. One study measured
the ultrafine particles, with concentrations ranging from 1560 to 16,780 particles/cm3. The
measurement protocols and results can be found in Table S13 in Supplementary Materials.

3.3.6. Nitrogen Dioxide (NO2)

Nitrogen dioxide (NO2) is primarily emitted by combustion and mainly comes from
outdoors, particularly from traffic. Among eleven studies that measured NO2, nine con-
ducted long-term (five to fourteen days) passive measurements, and two used a chemi-
luminescence continuous analyzer for a period of thirty minutes or 24 h. The location
of the samplers was usually in the center of the room with other measurement devices,
but in most studies, it was not reported. The mean NO2 concentration ranged from 4.9 to
125 μg/m3, with a maximum concentration of 292 μg/m3. Details on the measurement
protocols and results can be found in Table S17 in Supplementary Materials.
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3.3.7. Bio-Contaminants

Dampness and high relative humidity in buildings lead to microbial growth, dust
mites and their allergens [120]. Bio-contaminants assessment was reported in three studies
in Finland, one in Portugal, and in one pan-European study.

Mold exposure can be assessed either by visual inspection or by measurements of
airborne spores. Visual inspection has been reported in one study in Finland, with two
out of seventeen schools showing visible mold. For measurements of airborne spores, two
studies in Finland measured indoor airborne cultivable microorganisms, and reported an
average concentration of 22 to 260 CFU/m3 of airborne cultivable microorganisms. Finally,
the SINPHONIE pan-European study reported that 7% of classrooms had visible signs
of mold.

3.3.8. Radon

Radon is a chemically inert gas emitted naturally from underground. It was measured
in sixteen studies identified in the present review. Measurements can be made with a
passive dosimeter, which was the case in fifteen studies, for a duration ranging from
three months to one year. Passive dosimeters were placed on the ground floor or on the
lowest floor of the buildings. Only one study used an active measurement device that
provided a value every sixty minutes over 24 h. The mean radon concentration ranged
from 56 to 579 Bq/m3. The measurement protocol and the results showing measured radon
concentrations are presented in Table S18 in Supplementary Materials.

3.4. Visual Environment

Lighting conditions determine the quality of the visual environment. They include
the contributions of both daylight and artificial light emitted by the installed luminaires.
Visual environment was investigated in 15 studies; most of them were spot measurement
using an illuminance meter placed at students’ desks. The number of measurement points
varied from one per class to 319. Leccese et al. [31] measured numerous parameters for the
purpose of determining the most influential parameters on students’ visual comfort.

3.4.1. Daylighting

Daylighting measurements can be made by assessing the daylight factor via simulation
or by simply measuring desk illuminance in classrooms with artificial light turned off.
Daylight factor (%) is the ratio between the indoor horizontal illuminance at a given location
and the outdoor horizontal illuminance measured under the unobstructed sky vault in
overcast conditions. One study reported the daylight factor, with a result of 2.2%. Leccese
et al. [31] also reported that daylight glare is the most important factor contributing to
students’ visual comfort.

Five studies reported daylighting by measuring the total illuminance with artificial
lighting on students’ desk. Rucinska et al. [33] measured the average illuminance in a
classroom during two periods: one period with a clear sky and the other period with
an overcast sky. This study included the highest number of measurement points per
classroom, with 319 points grouped in three different longitudinal rows of tables, i.e., near
the windows, in the middle of the room, and next to the entrance door away from the
windows. Results showed a 9-fold decrease of mean illuminance in the middle of the room
and an 18-fold decrease next to the entrance door, compared to the illuminance on the desks
near the windows. In overcast conditions, these ratios were about 3 and 8, respectively. In
the other studies, mean measured total illuminance ranged from 303 lx to 1255 lx.

3.4.2. Artificial lighting

Artificial lighting is provided by luminaires installed inside the classroom. Artificial
lighting should be able to compensate for an insufficient level of daylight indoors.

The measurement of artificial lighting follows the same principle with the use of an
illuminance-meter. To correctly evaluate only artificial lighting, measurements should
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be done with controlled daylighting, by selecting low daylight timeframe, or simply by
closing solar protections if any in the classroom. All performed measurements were spot
measurements. Artificial lighting was measured in eight studies. Six out of the eight studies
measured only at the center of the classroom, one study reported at least four measurements
points and one study measured at six points in the room, additionally reporting the values
of the lighting uniformity factors. The illuminance values reported were in the range of
241 lx to 748 lx. Table S19 combines all measurement protocols and results of all studies on
lighting conditions.

4. Discussion

This review highlighted that out of the 88 reviewed articles, all four components of IEQ
were measured only in four studies [27–30]. Identical parameters were measured in these
four studies (air temperature, RH, CO2, illuminance, noise level), with a sample size of less
than five classrooms in three studies. The study by de la Hoz–Torres et al. [29] measured
IEQ parameters in 15 classrooms in six buildings in Portugal and Spain. As shown in
Figure 2, eight studies measured at least three out of the four IEQ components—seven
studies measured IAQ, visual and thermal parameters [25,48–50,63,66,74], and one study
measured visual, thermal and acoustic parameters [43].

Figure 2. Number of studies according to the IEQ components measured (n = 88 articles).

As shown in Figure 3, most studies had a small sample size; the median was six schools
and 17 classrooms. Twenty-six studies only measured IEQ parameters in one school, and
thirteen of them only instrumented one classroom. In 19 out of these 26 studies, there
were at least two IEQ components measured including three studies that measured all four
IEQ components [27,28,30]. In 11 studies that targeted more than 100 schools, only three
performed measurements of more than one IEQ component, including the pan-European
SINPHONIE study, which measured thermal, IAQ, and visual parameters in 114 schools
and 342 classrooms across 23 countries [25,38]. One study had the largest sample size of
1000 classrooms in 438 schools but only radon was measured with passive dosimeters [100].
Overall, it was seldom that many parameters were measured when the study included
many classrooms and schools.
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Figure 3. Number of schools and classrooms per study where the measurements were made. Each dot
represents a study with the number of measured schools on the x-axis and the number of measured
classrooms on the y-axis.

Among the different aspects retrieved from the reviewed studies (sampling location,
type of sampling, duration, etc.), the measured parameters were the first point of interest
of the review. Targeted parameters varied between studies depending on their objective
and their capabilities in terms of equipment, safety considerations, and cost. Whilst most
parameters could be used to characterize IEQ or evaluate children’s pollutant exposure and
comfort, some parameters show limitations. Indeed, to characterize thermal environment,
air temperature was measured in all studies. However, this measurement may not be suffi-
cient to characterize children’s thermal sensations which depends also on other parameters
such as relative humidity, airspeed, and mean radiant temperature [53,121]. Operative tem-
perature is based on the measurement of air temperature with a temperature thermocouple
sensor, air velocity with an anemometer, and mean air radiant temperature with a globe
thermometer. It requires advanced measurement systems which are complex and expensive
to implement in a large sample of classrooms over a long period [94]. We stipulate that
it was the reason why it was measured only in five studies and in two of them as spot
measurements before the monitoring week due to the safety considerations [27,81]. In
these studies, the differences between mean radiant temperature and air temperature were
always below 3 ◦C, suggesting that the choice of measuring air temperature is somewhat
justified. In 145 classrooms of six schools in Sweden, air temperature was measured from
May to October and the difference between operative temperature and air temperature was
below 1 ◦C because the schools were well insulated; this provides additional justification
for using only air temperature measurements [94].

The second discussion point deals with the measurement protocols. Measuring proto-
cols for some parameters have shown significant differences in sampling strategies and
statistical indicators. The sampling strategies were inhomogeneous concerning the position,
the height, the duration of the measurements in the classrooms, the sampling frequency,
and the devices ‘accuracy’ were not systematically mentioned in many studies including
calibration. This variability was observed for the four IEQ components, especially for the
numerous IAQ parameters. For example, particles were monitored with optical or gravimet-
ric methods, with various sampling strategies during occupancy or non-occupancy periods.
These variations were also observed for the background noise level, which was measured
either when children were in the classrooms or not in the classrooms. These differences led
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to inhomogeneity in results, metrics, and difficulty to interpret the results. Many measuring
methods and indicators were complex and trained field technicians were needed to perform
measurements. This mainly concerns parameters of acoustic and visual components. For
example, speech intelligibility, essential for providing an adequate learning environment for
children, was measured in five studies using three different indicators: SNR, STI, and C50,
RT, which is also an essential factor for acoustic quality in classrooms [122], was measured
with different protocols, especially for the generation of the noise, but always followed
the standard ISO 3382 [112]. For the visual environment, many parameters, including
illuminance, uniformity, luminance distribution, glare, effects of temporal light modulation
such as flicker and the stroboscopic effect, and color temperature, should be considered to
have well-balanced lighting in classrooms essential for health, well-being, and learning.
Illuminance on desks was measured in all the studies dealing with visual environment. It is
the less complex parameter to assess using a lux-meter. Other indices, such as glare indices,
have been shown to have more impact on students’ perception but are based on equations
correlating luminance values in the occupant’s field of view and human’ sensation. These
parameters were only measured one time, in one lighting’s specific study in one classroom,
demonstrating its difficulty to implement them in a large sample of schools [31]. The factors
that primarily influence occupant visual comfort were daylight glare and luminance, which
are not commonly measured as previously mentioned.

Finally, main results from the reviewed studies provide an overall picture of IEQ in
schools within the scope of our review. Most IEQ parameters identified in this review
have reference values in the regulations, standards, and guidelines from WHO and the
governments or GBC. Table 2 presents the summary results for each IEQ parameter from 88
retrieved papers and their reference values. IAQ parameters have fewer guideline values
compared to other parameters, especially for VOCs and SVOCs. While a growing body
of studies on IAQ parameters in schools has shown associated risks to children’s health,
well-being, and cognitive performance, further development and future studies are still
needed to highlight the relationship between children’ exposure to air pollutants and health
outcomes, for the purpose of establishing their reference values. For acoustic and visual
components, some parameters are regulated in European countries and the USA for school
buildings, such as façade insulation, sound insulation between two rooms, and RT. The
illuminance-regulated value has been mentioned in the labor code in France. This review
highlighted that many parameters in the four components exceeded threshold values [123].

This review creates the background for developing an IEQ rating scheme in schools
by listing the measured parameters and assessing their respective prominence, limitation,
and applicability to the school environment. The most measured parameters for the four
IEQ components are air temperature and relative humidity for thermal, concentrations of
carbon dioxide, particulate matter, radon, formaldehyde, and some volatile organic com-
pounds for IAQ, noise level, and reverberation time for acoustic and illuminance for visual
environments. The popularity of these parameters in studies indicates their pertinence in
characterizing the IEQ parameters in schools. However, a consensus measurement protocol
of all IEQ parameters must be set to facilitate inter-comparison between measurements at
different schools. Another question can be raised on whether and how occupant perception
can be used to assess the IEQ, as studies have shown limitations of some parameters when
evaluating children’s comfort. Future works should propose harmonized protocols and
define the threshold values for each parameter to ensure children can spend time at school
without harming their health, well-being, and cognitive performance.

5. Conclusions

This review provides an overview of IEQ parameters measured in schools in Europe
and North America since 2010 and compares different monitoring protocols and results in
88 articles. This review aims to provide an overview of IEQ parameters often measured
in schools, their measuring methods, and the main findings from these measurements.
These studies mainly focused on individual IEQ components in small samples of schools
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(median of six schools). Twenty-two parameters or families of parameters were reviewed.
Measurement protocols, including the number and position of samples and the sampling
duration, did not present a consensus between studies, which leads to the difficulty in
comparing the results. Some parameters also present limitations in the current schools’
environment and need further developments to be adapted to the school’s environment
and children’s exposure. Air temperature and relative humidity for thermal, concentrations
of carbon dioxide, particulate matter, radon, formaldehyde, and some volatile organic com-
pounds for IAQ, noise level, and reverberation time for acoustic and illuminance for visual
environments can be defined as adequate parameters for the purpose of characterizing IEQ
in schools.

Overall, a holistic approach to quantifying IEQ in schools is needed with a set of
measurable parameters for the four components with consensus on measurement protocols,
and threshold values that reflect children’s pollutant exposure and comfort perception.
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//www.mdpi.com/article/10.3390/buildings13020433/s1, Figure S1: Distribution of studies per
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assessment in schools in Europe and North America since 2010; Table S4: Measurements of back-
ground noise level (dB) in schools in Europe and North America since 2010; Table S5: Measurement
of clarity index in schools across Europe and North America from 2010; Table S6: Measurements of
reverberation time in schools across Europe and North America from 2010; Table S7: Measurements of
carbon dioxide (CO2) in schools in Europe and North America since 2010; Table S8: Calculation of air
exchange rate/ ventilation in schools across Europe and North America from 2010; Table S9: Measure-
ments of formaldehyde in schools in Europe and North America since 2010; Table S10: Measurements
of aldehydes in schools across Europe and North America from 2010; Table S11: Measurements of
BTEX in schools across Europe and North America from 2010; Table S12: Measurements of volatile
organic compounds in schools across Europe and North America from 2010; Table S13: Measurements
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Nomenclature

Abbreviation Signification

IEQ Indoor environmental quality
IAQ Indoor air quality
CO2 Carbon dioxide
TAIL Thermal, Acoustic, IAQ, Lighting
GBC Green building certification
SM Supplementary material
HVAC Heating, ventilation, and air conditioning
PMV Perceived mean vote
PPD Percentage person dissatisfied
VOCs Volatile organic compounds
BTEX Benzene, toluene, ethyl-benzene, xylene
SVOCs Semi-volatile organic compounds
PM Particulate matter
ACR Air change rate
VR Ventilation rate
NO2 Nitrogen dioxide
CFU Colony forming unit
RH Relative humidity
LAeq Background noise equivalent level
RT Reverberation time
SNR Speech to noise ratio
STI Speech transmission index
HPLC High-performance liquid chromatography
UV Ultra violet
TVOC Total volatile organic compounds
DNPH 2,4-dinitrophenylhydrazine
PAH Polycyclic aromatic hydrocarbons
BBP, DBP, DEHP, DEP, DiBP Phthalates
PUF Polyurethane foam
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Abstract: Mean radiant temperature (MRT) is important for indoor thermal comfort determination.
Several good ways to practically obtain accurate MRT include measuring all indoor surface tempera-
tures for MRT calculation or using a black globe thermometer. Still, it can be hard to apply in practice
because using such experimental measurements increases the efforts of data management times and
acquisition costs. In this regard, there is a practical advantage in reducing the number of measured
surfaces by grouping similar surfaces rather than measuring all indoor surface temperatures indi-
vidually to obtain MRT. However, since even those similar surfaces are not the same, it can lead to
erroneous MRT estimation, which needs to be investigated. This study analyzes the uncertainty of
MRT estimates by categorizing the surfaces with similar temperature behaviors to examine the risk
of such inaccuracy. In this study, the input data required for the MRT calculation are generated using
a measurement data-based simulation model, and the uncertainty of the MRT is quantified using
the Monte Carlo method. As a result of the study, it is observed that excluding surfaces with similar
temperatures for MRT estimation does not significantly affect the uncertainty. When the appropriate
number of input surfaces is satisfied, its MRT shows a difference of less than 1% compared to the
results calculated with all surfaces.

Keywords: mean radiant temperature; plane radiant temperature; uncertainty analysis; thermal comfort

1. Introduction

Indoor environment quality can be affected by many related factors, such as heat,
acoustic and visual conditions, and indoor air quality. In particular, indoor thermal comfort
is a very important factor related to the health of occupants [1]. According to the definition
of ASHRAE 55 [2], thermal comfort is achieved by maintaining a thermal balance between
the human body and the surrounding environment, so it is determined by the physical
parameters of the surrounding environment and the occupant’s condition.

Therefore, since various variables determine thermal comfort, indicators such as the
predicted mean vote (PMV) are widely used to represent it. PMV represents thermal
comfort using two parameters (metabolism, clothing) related to occupant’s condition and
four parameters (air temperature, mean radiant temperature, air velocity, and humidity)
associated with the indoor environment. PMV is widely used to indicate indoor thermal
comfort. PMV represents thermal comfort by considering heat transfer between the human
body and the surrounding environment using the occupant’s state and indoor physical
variables. This indicator was developed through experimental research by Fanger [3], and
it is introduced as an indicator of thermal comfort in ISO 7730 [4] and ASHRAE 55 [2].
Because estimating all input parameters for PMV calculation requires much effort and
resources in a field [5], it is relatively hard to obtain accurate PMV estimates practically.
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In particular, the mean radiation temperature (MRT), one of the parameters required
for PMV calculation, is a particular variable and a physical parameter that greatly affects
PMV significantly. MRT is defined as the surface temperature of a blackbody that radiates
from its surrounding surface a radiative heat flux equal to the radiative heat flux incident on
that point [4]. Therefore, in a room surrounded by warm surfaces, which is an environment
with a high MRT, occupants can feel the warmth even when the ambient air temperature
is low. Similarly, if there are cold walls or windows around the occupant, the occupant
may feel cold even if the air temperature is within comfortable ranges [6,7]. Because the
calculation requires a professional measuring instrument to obtain physical and personal
variables [8,9], MRT is often assumed to be simplified, which may increase uncertainty
about indoor thermal comfort [10].

Many studies have shown that inaccurate MRT observations can be a source of PMV
uncertainty. Ekici (2016) [11] reported that the ambient air temperature and MRT among
the input variables of PMV have the most direct influence on the uncertainty of thermal
comfort. Chaudhuri et al. (2016) [12] also showed that assumptions considering MRT equal
to ambient air temperature could cause large errors in thermal comfort estimation, which
means that error propagation of MRT can result in inaccurate indoor comfort controls.
Accordingly, although measuring MRT is difficult in an accurate manner, the procedure for
observing MRT needs to be considered for PMV calculation because it significantly affects
thermal comfort behaviors [13–15]. ISO 7726, an international standard, introduces the
method of using the globe temperature and the angle factor method using the ambient
surface temperature as a method of observing the mean radiant temperature [13,16].

Measurement of MRT with the globe temperature is a commonly used method [17]
because the price of the measuring instrument is relatively low and easy to use. This method
can calculate the MRT using three parameters: the globe temperature, air temperature, and
air velocity around the globe thermometer. However, the response time (20–30 min) is high,
and it may cause inconvenience to occupant activities because it must be installed in all
locations where measurement is required [9,15].

Since the angle factor method calculates the MRT by taking the surface temperature
and angle factor between the human body and the surrounding surfaces as inputs, the
measuring sensor of surface temperatures, such as a contact thermometer or an infrared
thermometer, is used. Contact thermometers are inexpensive and relatively handy for
measuring temperature. However, since the reliability of the measured value may be
reduced due to contact resistance, steady management is required. In the case of an
infrared thermometer, there is an advantage in usability because it can measure remotely.
The measurement value is greatly affected by the physical properties of the surface and
the measurement environment. Therefore, the target surface’s historical emissivity and
reflectance values are required. Additionally, the user’s expertise is necessary to correct the
error caused by the measurement environment [18,19].

In the case of the measurement of MRT with a global thermometer, the accuracy is high,
but since it provides only the MRT for the measurement location, there is a disadvantage
that it may cause inconvenience to occupants’ activities due to the installation of the
measuring instrument. On the other hand, in the case of the angle factor method, since the
physical relationship of the surrounding surfaces is used, it is possible to calculate the MRT
of not only a single point but also all points in the room. It is also possible to evaluate the
radiation asymmetry using the plane radiant temperature. It has been reported that the
MRT derived by the calculation method using the surface temperature is reliable with an
error of about 1 ◦C [8].

Data observation and management costs may increase if the angle factor method is
used because most of the surrounding surface temperature must be measured. However,
when calculating the room’s surface temperature, since the surfaces exist in the same
space, a similar pattern is shown except for the surface strongly influenced by external
conditions or heating equipment. Therefore, if the MRT is derived by representing similar
surfaces with one surface after grouping similar surfaces in advance, the number of surface
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temperatures, which are input variables for calculation, is reduced, so there may be practical
advantages such as data measurement cost reduction.

There have been various previous studies to reduce the resources required for MRT
calculation. Vorre et al. (2015) [20] geometrically simplified the human body shape to
reduce the amount of computation necessary for MRT calculation. They compared it with
the results of complex methods such as ray tracing. Dogan et al. (2021) [21] predicted
outdoor MRT with an accuracy of about ±2 ◦C by clustering surrounding surfaces. How-
ever, few studies have simplified indoor MRT prediction methods by grouping indoor
surfaces. In addition, no study has explored uncertainty analysis due to the simplification
method of MRT calculation. Even though indoor surfaces are on similar boundary condi-
tions, they are not the same, so if some surfaces are considered equally and the average
radiant temperature is calculated, an error will inevitably occur. When the error for MRT
observation becomes large, thermal comfort may be incorrectly evaluated, so it is necessary
to investigate the uncertainty in advance for reliable indoor MRT observation [22,23]. In
this study, to quantitatively analyze the reliability of the MRT calculated according to the
grouping of similar surface temperatures, the uncertainty of MRT due to the reduction of
surface temperature input is investigated through a case study.

2. Methodology

This study investigates the uncertainty of indoor MRT derived according to the indoor
surface temperature grouping for a specific case. This study also analyzes the effect of
the uncertainty of indoor thermal comfort. The input data for the MRT calculation are
generated through a simulation model, and the Monte Carlo method is used to investigate
the uncertainty. The overall research flow proceeds, as shown in Figure 1.

Figure 1. Flowchart of the research.

In steps 1 through 2, measurement experiments are conducted for simulation modeling
for data generation. For the measurement data-based modeling, the chamber, in which the
surface temperature measurement experiment is performed, is modeled using the building
energy simulation program. The model is then validated by comparing the measured data
with the model’s output data. After the model validation, the second step is carried out. In
step 3, as a data generation step, simulated results for MRT calculation are used as outputs,
and then grouping is performed for surface temperatures. The main output variables
are the indoor surface temperatures and the solar radiation transmitted into the room,
simulated under the input conditions of a typical meteorological year. Then, clustering
analysis is performed on the simulated surface temperature data to categorize the surfaces,
including similar temperature behaviors. The final step is to calculate the MRT according
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to the input surface temperature reduction and examine the uncertainty of the MRT. The
MRT is calculated using the simulation outputs of the preceding steps, and the Monte
Carlo method is used because uncertainty must also be taken into account. The Monte
Carlo method is a technique used for estimating results, such as uncertainty values. Since
it proceeds with sufficiently many iterations with input values randomly extracted from a
set of input variables, almost all possible consequences can be derived. At this time, the
variable input set is the grouped surface temperature, which is randomly selected from the
group. The extracted surface temperature is an input to the MRT calculation by replacing
the remaining surfaces in the group. After sufficiently repeating the trial, the results of all
trials are aggregated to calculate the uncertainty and statistical indicators.

3. Models and Generation Datasets

3.1. Experimental Setup for Model Validation

The experiment to measure the indoor surface temperature was conducted for 8 days from
May 4 to May 12 in a test facility located at Hanbat National University (Republic of Korea,
Daejeon, latitude: 36.35, longitude: 127.30). Figure 2 shows a photograph and plan view
of the test facility where the measurement experiment is conducted. The interior size
of the test facility is 5.5 m × 2.4 m × 2.3 m (length × width × height), and a window
(2.0 m × 1.0 m) is located on the south wall at 0.8 m from the floor. The south and roof
surfaces are exposed to the outside air, and the remaining surfaces are in contact with the
adjacent zone. The roof has a 5-degree slope. The facility envelope is composed of SIP
(Structural Insulated Panels) with a thickness of 220 mm, and the thermal transmittance
is 0.17 W/m2K. The window on the south side is a fixed window made of triple glazing
(6 mm Clear, 6 mm LowE, 6 mm LowE) and the thermal transmittance is 1.44 W/m2K.

Figure 2. (a) Interior space of the chamber; (b) exterior view of the chamber; and (c) floor plan of
the chamber.

To minimize heat transfer with the adjacent zone, the internal wall of the test chamber
has the same insulation (220 mm, SIP) as the outer wall. The indoor surface temperature
is measured using a thermocouple wire attached to each surface center point. The area-
weighted average temperature of the frame, glass, and edge determines the window
surface temperature. The temperature of the remaining surface is calculated by averaging
the temperatures measured at three points in the center of each surface, and the average
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surface temperature of each surface is assumed to be constant over the entire area of each
surface. The measurement data was logged at 10 min intervals.

External meteorological data (e.g., external temperature and global horizontal irra-
diance) is also measured with 10 min of time-step. The outside temperature varied from
8.9 ◦C to 30.5 ◦C, the global horizontal irradiance was up to 1011 W/m2, and the outside
weather was mostly sunny during the experimental period. During the measurement
period, the indoor thermal condition of the chamber was kept without the heating and
cooling controls. As a result of the measurement, the indoor air temperature ranged from a
minimum of 21.1 ◦C to a maximum of 28.6 ◦C due to the change in outdoor temperature
and the influence of solar radiation, and the average daily temperature difference was
4.2 ◦C. In the case of indoor surface temperature, the average daily temperature difference
of opaque surfaces such as walls and floors was 3.3 ◦C, but the average daily temperature
difference between windows and doors was 7.1 ◦C, showing a relatively large range of
changes. Figure 3 is a graph showing the measured indoor surface temperature and exter-
nal weather conditions. The measuring instruments used in the measurement experiment
are shown in Table 1.

Figure 3. (a) Measured inside surface temperature; (b) measured internal and external air tempera-
tures; (c) measured GHI (global horizontal irradiance); and (d) measured wind speed.

Table 1. Measurement equipment specifications used in the measurement experiment.

Variable Instrument Measuring Range Accuracy

Dry Bulb Temperature Thermocouple
(T type) −250 ◦C to 350 ◦C ±1.0 ◦C

Wind velocity Hot Wire Anemometer 0 to 25 m/s ±5.0%
Global Solar Radiation Pyranometer 0 to 2000 W/m2 ±15 W/m2

Surface Temperature Thermocouple
(T type) −250 ◦C to 350 ◦C ±1.0 ◦C

A simulation model of the test chamber is developed based on the geometry informa-
tion from the experiment facility. The simulation model is created using the EnergyPlus [24]
program, and its validity is checked by simulating the internal surface temperature under
the same weather conditions as the measurement experiment. At this time, direct and
diffuse components of solar radiation input to the simulation were determined using the
Perez model [25], and parameter identification was performed using MCMC sampling to
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improve data simulation accuracy [26]. The simulated chamber internal surface temper-
ature and R2 of the measured data showed good similarity to 0.8 or more. Figure 4 is a
graph comparing simulation results and measured data for surface temperature.

Figure 4. Comparison of measured and simulated surface temperature.

3.2. Generation of the Input Dataset

Input data required for MRT calculation is generated through the simulation model.
The selected representative month of the typical meteorological year (TMY) is an input
as the meteorological condition of the simulation. The TMY used for this analysis is the
standard meteorological data of Daejeon, located in South Korea. The data is IWEC2
type TMY provided by ASHRAE [27]. The month with the lowest outdoor temperature
of the TMY is in January, and the month with the highest is in August. In addition, the
relative humidity in summer is higher than in other seasons. Accordingly, input data were
generated in winter (January) and summer (August) weather conditions. The simulation
period was 2 weeks from the 1st to the 14th of each month, and all result values were output
at every 1-h step. Assuming that the room is controlled at a constant air temperature, the
set temperature for cooling and heating is set at 25 ◦C for the entire simulation period.

Figures 5 and 6 show the simulation results under the set weather conditions. Figure 5
shows the indoor surface temperature, and Figure 6 shows the direct and diffusion compo-
nents of irradiance transmitted into the room. The window’s surface temperature clearly
indicates a large difference compared to other surfaces. Especially in January, it shows a
big difference under the influence of irradiance and low outside temperature. The surface
temperature of the ceiling in August is higher than that of other surfaces except for win-
dows due to the influence of irradiance during the day. In the case of irradiance transmitted
indoors, the diffuse irradiance transmitted indoors was slightly higher in August than in
January. In contrast, the direct irradiance transferred indoors was much higher in January
than in August due to the influence of the solar’s incident angle.
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Figure 5. Simulation results: Indoor surface temperature: Winter (left), summer (right).

Figure 6. Simulation results: Indoor transmitted irradiance: winter (left), summer (right).

3.3. Grouping Indoor Surfaces Using Clustering

Clustering analysis is performed on the indoor surface temperature data to group
surfaces exhibiting similar temperatures. Clustering is an unsupervised method that
defines the similarity between data and clusters each data based on the similarity. Since
MRT depends on the indoor conditions at the time, clustering is performed by calculating
the Euclidean distance between data observed simultaneously. The k-mean algorithm was
used as the cluster analysis algorithm to perform this analysis.

K-means was first proposed by M. Queen (1967) [28] as a clustering method that groups
the given data into k number of clusters. The K-means algorithm classifies data based on
the assumption that similar data are distributed around the centroid of each cluster. When
the number (k) of clusters set by the user is given, a grouping of similar data is performed
by continuously updating the centroid so that the distance between each data and the
centroid of the cluster is minimized. K-mean clustering was performed according to the
procedure below and was performed using Scikit-learn, a Python open-source library [29].

• Step (1) Randomly select the initial centroid of each cluster;
• Step (2) Calculate the similarity between the centroid and each data using Euclidean

distance, and assign the data to the nearest cluster;
• Step (3) Update a new centroid for each cluster using the expectation-maximization algorithm;
• Step (4) If the selected center value satisfies the convergence condition, the center

point update is stopped, and the finally calculated center value is adopted. If the
convergence condition is not met, repeat steps 1–3.

Since clustering results may vary depending on randomly set central values, the
expected results were used after performing clustering 30 times. As all 7 surfaces were
classified into 6 groups from 2 groups, 5 types of clustering were performed, and the surface
temperature for each time was used as the property for grouping the surfaces. The results
of clustering are shown in the following Table 2.
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Table 2. Clustering results for interior surfaces.

Count of Cluster 2 3 4 5 6

Window South 2 2 2 2 2

Exterior Wall South 1 3 4 4 4

Interior Wall

North 1 1 1 1 6

West 1 1 1 1 1

East 1 1 1 1 1

Floor 1 1 1 5 5

Ceiling 1 3 3 3 3

As a result of the clustering, when the surfaces are classified into two groups, the
first group includes only the window surface, and the second group has all other surfaces.
Since the window surface is most affected by the outside air, it is clearly differentiated from
different surfaces. When the surfaces are classified into three groups, the surfaces in contact
with the outside are organized into a new group. The surfaces classified into this group are
the ceiling surface and the south wall surface. Then, as the number of clusters increases, a
group, including a single surface, is created.

4. Calculation Method of Output

This section describes the mean radiant temperature and the PMV calculation proce-
dure. To calculate these, the procedure presented in ISO7726 is mainly referred to, and
since MRT may be affected by solar radiation transmitted through windows, the calculation
method is modified by considering these effects [30]. In addition, these indicators are
calculated for points with a distance of 1.0 m (A), 2.0 m (B), and 3.0 m (C) from the window
to examine the trend according to the indoor location. The height of all points is 0.6 m,
which is the height of the occupant’s sitting position [15]. Figure 7 is a schematic diagram
of the location of the target points.

 
Figure 7. Defined calculation points in the room.

4.1. The Mean Radiant Temperature Algorithm

Mean radiant temperature (MRT) Tr is calculated using the plane radiant temperature
presented in the international standard ISO 7726. According to the standard, the MRT is cal-
culated using the plane radiant temperature for each surface and the human body projected
area factor for the surface direction, assuming that the occupant is a regular hexahedron.
Therefore, the MRT is derived by Equation (1) using the plane radiant temperatures for the
six infinitesimal surfaces of the target point.

Tr = cz
(
Tpr,Top + Tpr,Bottom

)
+ cy

(
Tpr,Right + Tpr,Le f t

)
+ cx

(
Tpr,Front + Tpr,Back

)
(1)
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where cz, cy, cx are the projected area factors in the z, y, and x directions on the human body
surface, and Tpr,D is the plane radiation temperature in the D-direction. The projected area
factor was entered as the value of the sitting position [15].

For an environment where only long-wave radiation from surrounding surfaces is
considered, and other radiation effects are small enough to be negligible, the plane radiation
temperature can be calculated as Equation (2) below. However, in a location close to a
surface that can transmit solar radiation, such as a window, the plane radiation temperature
may rise due to the radiation transmitted into the room. Since Equation (2) does not include
solar radiation transmitted into the room, the MRT may be underestimated during the
daytime when solar radiation is present. Several results have been reported in the literature
that the MRT can be increased by more than 20 ◦C under the influence of transmitted solar
radiation and can cause radiation asymmetry [30].

Tpr,D = 4

√
∑N

i=1 FD→iT4
sur f ,i (2)

where Tsur f ,i means the i-th indoor surface temperature, and Fd→i means the view factor
between the D-direction surface of the target point and the surrounding i-th surface.

Since the indoor environment modeled in this study can be affected by irradiance, the
plane radiation temperature is calculated by Equation (3) considering the direct and diffuse
irradiance transmitted into the room [31].

Tpr,D = 4

√
αS
εS

∑N
i=1 FD→sur f ,iT4

sur f ,i +
αd

σεS
∑M

j=1 FD→sur f ,j Id + CS
αb

σεS
Ibcosθb (3)

where Tsur f is the surrounding surface temperature, εS is the emissivity of the target surface,
and σ is the Stefan-Boltzmann constant (σ = 5.67 × 10−8 W/m2K4). Id and αd indicate
the radiation intensity and absorption coefficient of the diffuse solar radiation transmitted
into the room. And Ib, αb, and θb mean the radiation intensity, absorption coefficient, and
incident angle for the direct solar radiation transmitted into the room, respectively. CS is a
shading coefficient for direct solar radiation.

The absorption coefficient αs and the emissivity εS of the target surface are set to
1 from the black body assumption, but the absorption coefficient αb and αd for irradiation
can vary depending on the type of clothing worn as well as the skin color of the occupants.
These parameters are assumed to be 0.67 for average clothing and skin color (white) [32].

The solar radiation incident through the window can be partially blocked due to the
shading effect of the envelope. Therefore, it is necessary to verify whether the target point
is affected by the shading effect. This is checked hourly because it changes with the sun’s
position. The shading effect of the envelope can partially block the solar radiation incident
through the window. So it needs to be verified that the target point is affected by the
shading effect and this is checked every timestep as it depends on the sun’s position.

The area where the direct sunlight Is incident was calculated to confirm the shading
effect [33]. This area is determined by the coordinates A, B, C and D points shown in
Figure 8. These coordinates can be determined using the su”s position and the geometric
parameters of the envelope. (Equations (4)–(11)) When the target point is located within
the calculated area, the shading coefficient CS is 1, otherwise, it is 0.

xA = xW −
(

zW − zb
tanβ

cosγ +
s
2

)
tanγ + | s

2
tanγ| (4)

yA =
zW − zb

tanβ
cosγ (5)

xB = xW −
(

HW + zW − zb
tanβ

cosγ − s
2

)
tanγ + | s

2
tanγ| (6)
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yB =
HW + zW − zb

tanβ
cosγ − s (7)

xC = xW + LW +

(
HW + zW − zb

tanβ
cosγ − s

2

)
tanγ − | s

2
tanγ| (8)

yC =
HW + zW − zb

tanβ
cosγ − s (9)

xD = xW + LW +

(
zW − zb

tanβ
cosγ +

s
2

)
tanγ − | s

2
tanγ| (10)

yD =
zW − zb

tanβ
cosγ (11)

Figure 8. Definition of the geometric parameters involved in the delimitation of the irradiated zone
modified with permission from Ref. [33].

The view factor can be calculated by Equation (12). Still, since it is often difficult to
apply in actual geometric boundary conditions, the view factor is calculated numerically
after being discretized as in Equation (13).

Fd→j =
1
Ai

�
Ai Ad

cosθicosθd
πR2 dAddAi (12)

Fd→j ≈ 1
Ai

∑ ∑
cosθicosθd

πR2 dAddAi (13)

where R is the distance between dAd and dAi, and θ is the angle between the normal vector
of dAi and the vector connecting the centers of dAd and dAi.

4.2. Predicted Mean Vote (PMV)

Predicted Mean Vote (PMV) is used as the thermal comfort index used in this study.
PMV represents people’s average thermal sensation with the same activity and clothing
for a given environment. To comply with ASHRAE 55 [2], the recommended thermal limit
on PMV is between −0.5 and 0.5. In the case of ISO 7730 [4], the recommended PMV is
between −0.7 and 0.7 for existing buildings, and new buildings range between −0.5 and
+0.5. PMV is widely used to evaluate the thermal comfort level of indoor environments
such as residential buildings, offices, and hospitals.

According to the procedure presented in ISO-7730 [4], PMV is calculated using
5 physical parameters (i.e., air temperature, relative humidity, air velocity, mean radi-
ant temperature, water vapor pressure) and 2 occupant’s parameters (i.e., clo and metabolic
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rate). Indoor physical parameters, such as relative humidity, air velocity, and air temper-
ature, are assumed to be uniform throughout the indoor space. The values simulated by
EnergyPlus are used.

As shown in Table 3, For the clo value, different values are applied depending on the
winter and summer seasons, and the occupant’s activity (metabolic rate) is assumed to be a
sedentary activity (office, dwelling, school, laboratory). The parameters dependent on the
occupant are assumed to be constant during the simulation period.

Table 3. Input parameters for occupant’s state.

Parameter Description [Unit] Winter Summer

Metabolic rate [W/m2] 70 70
External work [W/m2] 0 0

Clo [-] 1.0 0.5

4.3. Uncertainty Analysis Method

In this study, the Monte Carlo method (MCM), a sampling-based method, was used to
derive results, including uncertainty. MCM is a widely used uncertainty analysis method
in the building energy field, such as GUM (Guide to the expression of uncertainty in
measurement), TSM (Taylor Series Method) [34–36]. According to the literature, researchers
obtained reliable uncertainty results and objective estimates of mean and variance for
thermal comfort using MCM [37,38]. The following process is carried out to derive the
MRT uncertainty using MCM.

Considering each clustered surface group Gk as a sample space, one surface is ran-
domly sampled from each group. In this step, all surfaces in the group have the same
probability of being sampled. (Equation (14))

Tsur f ,k ∼ Uk(Gk), Gk =
{

Tsur f ,a, Tsur f ,b, . . . .
}

(14)

The temperature of the sampled surface is input to the MRT calculation model fMRT ,
and the surface is representative of all surfaces in the sampled group. For each sampled
surface temperature, 0.5 ◦C of Gaussian noise is added to reflect the uncertainty of the
surface temperature sensor. (Equation (15))

Tr,k = fMRT(N
(

Tsur f ,1, 0.5
)

, . . . , N
(

Tsur f ,k, 0.5
)
) (15)

Therefore, the output is calculated from the MRT model using the temperature sampled
on the surface group, as shown in Figure 9. Repeating this process, an MRT sample is
collected, and when the number of iterations achieves a set value, an uncertainty indicator
is derived from the data generated in all trials.

The uncertainty indicator is expressed as an expanded uncertainty with 95% confi-
dence interval based on the GUM method. When there are sufficient observed samples,
and the systematic error is zero, an expanded uncertainty of 95% confidence level U95,k
can be obtained by multiplying the standard deviation by two. (Equation (16)) [35] Using
MCM, standard deviations are calculated for every time step, and finally these indicators
are expressed as expected values for the set simulation period.

U95,k = 2sk (16)

sk =

√
∑n

i=1
(
Tmrt,k − Tmrt,k

)2

n
(17)

where k means the number of surfaces used for MRT calculation, and n is the number of
MRT data for each time step (n = 100).
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Figure 9. Schematic view of Monte Carlo simulation to estimate the uncertainty of MRT.

5. Results and Discussion

5.1. Uncertainty Analysis of Mean Radiant Temperature

Based on MCM, the uncertainty distribution of MRT was derived. Figure 10 shows a
histogram of the MRT uncertainty over the entire simulation period. Except for the MRT
calculated with two surfaces, the uncertainty distribution of the other MRTs appeared
similar to the normal distribution. The mean and standard deviation of each distribution
are shown in Table 4. The uncertainty of the MRT calculated with only two surfaces shows
the largest value with an average of about 0.62 ◦C and a maximum of about 1.1 ◦C. The
uncertainty of MRT calculated with 5 or 6 surfaces is relatively small, with an average of
about 0.48 ◦C and a maximum of 0.59 ◦C.

Figure 10. Histogram of expanded uncertainty of MRT calculation results.
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Table 4. Summary of the expanded uncertainty of 95% confidence level.

Number of Inputs Surface Point Mean Max Standard Deviation Coefficient of Variation

2
A 0.603 1.082 0.144 23.8%
B 0.623 1.080 0.140 22.4%
C 0.644 1.097 0.151 23.5%

3
A 0.473 0.627 0.039 8.2%
B 0.497 0.641 0.039 7.8%
C 0.504 0.672 0.042 8.3%

4
A 0.461 0.571 0.032 7.0%
B 0.486 0.600 0.035 7.2%
C 0.492 0.595 0.035 7.1%

5
A 0.463 0.581 0.034 7.3%
B 0.483 0.605 0.034 7.1%
C 0.489 0.586 0.034 7.1%

6
A 0.460 0.587 0.034 7.4%
B 0.484 0.600 0.035 7.3%
C 0.489 0.600 0.036 7.4%

The uncertainty tends to decrease as the number of surfaces used in the calculation
increases. In particular, when increasing the input surface temperature from 2 to 3, the
uncertainty reduction rate was 20% to 22%, showing a great improvement. When the
number of input surfaces is increased from 2 to 3, the surfaces facing the outside air (ceiling,
south wall) are classified into a new group, and MRT is calculated. In this case, it is judged
that individually considering the surfaces facing the outside significantly influences the
improvement of the uncertainty.

The uncertainty of Tr,4 was on average about 2.5% smaller than the uncertainty of Tr,3.
In the case of more than 5 surfaces, the uncertainty change by increasing the input surface
was small, within ±1%. The newly added surfaces in Tr,5 and Tr,6 are surfaces classified
from the surface group facing the adjacent zone. This indicates that the uncertainty change
with the addition of the input surface is negligible because the surfaces facing the adjacent
zone have similar temperatures.

Comparing the expected uncertainty values at each observation point, the smallest
value is shown at point A, which is close to the window, and the largest at point C, which
is close to the center of the room. (Figure 10) Uncertainty deviation, according to the
observation point, varies from 3% to 10% depending on the number of input surface
temperatures. The uncertainty increases as the distance from the window increases. This
shows that the uncertainty propagation of the surface temperature can appear variously
depending on the target location.

In addition, increasing the distance of the target location from the surfaces considered
as individual surfaces (window and south wall) means that the influence of the grouped
surfaces increases, which causes additional uncertainty. To investigate the effect of each
surface, sensitivity analysis is performed for each surface according to the observation
position. For sensitivity analysis, the Sobol method, which can quantitatively express
the influence of input variables, is used using SALib, a Python library [39,40]. The Sobol
method is a sensitivity analysis method based on variance decomposition. The sensitivity
index is defined by dividing the expected value of the variance of the output variable for
the input variable by the total variance of the output variable. (Equation (18)).

Si =
E(V(Y|X∼i))

V(Y)
(18)

where, S is the sensitivity index, X is the input variable, and Y is the model’s output.
Figure 11 shows the sensitivity index of each surface to the MRT according to the

distance from the south wall. As the distance increases, the sensitivity of the windows and
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the south wall decreases, and the sensitivity of other surfaces increases. It means that as
the target point gets closer from A to C, the weight of the grouped surface increases so that
the MRT uncertainty may increase. The increase was up to 0.1 ◦C in all cases.

Figure 11. Results of sensitivity analysis.

The uncertainty of MRT according to the number of input surfaces is classified into the
winter and summer periods and investigated. Figure 12 shows the expanded uncertainty
for winter (left) and summer (right) over 24 h a day. It shows that the time-dependent
change of the summer uncertainty and the winter uncertainty is different in Tr,2. Tr,2
is MRT calculated with two surface temperatures, and the input surface temperature is
randomly selected from a group including only the window surface and a group including
all other surfaces.

Figure 12. Expanded uncertainty of MRT over 24 h: Winter (left), summer (right).

In the winter period, the temperature difference between the surfaces in the group
increases because the temperature of the surface in contact with the outdoor air is relatively
low at night. Therefore, since there are cases where the surface sampled from the group is a
surface in contact with the outside air, the MRT may be underestimated, which is a major
cause of its uncertainty increase. On the other hand, the uncertainty is higher during the
day than at night for the summer period. During the daytime, the temperature difference
between the surface in contact with the outside and the rest of the surface increases due to
the influence of solar radiation incidents on the envelope. This is a major factor in reducing
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the temperature similarity of surfaces within a group and can increase the uncertainty
of MRT.

In the case of Tr,(k≤3), the uncertainty shows a different trend depending on the
weather conditions. Figure 13 shows the MRT uncertainty in winter (left) and summer
(right) as boxplots according to the number of input surface temperatures. The deviation of
the expected value is less than 0.1 ◦C, showing a slight difference, but the standard deviation
of the uncertainty distribution in Tr,2 is relatively large in summer. The uncertainty of Tr,2
shows relatively greater fluctuations in summer than in winter. In the case of Tr,(k≤3), the
uncertainty expected value deviation between the two periods is less than 0.1 ◦C, showing
little difference in uncertainty depending on the season.

Figure 13. Expanded uncertainty: winter (left), summer (right).

5.2. Propagation of Uncertainty to Thermal Comfort

The PMV uncertainty is derived using the MRT calculated by the MCM. Figure 14
shows the PMV uncertainty distribution for each season according to the number of input
surface temperatures. The uncertainty of PMV shows a similar trend to that of MRT shown
in the previous section due to its linear relationship with MRT.

Figure 14. Expanded uncertainty of PMV: winter (left), summer (right).

As the number of input surfaces increased, the expected value converged to about
0.062 for PMV uncertainty in winter and about 0.084 for PMV uncertainty in summer. In
both seasons, the expected value and standard deviation of PMV uncertainty are high at
Tr,2, but the PMV uncertainties calculated from Tr,(k>3) show similar values without large
deviations. Additionally, the range of expected PMV uncertainty at Tr,(k>3) is 0.060–0.088,
which are not exceeding 0.1 for most of the observation period.
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The uncertainty propagation of PMV shows different characteristics in summer and
winter. The expected value of PMV uncertainty was 27–30% higher in summer than in
winter. The main reason for the difference was the propagation of uncertainty according to
the input clo, since PMV reflects the heat transfer between the occupant and the surrounding
environment according to the clo value. As a result, the lower the clo value, the greater
the effect of radiation and convection by the surrounding environment, so the uncertainty
propagation of MRT becomes relatively large under the condition of wearing light clothing.
Figure 15 is a graph showing the uncertainty of PMV propagated by MRT uncertainty by clo
value. The PMV distributions are calculated using Monte Carlo simulations for six clothing
conditions. It shows that the uncertainty of PMV decreases as the clo value increases.

Figure 15. Propagation of uncertainty in PMV by clo value.

6. Conclusions

In this study, MRT was calculated using grouped surface temperatures to investigate
the possibility of data monitoring cost savings for MRT observation, and uncertainty due to
input surface temperature reduction was analyzed using MCM. The results are summarized
as follows:

1. As the number of input surface temperatures used for MRT calculation decreased,
the uncertainty increased up to 0.64 ◦C. This uncertainty change showed a significant
difference between Tr,2 and Tr,3, and in Tr,(k>4), the uncertainty change due to the
addition of the input surface was less than 1%. In the case of Tr,(k>4), since the
surfaces not in contact with the outside show similar temperatures, it was shown that
measuring these surfaces individually does not significantly affect the results;

2. When examining the MRT uncertainty according to the observation point, the expected
value of the uncertainty increased at the point farther from the southern surface. Since
the parameters of the MRT model (view factors for the surrounding surfaces) can vary
depending on the observation point, the uncertainty propagated at each surface can
also vary. In this case, the uncertainty increased by up to 0.1 ◦C as the observation
point approached the grouped surface;

3. In Tr,(k≤3), when only the surface in contact with the outside was selected, the MRT
uncertainty tended to fluctuate according to the weather conditions. For stable MRT
observation, it is necessary to appropriately select a surface that can be representative
of the other surfaces in the group;

4. As a result of investigating the effect of MRT uncertainty on PMV uncertainty, the
expected value of PMV uncertainty was about 30% higher in summer than in winter.
This is a result of the input clothing value difference, and the lighter the occupant’s
clothing, the greater the MRT’s effect on PMV.

As the results indicate, it was found that excluding surfaces with similar temperatures
for MRT estimation did not significantly affect the uncertainty. Observation of MRT
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using only representative surfaces through preliminary research shows the possibility of
effectively reducing the cost of data measurement. As to limitations, since this study was
conducted under limited indoor conditions, the number of surface temperatures required,
and the uncertainty may vary depending on the characteristics of the applied zone. Hence,
more geometry and zone types with different indoor conditions should be investigated to
validate our results further.
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Abstract: Among the aspects with major impacts on the energy and environmental performance
of a building, the thermal insulation of the opaque elements of its envelope stands out. This work
assesses the influence of the application of thermal insulation to the opaque elements of the build-
ing’s envelope on the thermal comfort conditions indoors; moreover, the influence of the thermal
insulation on the energy, environmental, and economic costs over the building’s complete life cy-
cle is evaluated. For this purpose, the three most commonly used thermal insulating materials
(expanded polystyrene—EPS, extruded polystyrene—XPS, and mineral wool—MW), thicknesses
between 0 (without insulation) and 40 cm, five climates (hot, warm, moderate, cold, and very cold),
and six types of use (apartment, housing, clinic, school, bank branch, and supermarket) were con-
sidered. EPS reveals itself to be the most promising thermal insulation material, both in economic
and environmental terms, so it was selected for this study. The EPS’ optimal thickness depends on
the building’s type of use, the climate, and the perspective from which the assessment is carried out
(energy, environmental, or economic). The results show that the economically optimal thicknesses of
thermal insulation are significantly lower than the corresponding ones in environmental terms. Fur-
thermore, the application of thermal insulation to the opaque building’s envelope is more beneficial
in energy and environmental terms than from an economic perspective.

Keywords: optimal buildings’ thermal insulation; influence of type of use; influence of climate; life
cycle cost analysis (LCCA); life cycle energy analysis (LCEA); life cycle impact analysis (LCIA)

1. Introduction

Good indoor environmental quality is essential to achieving well-being and ensuring
work efficiency. Among the aspects relevant to indoor environmental quality, thermal
comfort is usually pointed out as being more important than visual and acoustic comfort
and indoor air quality [1]. To assure a low environmental impact, thermal comfort must be
ensured with low primary energy consumption. The preference of building holders is that
thermal comfort conditions should be achieved at a low economic cost [2].

1.1. Overview

According to the Intergovernmental Panel on Climate Change (IPCC) report on climate
change mitigation from 2022 [3], total greenhouse gas (GHG) emissions have increased
between 1970 and 2019, with a larger absolute increase after year 2000. Despite a growing
number of climate change mitigation policies, annual GHG emissions grew on average by
2.2% per year from 2000 to 2019, compared with 1.3% per year from 1970 to 2000. Slightly
different values for the GHG emissions are reported on the Emissions Gap Report 2022 of
the United Nations Environment Programme [4], where an average annual growth rate of
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2.6% per year from 2000 to 2009 and 1.1% per year from 2010 to 2019 is reported. According
to both reports, a high was reached in 2019, followed by a decrease in 2020 (associated
with the COVID-19 confinement); it is also suggested that total global GHG emissions in
2021 will be similar to, or even surpass, 2019 levels. According to the IPCC report [3], the
building sector was responsible for 32% of the final energy consumption and 19% of the
global equivalent CO2 emissions.

The actual European Union (EU) “energy performance of buildings directive” (EPBD) [5]
demands that new buildings be “near-zero-energy buildings” (nZEB). To progress towards
more sustainable buildings, a new EPBD directive is being developed [6], in which it is
required that new buildings be “zero-emission buildings” of greenhouse gases (GHG), defined
as “buildings with a very high energy performance in line with the energy efficiency first
principle, and where the very low amount of energy still required is fully covered by energy
from renewable sources at the building or district or community level where technically
feasible”.

1.2. State of the Art

This section provides a summary of some previous research about the energy, envi-
ronmental, and economic costs of thermal comfort, presents the methodologies of analysis,
details the studies more related to the present one, and highlights the aspects that require a
further assessment.

The environmental impacts of a building are essentially divided into three parts: those
caused by the construction, those due to the building’s operation, and those resulting from
the building’s demolition at the end of its useful life. Between them, the impacts caused
by a building’s end-of-life are negligible or have a small share [7–10], so studies related to
this area normally consider only the environmental impacts due to the construction and
operation phases.

The energy consumption of a building during its use is directly related to the quality
of its constructive solutions (passive and active) and the efficiency of its heating, ventilation,
and air conditioning (HVAC) system. Among its passive constructive solutions, the opaque
elements of the envelope stand out, whose thermal transmission coefficient and thermal
mass strongly influence the thermal and energy behavior of the building; these properties
depend on the materials included, namely the thermal insulator (material, thickness, and
location in the constructive element) [11]. Furthermore, opaque building elements generally
represent the largest share of the construction expenditures [11].

The economic costs of a building are always supported by whoever is responsible for its
use, be it the owner or the tenant [11,12]. To carry out an economic assessment of a building,
it is necessary to know the corresponding expenses during its complete life cycle [13,14],
whose value depends on the financial framework of its holder [11,12,15]. This assessment
can be performed using the concept of “equivalent annual cost” [€/(m2 year)] [2,11,15],
which is an improvement of the concept of “equivalent global cost” (€/m2) [13,14].

The environmental impacts caused by the construction phase arise from the energy
used for the extraction, manufacture, transport, and application of buildings’ constituent
elements [16], which is recognized as embodied energy. This energy is one of the most
commonly used indicators to represent the sustainability of materials and equipment.
Therefore, a lower embodied energy indicates a lower environmental impact.

The methodologies used to identify the best thermal insulation material, its better
position in the building opaque envelope, and its optimal thickness are normally based
on a life cycle energy analysis (LCEA), a life cycle impact analysis (LCIA), and a life
cycle cost analysis (LCCA), depending on whether the focus is on minimizing the energy
consumption, the environmental impacts, or the economic costs, respectively [7–11,17–21].
As the relationship between the economic cost of buildings’ thermal insulation and its
energy efficiency and environmental impacts is not linear, there may be large differences
between the solutions identified as the best, depending on the assessment methodology
used [11,12,17–21].
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Anastaselos et al. [17] proposed a methodology to classify the economic, the energy,
and the environmental qualities of thermal insulation solutions, which assigns a perfor-
mance category to each perspective. According to its proponents, this “simplistic” approach
allows an easy comparison of thermal insulation solutions. They tested a fixed thickness
of 6 cm of expanded polystyrene (EPS), extruded polystyrene (XPS), and mineral wool
(MW) insulating materials. The selection of the best solution requires a ranking of priorities
between economic cost, energy performance, and environmental impact.

Bastos et al. [9] carried out an analysis of the energy consumed and of the greenhouse
gas (GHG) emissions of three types of buildings located in Lisbon (Portugal). Considering
75 years of buildings’ lifetime, they modeled their life cycle focusing on the construction,
restoration, and maintenance phases. They noticed that the use phase is the one with the
highest primary energy demands (69–83%) and the greatest emissions of GHG. They also
observe that, per square meter, larger buildings present lower energy demands, which is
reflected in lower GHG emissions.

Using energy and economic assessments, Raimundo et al. [11] focused their study
on identifying the most advantageous thermal insulation solutions for opaque elements
for buildings located in the Portuguese temperate climate. For this purpose, they con-
sidered buildings of five types of use (apartment, detached house, clinic, school, and
supermarket) and three types of thermal insulation materials (EPS—expanded polystyrene,
XPS—extruded polystyrene, and MW—mineral wool) applied in three alternative posi-
tions (on the inner surface, in the middle of the air gap, and on the outer surface). They
identified EPS as the most economically advantageous thermal insulation material. They
also found that, in economic terms, it is more advantageous to apply thermal insulation
in the intermediate position (in the air gap); the ETICS solution is more advantageous
from the energy perspective; and the optimal thickness of thermal insulation depends on
which perspective the analysis is performed. Even so, they concluded that, according to
both perspectives, buildings located in regions with more intense climates require substan-
tially greater thermal insulation thicknesses than those located in milder climates, and that
residential buildings are the ones that need the highest thickness values. They identified
the detached house as the building with the highest optimal thermal insulation thickness
and the school (a service building with intermittent use only during the daytime) with the
lowest.

Dylewski and Adamczyk [18] addressed the economic and environmental benefits of
using thermal insulation on the external walls of buildings located in the various Polish cli-
mate regions. Variants in terms of different thermal insulation materials, thermal insulation
systems, climatic zones, and heat sources were taken into consideration. They concluded
that the environmental impact of a building strongly decreases with the decrease in energy
demands for HVAC equipment operation, with the use of thermal insulation being a highly
effective way to reduce these needs. They stated that the ideal insulation thickness, from
both perspectives, increases with the number of heating degree-days.

Totland et al. [22] state that, in the case of buildings with insufficient thermal insulation
thickness, 90% of their environmental impacts occur during the use phase; the increase in
thermal insulation thickness leads to a decrease in this impact during the use phase and to
its growth during the construction phase.

There is a great variability of climates, which can be identified using a wide range
of classification types [23,24]. However, a simplistic categorization system is normally
used on energy and environmental assessments, where the climates are classified as: hot,
warm, moderate, cold, and very cold. As each type of climate leads to a different level of
indoor-outdoor thermal exchanges, the climate of the building site is undoubtedly of vital
importance for the identification of the optimum thermal insulation solution [11,23–26].

In terms of type of use, there are published studies focused on the optimal insulation
of various types of buildings [9,17,25,27]. However, these studies considered only the
buildings located in a specific place and did not involve a range of buildings sufficiently
representative of the various types of use. Therefore, a comparative analysis in which vari-

229



Buildings 2023, 13, 279

ous typologies of use are included is helpful and must be undertaken at sites representative
of the various possibilities of climatic conditions.

1.3. Objectives and Scope

The present work aims to analyze the influence of thermal insulation on the economic,
energy, and environmental parameters of buildings located in different climate types,
namely the identification of the most suitable insulating material and its optimal thickness
according to the economic, energy, and environmental perspectives. These assessments
were performed using life cycle energy analysis (LCEA), life cycle impact analysis (LCIA),
and life cycle cost analysis (LCCA) methodologies.

A unified comparison between various types of buildings, chosen to be a good repre-
sentation of the building stock and supposedly located in the different climate alternatives,
from very cold to hot, was used to perform an original assessment. In this analysis, several
parameters frequently missing in the literature are considered, namely the building holder’s
financial framework and tax burden, both of which have a large impact on the economic
cost associated with the use of a building. Additionally, the economic and environmental
costs of applying the thermal insulation system and of other necessary materials are also
taken into account. The usefulness of the results of this research is that they can be used to
select the recommended thermal insulation thickness to apply in a given building located
in a specific climate. Clearly, the value of the optimal thickness depends on the perspective
considered.

The choice of locations considered to represent the various climate types was based on
the number of heating degree days (HDD) and cooling degree days (CDD). Five cities with
distinct climatic conditions were selected, which, taken together, are thought to be a good
representation of a wide range of climate types: hot, warm, moderate, cold, and very cold.

The building stock is represented by buildings of six types of use: an apartment
located in the middle of a multifamily building and a detached house (residential build-
ings), a clinic (a service building with permanent occupancy), a school and a bank branch
(service buildings with intermittent use), and a supermarket (a commercial building with
intermittent utilization).

It was assumed that all buildings are built using the same type of passive construction so-
lutions (opaque and glazed), and the opaque elements of the buildings’ envelope are equipped
with a traditional External Thermal Insulation Composite System (ETICS) [2,11,24,25,28–32].
The three most common thermal insulation materials used in building construction are ex-
panded polystyrene (EPS), extruded polystyrene (XPS), and mineral wool (MW) [20,21,30,33,34].
Thus, these are the insulating materials considered.

2. Methodology

SEnergEd software [2,11,15,35], a validated in-home tool developed for research pur-
poses, was used to perform the life cycle energy analysis (LCEA), the life cycle impact
analysis (LCIA), and the life cycle cost analysis (LCCA) of the buildings. It is a user-friendly
software integrating algorithms for the dynamic simulation of the thermal and energy
behavior of buildings (residential, commercial, and service), including thermal comfort
evaluation, environmental impact analysis, and economic assessment of the building life
cycle (Figure 1).

2.1. Energy Demands and Consumption

SEnergEd software predicts the thermal behavior and energy needs of buildings using
a reformulated version of the dynamic hourly model 5R1C (5 thermal resistances and one
thermal capacitance) described in ISO 13,790 [36]. Other energy demands are also obtained
by a dynamic hourly calculation [35]. Using the energy performance of equipment and
systems (HVAC, DHW, lighting, appliances, etc.), the energy demands are converted into
consumption. More details on the energy model are described elsewhere [2,11,15,35].
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Figure 1. Global block diagram of the SEnergEd calculation methodology.

The energy component of this software was validated by comparison of its predictions
with the real monthly energy consumption (during 2014, full year) of a high school [35]
(Figure 2). This school was divided into 7 different thermal zones and has a global net
floor area of 11,246 m2, a gross floor area of 14,148 m2, and a weighted average ceiling
height of 3.84 m. Classrooms, rooms for teachers, offices, and secretaries occupy a net
floor area of 7669 m2, common spaces make up 3171 m2, and showers and toilets make up
406 m2. Each thermal zone includes acclimatized and non-acclimatized spaces (archives,
storage rooms, warehouses, and technical spaces). There are no constructive elements that
promote significant shading of the glazing. As this building is considered in this study,
the occupancy and operating profiles are described ahead. As revealed by Figure 2, a
reliable predictive capacity of SEnergEd software was observed, with a difference of 2.9%
for the annual energy consumption and a maximum difference of 8.4% for the monthly
consumption. These differences were justified by the difficulty in accurately establishing the
utilization profile of each thermal zone, by the climatic data measured by a meteorological
station located about 4 km away from the building, and by the impossibility of considering
all the exact details of the building, such as constructive aspects, equipment performance,
and occupation profiles.

Figure 2. Measured versus predicted energy consumption of the high school during 2014.
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2.2. Energy and Environmental Relations

The energy resources found in nature are known as primary energy and can be
renewable (hydro, solar, wind, plant biomass, etc.) or non-renewable (coal, oil, natural
gas, etc.). Final (or secondary) energy is energy in a state that allows its use in powering
equipment, which may correspond to primary energy (as is the case with natural gas,
among others) or result from refining (gasoline, diesel, etc.) or transformation (electricity,
liquefied petroleum gas, thermal, etc.) processes. Useful (or tertiary) energy is energy
capable of serving people directly (heat introduced or removed from a space to keep it
comfortable, heat contained in domestic hot water, energy in the form of light, etc.), being
produced by equipment powered with final energy.

The overall energy consumption of a building is equal to the sum of its energy con-
sumption associated with its construction (represented by the energy absorbed in con-
struction solutions), occupation (HVAC equipment, lighting, etc.), and demolition phases.
However, energy consumption during the demolition phase is much lower than in the other
two, and, as such, it can be neglected [7–10]. Thus, in the determination of buildings’ overall
energy consumption during their full life cycle, the end-of-life phase was not considered
(Figure 3).
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Figure 3. Block diagram of the building’s global energy consumption calculation.

SEnergEd software predicts, for the first year of the use phase, the energy demands
and the final energy consumption, disaggregated for: heating, cooling, ventilation, and
pumping; non-HVAC equipment; indoor lighting; outdoor lighting; domestic hot water;
specific equipment; kitchens; laundry; parking lots; warehouses; and complementary
spaces. The final energies consumed can be of various types, so they are standardized by
their conversion to a reference base in terms of primary energy. Annual primary energy
consumption during the remaining years of the building’s lifetime is determined assuming
a rate of increase, which is representative of the loss of energy performance of the building’s
passive and active systems.

In this work, the kWhOE (kilowatt-hour oil equivalent) is assumed as a reference for
primary energy, and it is considered for the conversion factors of final energy to primary
reference energy (FFP [kWhOE/kWh]). The values of 2.5 for electricity, 1.0 for natural gas (a
non-renewable fuel), and 0 for energy from renewable sources were used [37]. To carry out
an environmental impact assessment, it is necessary to link primary energy consumption
with equivalent CO2 emissions. For this, conversion factors of primary energy to emissions
of equivalent kilograms of CO2 (FPC [kgCO2 eq/kWhOE]) were used, assuming the values
of 0.144 for electricity, 0.202 for natural gas, and 0 for energy from renewable sources [37].
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2.3. Equivalent Annual Cost of Thermal Insulation

The equivalent annual cost (EAC) of a building includes the costs of acquisition,
installation/construction, maintenance, replacement, occupation, and end-of-life [2,11,35].
The cost of energy must consider the tariffs to be paid for each type of final energy.

The global cost of a building, as defined in EN 15,459 [13] and in European Regula-
tion [14], can be represented by the net present value (NPV), which corresponds to the
“overall economic loss” of the building when discounted to the instant when its use starts
and can be expressed by [11]

NPV =
RV

(1 + r)n −
n

∑
k=0

Ik − CFk

(1 + r)k (1)

where k is the index representing each one of the n years of the period under analysis, r is
the real interest rate (discount rate), RV is the residual value of the building at the end of
the period under analysis, and Ik is the required amount of investment in year k [11]. The
cash flow (CFk) represents the net economic flow related to the building in each year, k.

CFk = Rk + STk − Ck (2)

where Rk, STk, and Ck represent the annual value of revenues, tax relief, and costs, re-
spectively [11]. Annual revenues (Rk) may arise from selling energy or from renting. The
existence of any income directly generated by the buildings was not considered in this
study (Rk = 0). The annual tax relief (STk) is the reduction of the payable tax amount the
building holder can benefit from by including the costs related to the building as expenses
of his economic activity. This tax relief depends on the building holder’s tax framework,
which is null if the holder is an individual. In contrast, a significant monetary amount of
tax relief can be present if the building holder is a company. The costs, given by

Ck = CTk + CRk + CMk + CWk + CEk + COk (3)

include taxes due to building ownership (CTk), equipment replacement (CRk), building and
systems maintenance (CMk), water consumption, sewage treatment, waste collection (CWk),
energy consumption (CEk), and other costs (COk), such as, for example, condominium costs
(in the case of the apartment) [11]. As they have no influence on the cost of thermal comfort,
the expenses CTk, CWk, and COk are not relevant for the purposes of the present analysis.

The equivalent annual cost (EAC) of the building’s use during its useful life is obtained
from the building’s net present value using the following equation [11]

EAC = −NPV
Acl

· r (1 + r)n

(1 + r)n − 1
(4)

where Acl represents the floor area of the building’s acclimatized spaces.
However, the focus of this study is not the EAC of the building but only the equivalent

annual economic cost of the thermal insulation (ECTI); therefore,

ECTI = EACb − EAC0 (5)

where EACb is the EAC of the building under assessment equipped with a HVAC system
operating when necessary to maintain thermal comfort conditions, and EAC0 represents
the EAC of that building on the condition that its opaque elements do not include thermal
insulation and the HVAC system only assures the renovation of indoor air (thus, no heating
or cooling of indoor air).

To obtain the required amount of investment, it is necessary to know in advance the
economic cost of implementation of each thermal insulation solution (ECS, €/m2), which
depends on the thermal insulating material, the thickness applied, the type of solution
(ETICS in this case), the type of construction element (exterior wall, floor, roof, etc.), and
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the country in question. Thus, it is reasonable to consider that ECS is basically composed
of three parts: (i) the cost of the thermal insulating material; (ii) the cost of the extra
material required to apply the solution; and (iii) the cost of labor. Accordingly, for each
type of constructive element, the three parcels are: (i) the cost of the thermal insulating
material, which depends on the unit cost of EPS (Ctim, €/m2 per cm of thickness) and
the thickness applied (thick, cm), not depending on the country; (ii) the cost of the extra
material (Cextra, €/m2), which varies with the type of building element and is the same in
all countries; and (iii) the cost of labor (CL, €/m2), which depends on the type of building
element and varies from country to country in proportion to the respective minimum wage
(MW). To carry out this study, the values obtained by Raimundo et al. [11] for Ctim, Cextra,
and CL, which are valid for Portugal, were assumed. Thus, the ECS value of each opaque
constructive element was obtained using the expression

ECS = Ctim·thick + Cextra + CLPT ·MWC/MWPT (6)

where Ctim = 0.75 €/m2 per centimeter of EPS thickness, CLPT is the labor cost in Portugal
of applying the thermal insulation solution, MWC is the annual minimum wage in the
country in question, and MWPT is the annual minimum wage in Portugal, which, in the
first semester of 2022, were 9870 €/year in Portugal, 13,510 €/year in Spain, 7858 €/year in
Poland, and 24,840 €/year in Iceland [38].

3. Research Objects and Conditions

3.1. Climate Conditions

Even when only considering areas with a significant human population density, ter-
restrial climatic conditions are very diverse. Among the different methodologies used to
classify the various types of climates, the one based on the number of heating degree-days
(HHD [◦C.day/year]) and the number of cooling degree-days (CDD [◦C.day/year]) is the
one that allows a more direct relationship between outdoor weather conditions and energy
demands for heating and cooling, respectively [18,19,24–26,34]. Then, to perform this study,
the selection process of the representative locations was based on the HDD and CDD values,
defined in relation to base values of 20 ◦C and 24 ◦C, respectively. The selected five cities
with distinct climate conditions are shown in Table 1, where also their Köppen–Geiger
climate classification is indicated [23,24].

Table 1. Climatic data of the selected 5 cities with distinct climate conditions.

Climate Type City, Country
Latitude
[North]

HDD20

[◦C.Day/Year]
CDD24

[◦C.Day/Year]
Köppen-Geiger

Class

Hot Almeria, Spain 36.84◦ 1069 281 BSk
Warm Lisbon, Portugal 38.73◦ 1601 174 Csa

Moderate Salamanca, Spain 40.96◦ 3040 120 Csb
Cold Warsaw, Poland 53.23◦ 4367 26 Cfb

Very Cold Reykjavik, Iceland 64.14◦ 5670 0 Cfc

3.2. Buildings’ Layout and Occupancy

Six buildings with different acclimatized areas, occupancy, internal thermal gains, and
types of use were considered: (i) an apartment at the midlevel of a multi-story building
(residential with permanent use); (ii) a detached house (residential with permanent use);
(iii) a private clinic with hospitalization (services with permanent use); (iv) a private high
school (services with intermittent use); (v) a bank branch (services with intermittent use);
and (vi) a medium-sized supermarket (commerce with intermittent use). Table 2 shows
a summary of the main characteristics of these buildings. The net and gross areas do
not include non-acclimatized spaces. Additional information about the layout and the
characteristics of these buildings can be found in Raimundo et al. [2,11,15].

234



Buildings 2023, 13, 279

Table 2. Summary of the characteristics of the 6 buildings considered: Np—maximum number of
occupants; Nf —number of floors; Acl—acclimatized floor area; Agf—gross floor area; Ch—ceiling
height; Vol—acclimatized volume; Aopc—opaque area of external envelope; Aglz—glazed area of
external envelope; AR—aspect ratio = (Aopc + Aglz)/Vol; EA—envelope area ratio = (Aopc + Aglz)/Acl);
GA—glazed area ratio = Aglz/Acl.

Apartment
Detached

House
Private
Clinic

Private
School

Bank
Branch

Super-
Market

Np [–] 4 4 151 1100 12 194
Nf [–] 1 3 2 4 1 1

Acl [m2] 109.4 167.1 926.7 11,246.0 111.4 1035.3
Agf [m2] 141.6 212.6 1161.2 14,147.5 134.7 1176.1
Ch [m] 2.62 2.96 3.72 3.84 2.60 3.60

Vol [m3] 286.6 494.6 3447.3 43,184.6 316.2 3727.1
Aopc [m2] 58.6 343.4 743.4 22,703.8 181.0 2830.6
Aglz [m2] 21.3 49.7 192.8 2975.3 37.2 96.6
AR [m−1] 0.28 0.79 0.27 0.59 0.69 0.79

EA [–] 0.73 2.35 1.01 2.28 1.96 2.83
GA [–] 0.19 0.30 0.21 0.26 0.33 0.09

In general terms, occupancy and operating profiles are characterized by:

- In all buildings, the occupancy and the operating profiles vary according to the time
of the day, the day of the week, and the week of the year;

- When the building is closed, the HVAC system is off, and the lighting systems are
either off or operate at very low power;

- Residential buildings are assumed to be unoccupied during the first fifteen days of
August and permanently occupied during the remaining days of the year, by four
people on Saturdays and Sundays, and between 6 p.m. and 8 a.m. on weekdays
(Mondays to Fridays), and by one person the rest of the time;

- The clinic runs continuously during all days of the year, but with higher occupation
intensity between 8 a.m. and 8 p.m. on weekdays and on Saturdays;

- The high school is only occupied between 8 a.m. and 6 p.m. on weekdays, is closed
on Saturdays and Sundays, and its operation follows a common school calendar, so
it works at 100% during school periods, at 50% during the 1st examination phase
(15–30 June), at 25% during the 2nd examination phase (1–15 July), at 25% during the
admission phase (16–31 July), and is closed during school holidays (the first 15 days
of April, 1 to 31 August, and the last 15 days of December);

- The bank branch operates every weekday of the year, is occupied between 8 a.m. and
6 p.m., and is closed on Saturdays and Sundays;

- The supermarket operates every day of the year and is occupied between 8 a.m. and
10 p.m., but with more intense activity on Saturdays and Sundays.

3.3. Air-Conditioning Systems

In temperate climates, electric air-source heat pumps have reasonably good energy
performances in heating mode, and so systems based on air-source chillers/heat pumps are
the recurrent option [2,11,15,39]. Alternatively, in cold climates, air-source heat pumps have
very low performance in heating mode, so in these climates, heating systems are usually
based on a boiler (using gas or another type of fuel) [18,33,34]. Therefore, two different
HVAC systems are considered: (A) for buildings located in hot, warm, and moderate
climates; and (B) for buildings located in cold and very cold climates.

HVAC systems type A are assisted by a single chiller/heat pump device, and HVAC
systems type B are supported by a natural-gas boiler and a chiller machine. The chillers and
heat pumps considered are based on a compression-expansion cycle and are of European
Class A+ [40], as this class is the one that better represents the equipment currently being
installed and it leads to a lower economic cost to obtain thermal comfort conditions [2].
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The chiller has a seasonal energy efficiency ratio SEER = 5.85 in cooling mode [40], the heat
pump has a seasonal coefficient of performance SCOP = 4.30 in heating mode [40], and the
natural-gas boiler has a seasonal thermal efficiency STE = 0.95 [18,33,34].

The results of the present study were obtained assuming that HVAC systems only
work when the corresponding space is expected to be occupied. During these periods, the
indoor air temperature is maintained between setpoints Tmin = 21 ◦C and Tmax = 24 ◦C. As
stated by Raimundo and Oliveira [2], this range of setpoints is the one that most probably
guarantees category II of thermal comfort, as endorsed by the European Standard EN
16798-1:2019 [41] for new buildings and renovations. The air renewal is ensured by air
handling units (AHU) and air extraction fans, both with an efficiency of 70% [37]. Heat
recovery from the rejected air and free-cooling strategies were not considered.

3.4. Glazing Elements

The windows identified by Raimundo et al. [15] as the most economically advanta-
geous glazing for buildings located in Portugal were selected. The windows are composed
of an aluminum frame with a thermal barrier and double glass (colorless 6 mm + 11 mm
of air layer + colorless 4 mm). Electric blinds composed of horizontal plastic strips were
considered external protection. This glazing system has a thermal transmission coefficient
(U) and a solar factor (g⊥) of Uw = 3.05 W/(m2 K) and g⊥w = 0.79, respectively, and when
the external protection is active, Uwp = 1.56 W/(m2 K) and g⊥wp = 0.05.

3.5. Economic and Environmental Costs of Thermal Insulation

The thermal insulation materials most commonly used in building construction
are expanded polystyrene (EPS), extruded polystyrene (XPS), and mineral wool
(MW) [11,16,17,20,21,30,33]. The option for these materials is a result of their economic
advantages, which is the first criterion used by the constructors and the owners of buildings.
Thus, our focus will be on these three thermal insulation materials.

By consulting six Portuguese suppliers, Raimundo et al. [11] obtained an average price
(VAT not included) of 0.75, 2.61, and 1.15 €/m2 per centimeter of thickness for sheets of EPS,
XPS, and MW, respectively. The embodied energy was obtained from Anastaselos et al. [17],
where values of 80.76 for EPS, 87.10 for XPS, and 24.61 MJ/kg for MW are suggested, which
correspond to 11.31, 27.87, and 16.00 MJ/m2 per each centimeter of thickness of EPS, XPS,
and MW, respectively.

The economic and environmental costs associated with a building depend substantially
on the material used to insulate the opaque elements. Thus, an important issue is the
identification of the most advantageous thermal insulating material from economic and
environmental perspectives. For this, the environmental and economic costs of thermal
insulating materials were obtained for the functional unit R = 1 m2 K/W, which are shown
in Table 3. Considering the values obtained, it can be observed that the most promising
thermal insulation material is EPS (expanded polystyrene). Therefore, EPS was the thermal
insulation material selected for this study.

Table 3. Environmental and economic costs of the thermal insulation materials for a functional unit
R = 1 m2 K/W.

Material Environmental Cost [MJ/m2] Economic Cost [€/m2]

EPS 40.29 2.66
XPS 86.09 8.05
MW 53.98 3.82

Several other works had identified EPS (expanded polystyrene) as among the
most advantageous thermal insulation materials for application to building
elements [11,16,17,20,21,30,33]. In addition, it can be used in almost all opaque building el-
ements (façades, roofs, floors, etc.) [11,42] and has a durability of at least 50 years [16,33,39].
Alternatively, there are other thermal insulation materials with better environmental per-
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formance [43,44], namely natural pumice, cellulose flocks, and kenaf fibers [43]. However,
there is not a regular market for this kind of thermal insulator, so their prices make it
economically unviable.

3.6. Opaque Elements of Buildings’ Envelope

Each type of opaque construction element relies on a base structure, which is the same
for all buildings and for all climates. Table 4 describes the base structure of the opaque
elements in contact with the exterior and the corresponding values of thickness, useful
thermal mass (Mt), and thermal transmission coefficient (U).

Table 4. Base structure of the opaque elements of the external envelope.

Element Description (from Outside to Inside) Values

Wall Traditional plaster with 2 cm, bored brick of 22 cm,
not-ventilated air space with 1 cm, bored brick of 11 cm,
traditional plaster with 2 cm

Thickness = 38 cm
Mt = 150 kg/m2

U = 0.88 W/(m2 K)
Pillar/Beam Traditional plaster with 2 cm, reinforced concrete (iron

volume less than 1%) of inerts with 22 cm,
not-ventilated air space of 1 cm, bored brick of 11 cm,
traditional plaster with 2 cm

Thickness = 38 cm
Mt = 150 kg/m2

U = 1.36 W/(m2 K)

Floor above outside Traditional plaster with 2 cm, lightened slab of 38 cm,
light-sand concrete of 7.5 cm, screed (mortar) of 5.5 cm,
oak wood with 2 cm

Thickness = 55 cm
Mt = 150 kg/m2

U = 1.17 W/(m2 K)
Ground floor Waterproofing layer, lightened slab of 38 cm, light-sand

concrete of 7.5 cm, screed (mortar) of 5.5 cm, oak wood
with 2 cm

Thickness = 54 cm
Mt = 150 kg/m2

U = 1.23 W/(m2 K)
Accessible roof Mosaic tile with 1 cm, screed (mortar) of 5.5 cm,

waterproofing of 3 mm, light-sand concrete of 7.5 cm,
lightened slab of 38 cm, traditional plaster with 2 cm

Thickness = 55 cm
Mt = 150 kg/m2

U = 1.39 W/(m2 K)
Not accessible roof Sandstone (inert) with 4 cm (or ceramic tile),

waterproofing of 3 mm, screed (mortar) of 4 cm,
lightened slab of 23 cm, traditional plaster with 2 cm

Thickness = 33 cm
Mt = 150 kg/m2

U = 2.40 W/(m2 K)

The basic structure is complemented with the application of EPS thermal insulation
on the outer face through an ETICS-type solution, identified by Raimundo et al. [11] as the
most efficient in terms of energy demands. Another advantage is that it can be applied
both in new buildings and in refurbishments. Thermal insulation thicknesses between 0 cm
(without insulation) and 40 cm were tested.

Bearing in mind that the objective of this work is not the analysis of the environmental
impact of buildings but the application of thermal insulation to their opaque elements,
it is reasonable to consider the embodied energy in buildings null when their opaque
elements are not thermally insulated. The embodied energy in the thermal insulation
solution (EES, kWh/m2) mainly depends on the thermal insulating material, its thickness,
the type of solution, and the type of construction element.

Tables with the useful thermal mass (Mt) and the thermal transmission coefficient
(U) of each type of construction element and with the economic cost of each thermal
insulation solution (ECS), obtained using Equation (6), and the embodied energy (EES) of
the respective thermal insulation solution were built. Table 5 shows the values obtained for
the external walls.

3.7. Economic Assessment

The tax burden is high in almost all countries, so any economic assessment must
consider them. Each country has its own tax system. Usually, the differences are associated
with the applicable rates and not with the types of taxes. The tax system considered is
based on EU practice, where the more relevant fees for this study are: (i) the value-added
tax (VAT), which is a consumption tax; and (ii) the annual tax relief, i.e., the reduction of
the amount paid in each year, related to the professional activity of the holder due to the
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annual expenses attributable to the building. The value of these taxes is strongly influenced
by the taxable person’s fiscal framework, which can be: (i) a natural person (individual or
family), which, as the final consumer, is unable to recover the VAT paid; (ii) a legal person
(company or organization), which is unable to recover the VAT paid; or (iii) a legal person
capable of recovering the VAT paid.

Table 5. Useful thermal mass (Mt) and thermal transmission coefficient (U) of the exterior walls and
the respective economic cost (ECS) and embodied energy (EES) of the thermal insulation solution.

Thickness Mt U ECS [€/m2] EES
[cm] [kg/m2] [W/(m2 K)] Portugal Spain Poland Iceland [kWh/m2]

0 150 0.88 0.00 0.00 0.00 0.00 0.00
3 150 0.54 20.34 26.05 17.19 43.80 12.56
4 150 0.48 21.09 26.80 17.94 44.55 15.70
5 150 0.43 21.84 27.55 18.69 45.30 18.84
6 150 0.39 22.59 28.30 19.44 46.05 21.98
8 150 0.33 24.09 29.80 20.94 47.55 28.26
10 150 0.28 25.59 31.30 22.44 49.05 34.55
12 150 0.25 27.09 32.80 23.94 50.55 40.83
14 150 0.22 28.59 34.30 25.44 52.05 47.11
16 150 0.20 30.09 35.80 26.94 53.55 53.39
20 150 0.17 33.09 38.80 29.94 56.55 65.95
25 150 0.14 36.84 42.55 33.69 60.30 81.66
30 150 0.12 40.59 46.30 37.44 64.05 97.36
35 150 0.11 44.34 50.05 41.19 67.80 113.06
40 150 0.009 48.09 53.80 44.94 71.55 128.77

It was assumed that the holders of the apartment and the detached house are natural
persons, while the ones of the clinic and the school are corporations without the ability to
recover the VAT paid; on the contrary, the bank branch and the supermarket are compa-
nies capable of recovering the VAT paid. Therefore, to all investments and all expenses
(including energy costs) related to the apartment and the detached house, it is necessary
to add the VAT; to all investments and expenses related to the clinic and the school, the
VAT must be added; and both the investments and the expenses related to the supermarket
and the bank branch do not include the VAT. Investments and disbursements on buildings
are normally subject to the maximum VAT rate, which is currently 21% in Spain, 23% in
Portugal and Poland, and 24% in Iceland.

In most countries, the annual tax paid due to the professional activity of individuals is
determined by applying a rate to the total amount of revenues. Therefore, if the building
holders are individuals, tax relief due to annual expenses or investments in the building
does not exist, and in Equation (2), STk = 0. This happens in the case of residential
buildings. The business activity is normally taxed in proportion to the total profit (revenues
minus expenses). When the building is associated with the activity of its holder and their
investments and expenditures decrease the holders’ profit, then the amount of activity fees
to pay also decreases. Consequently, if the building holder is a corporation, there is tax
relief due to the annual expenses and the investments within the building. In these cases,
to obtain the corresponding value of STk to be used in Equation (2), a profit tax rate of 25%
was considered, which is what is supposed to happen in the case of the four non-residential
buildings.

For buildings constructed using passive solutions of the type considered, a lifespan of at
least 50 years is often reported in the literature [11,16,33,39]. Thus, it is appropriate to assume
n = 50 years in the economic analysis. Besides usual maintenance work, any major intervention
in the passive elements was assumed to occur during the first 50 years of a building’s lifespan.
The maintenance costs (CMk in Equation (3)) are related to the corresponding investment
value, considering a rate of 1%/year for all passive elements [2,11].
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A large portion of annual expenditure is related to energy consumption (CEk in
Equation (3)). The tariffs of energy (electric and natural gas) were obtained from the
European Union energy price statistics website [45,46], where the consumers are classified
as household or non-household. The most recent data refer to the first semester of 2022,
which was considered (Table 6).

Table 6. Electric energy and natural gas tariffs in the first semester of 2022 for household or non-
household consumers [45,46] (VAT not included).

Type of Consumer Country Electric Energy [€/kWh] Natural Gas [€/kWh]

Household Spain 0.2822 0.3290
(Residential Poland 0.1379 0.1511
buildings) Portugal 0.1831 0.2067

Iceland 0.1234 0.1478

Non-household Spain 0.1879 0.2111
(Commerce Poland 0.1555 0.1825
and Services Portugal 0.1202 0.1415
buildings) Iceland 0.0756 0.0843

In research papers involving buildings’ energy consumption [2,11,33,39,42], rates ranging
from 0 to 10%/year are presumed for the increase of average prices, between 0 and 15%/year
for the increase of energy tariffs, and between 0 and 10%/year for the financial discount rate.
As they are considered to be highly probable, a global inflation rate of if g = 5%/year and a
financial discount rate of r = 5%/year were assumed. The energy market is perhaps one of the
most unstable, so it is not possible to recognize a value as the most likely for the energy price
evolution rate. Thus, it was considered that the energy price inflation rate (if e) is equal to the
global inflation rate, if e = if g = 5%/year. The economic assessment was carried out using a
current price analysis.

4. Results and Discussion

To facilitate comparisons between the different buildings, it was assumed that they
were all built using the same type of passive construction solutions (opaque and glazed).
The combination of opaque element materials with an External Thermal Insulation Com-
posite System (ETICS) leads to buildings with high thermal inertia, which is known as an
effective strategy to mitigate both overheating and cooling load peaks [2,11,24,25,28–32].

As stated elsewhere [28,31,32], the buildings’ energy performance is very sensitive
to several deterioration factors, particularly the degradation with time of the HVAC and
the thermal insulation systems. Thus, this loss of efficiency was considered assuming an
increase of 1%/year in primary energy consumption for heating and cooling.

Energy, environmental, and economic perspectives are used to relate the thickness of
the thermal insulation with the climate and the type of building. For this, five climate types
(hot, warm, moderate, cold, and very cold) and six different buildings (an apartment, a
detached house, a clinic, a school, a bank branch, and a supermarket) were considered. The
results shown in the following sections are normalized per m2 of acclimatized spaces’ floor
area. The net (Acl) and gross (Agf) floor areas are presented in Table 2.

4.1. Energy Cost of Thermal Comfort

The primary energy consumption for the heating and cooling functions is used to
represent the energy cost of thermal comfort. This cost depends on the building type of
use, on the climate characteristics, on the energy efficiency of the acclimatization systems,
and on the thickness of thermal insulation.

As shown in Figure 4, the buildings with day and night uses (apartment, dwelling,
and clinic) have a higher primary energy consumption for climatization than those with
only daytime occupation (school and bank branch) or occupied during daytime and part of
the night (supermarket). As it has a much more favorable aspect ratio (AR), the apartment’s
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energy requirements are lower than those of the dwelling. The school is the building with
the lowest energy consumption for air conditioning per m2 of acclimatized floor area due
to the fact that it is occupied only during the daytime and is closed, or is partially closed,
during school holidays.
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Figure 4. Primary energy consumption for heating and cooling, to maintain thermal comfort.

Figure 4 shows that the energy cost of thermal comfort is substantially higher in the
case of the two cold climates (cold and very cold) than in the remaining three (hot, warm,
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and moderate). This is due to the high energy requirements for heating in cold climates
and the fact that the heating system considered for these has a significantly lower efficiency
than that assumed for the remaining three.

The increase in the applied thickness of EPS leads to a continuous decrease in the
consumption of primary energy by the air-conditioning equipment, promoting a decrease
in the thermal comfort energy cost. This decrease has an inverse exponential behavior,
showing a declining rate of decrease as the EPS thickness increases, and, within the range
of tested EPS thicknesses (0–40 cm), the minimum value occurs for the thickness of 40 cm,
which leads to the projection that this consumption will continue to decline with the growth
in the thickness of thermal insulation. Therefore, it was not possible to identify, in concrete,
the optimal thickness of EPS from an energy perspective.

For the same building, the decrease in energy consumption for air conditioning
with the increase in EPS thickness is much more significant in the cases of cold and very
cold climates. Otherwise, the decrease in energy consumption with the increase in the
applied EPS thickness is small in the case of buildings located in hot and warm climates.
Furthermore, primary energy consumption is very similar in these two climates. Except for
the supermarket, primary energy consumption in the warm climate is slightly higher than
in the hot climate. Due to its high internal thermal loads, the supermarket has high energy
needs for cooling, which leads to a slightly higher consumption of primary energy in a hot
climate compared with a warm climate.

4.2. Environmental Cost of Thermal Comfort

The environmental impact of ensuring thermal comfort conditions inside buildings is
assessed using the concept of the “annual environmental cost of thermal comfort,” which
is represented here by equivalent CO2 emissions. These emissions include those associated
with the building’s construction phase and those related to its operation throughout its
useful life cycle, ignoring the emissions related to the end-of-life of the materials. Equivalent
CO2 emissions associated with the construction phase include those caused by energy
consumption for the extraction, manufacture, transport, and application of the thermal
insulation solution. Since they are not related to the thickness of thermal insulation, the
environmental impacts associated with other construction materials were ignored. CO2
equivalent emissions associated with the building use phase are due to energy consumption
by HVAC equipment to meet heating and cooling demands.

Figure 5 shows the equivalent annual CO2 emissions of the six buildings considered,
according to the type of climate and the thickness of thermal insulation. As expected, these
emissions depend on the building’s type of use, the characteristics of the climate, and the
EPS thickness.

The results presented in Figure 5 reveal that annual CO2 equivalent emissions depend
mostly on the annual consumption of primary energy for heating and cooling, with a
minor influence from the emissions associated with building construction. Thus, with few
exceptions, the statements for the energy cost of thermal comfort are also valid for the
environmental cost of thermal comfort. Namely, the environmental cost of thermal comfort
is substantially higher in the case of the two cold climates (cold and very cold) than in
the remaining three (hot, warm, and moderate). For the same typology of use, buildings
located in hot and warm climates have very close environmental costs. The buildings with
day and night uses (apartment, dwelling, and clinic) have higher environmental costs than
those with only daytime occupation (school and bank branch) or occupied during daytime
and part of the night (supermarket). Per m2 of acclimatized floor area, the school is the
building with the lowest environmental cost of thermal comfort.

Figure 5 reveals that the increasing EPS thickness leads to a continuous decrease in
CO2 equivalent emissions, but only up to a certain thickness, after which emissions increase.
Therefore, from an environmental perspective, there is an EPS thickness for which the
environmental impact is minimal.
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Figure 5. CO2 equivalent emissions to maintain thermal comfort conditions.

4.3. Economic Cost of Thermal Comfort

The economic cost of thermal comfort is represented by the “equivalent annual eco-
nomic cost of the thermal insulation” (ECTI), obtained considering the investment costs in
the thermal insulation system, the expenses in its maintenance, and the costs due to the
energy consumed to maintain thermal comfort conditions. Taxes were also considered and,
if they exist, tax savings.

For a specific country and a particular HVAC system, the ECTI value depends on the
type of building, the climate characteristics, and the thickness of the thermal insulation [2,11].
However, if the analysis involves different countries and distinct HVAC systems, the ECTI
value also depends on the labor cost, the energy efficiency of heating and cooling devices,
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and the price of energy purchase. As can be seen in Section 3.3 and Tables 5 and 6, these
parameters can show very substantial differences between distinct countries. Therefore, the
ECTI value is only valid for the HVAC system, the type of climate, and the country for which
it is determined. Thus, the type of climate must appear to be associated with the country of
the place considered to represent it.

Figure 6 shows the equivalent annual economic cost of the thermal insulation (ECTI)
of the six buildings considered as a function of the climate type (and country) and of the
thermal insulation thickness. The optimal thermal insulation thickness is the one for which
the ECTI value is the lowest. Both the ECTI value and its evolution with the increase in
EPS thickness are strongly related to the type of building. This relationship, however, is
substantially more evident in the case of cold and very cold climates than in the others
(hot, warm, and moderate). In general terms, for the same type of climate (and country),
buildings with permanent occupancy (apartment, detached house, and clinic) have higher
ECTI values than buildings with intermittent use (school, bank branch, and supermarket).
The school is the building with the lowest ECTI values, followed by the supermarket.

The highest ECTI values always occur in very cold climates (Iceland). This is due
to the high demand for thermal energy for heating, the low performance of the heating
system, and the high value of labor costs in Iceland. The difference compared with other
types of climates (countries) is very substantial in the case of the two residential buildings
and very small in the case of the supermarket.

The consumption of primary energy for air conditioning is always higher in the cold
climate (Poland) than in the moderate climate (Spain), but the ECTI value is higher in the
case of the moderate climate (Spain) than in the cold climate (Poland) for the two residential
buildings. This is a result of the substantially higher values of labor costs and energy prices
in Spain than in Poland. These causes are not enough to lead to this “inversion of order” in
the case of non-residential buildings, but even so, it leads to a greater approximation of
values between ECTI and energy consumption.

The difference in primary energy consumption for air conditioning between hot and
warm climates is very small, being slightly higher in warm climates (except in the case of
the supermarket, where it is the opposite, due to the demands of thermal energy for cooling
associated with this type of building). Even so, the difference in ECTI values between hot
(Spain) and warm (Portugal) climates is not small, and the value of this economic cost is
always higher in the case of a hot climate (Spain) than in a warm climate (Portugal). This
results from substantially higher values in Spain than in Portugal for labor costs and energy
purchase prices.

Previous outcomes lead to the conclusion that the optimal value of the thermal insula-
tion thickness from an economic perspective is only valid for the HVAC system, the type of
climate, and the country for which it is determined.

4.4. Optimal Thickness of Thermal Insulation

The optimal thermal insulation thickness of buildings’ envelopes depends on the per-
spective of analysis, which can be energetic, environmental, or economic [11,12,17–21]. In
energy terms, it corresponds to the one that leads to the lowest primary energy consumption
for climatization; from an environmental perspective, it is the one where the emission of CO2
equivalent reaches a minimum; and in economic terms, it is the one that leads to the lowest
value of the economic cost of thermal comfort. The application of these criteria to the values
represented in Figures 4–6 allowed the elaboration of a summary table (Table 7), in which it is
evident that each perspective leads to different values of the optimal EPS thickness.

The results shown in Table 7 reveal that, within the range of tested EPS thicknesses (0 to
40 cm), from an energy point of view, the optimal thermal insulation thickness is greater
than 40 cm for all types of buildings and climates. This is a consequence of the fact that
increasing thermal insulation thickness always leads to a decrease in energy consumption
for heating and an increase in energy consumption for cooling, as shown by the results
of this study (figures not shown) and what is reported in the bibliography [2,11,24,25,33].
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Additionally, the rate of decrease in energy consumption for heating is greater than the
rate of increase in consumption for cooling, which is reflected in a continuous decrease in
energy consumption for air conditioning with the increase of thermal insulation thickness.
Clearly, this statement is valid only for the situations analyzed here. In the authors’ opinion,
a reversal of this trend can occur in buildings with high internal thermal loads and low
thermal mass that are located in regions with hot or warm climates. The buildings in this
study have a high thermal mass, so eventually, a thermal insulation thickness that leads to
a minimum of energy consumption does not exist.
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Figure 6. Economic equivalent annual cost per unit area to maintain thermal comfort conditions.
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Table 7. Optimal EPS thickness [cm] from energy, environmental, and economic perspectives.

Climate
Building Perspective Hot Warm Moderate Cold Very Cold

Apartment Energetic >40 >40 >40 >40 >40
Environmental 12 14 20 30 >40
Economic 5 5 10 12 25

Detached Energetic >40 >40 >40 >40 >40
house Environmental 14 16 25 35 >40

Economic 8 8 14 16 25

Private Energetic >40 >40 >40 >40 >40
clinic Environmental 12 14 20 30 >40

Economic 0 0 6 14 20

Private Energetic >40 >40 >40 >40 >40
school Environmental 5 8 14 20 30

Economic 0 0 0 10 14

Bank Energetic >40 >40 >40 >40 >40
branch Environmental 3 5 8 16 25

Economic 0 0 0 6 0

Super- Energetic >40 >40 >40 >40 >40
market Environmental 6 8 16 25 35

Economic 0 0 6 14 16

As Table 7 highlights, there is an EPS thickness that minimizes equivalent CO2 emis-
sions, so it can be stated that there always exists an environmentally optimal thermal
insulation thickness. This optimal thickness increases with the cooling of the climate in all
types of buildings, always presenting the lowest value for a hot climate and the highest
for a very cold climate. In the situation of very cold weather, it was not possible to iden-
tify the environmentally optimal EPS thickness for buildings with permanent occupancy
(apartments, detached houses, and clinics). Even so, the evolution of emissions of CO2
equivalent clearly suggests that its value lies between 40 and 50 cm.

In global terms and for the same type of climate, the value of the environmentally
optimal thickness of buildings with permanent occupancy is substantially higher than that
of buildings with intermittent use (school, bank branch, and supermarket). According to
the environmental perspective, the detached house requires the greatest EPS thickness, and
the bank branch the smallest.

In very general terms and as expected, it can be outlined that the optimal EPS thickness
according to the economic perspective increases with the cooling of the climate; thus, the
lowest corresponds to a hot climate and the highest to a very cold climate. In terms of
type of use, buildings can be ordered from the least economically optimal thickness to the
greatest: bank branch (0 to 6 cm), school (0 to 14 cm), supermarket (0 to 16 cm), clinic (0 to
20 cm), apartment (5 to 25 cm), and detached house (8 to 25 cm). Among the situations
analyzed in the present study, it is not economically advantageous to isolate the opaque
elements of the four non-residential buildings when located in hot (Spain) and warm
(Portugal) climates. In the case of the moderate climate (Spain), this also occurs in the cases
of the school and the bank branch.

In addition to the energy demands for air conditioning, the energy efficiency of HVAC
systems, the cost of acquiring EPS, the cost of labor, and the price of purchasing energy
have also been considered in the economic analysis, which differs from country to country.
As such, the economic optimal value of thermal insulation thickness is only valid for the
type of climate and the country for which it was determined. Furthermore, it was assumed
that, for the next 50 years, energy prices would increase at a rate of 5%/year. However,
as demonstrated by Raimundo and Oliveira [2], the economic advantages of thermally
insulating the opaque elements of buildings grow with the rate of inflation of energy prices.
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Figure 7 shows the relation between the environmental impact and the economic cost
of the six buildings considered for the five types of climates. As revealed by these graphs
and by Table 7, the EPS thickness that leads to the lower environmental impacts does not
correspond to the optimal economic cost. However, as shown in Figure 7, the optimal EPS
thickness in environmental terms shows an economic cost relatively close to its optimal
value. So, in the authors’ point of view, the best option for thermal insulation thickness lies
between the optimal values of the economic and environmental costs.
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Figure 7. Relationship between the environmental impact and the economic cost.

In summary, for the cases considered in this study, the greater the thickness of EPS, the
lower the energy consumption for air conditioning. From an environmental perspective,
there is always an optimal EPS thickness below which emissions of CO2 equivalent decrease
with increasing EPS thickness. For thicknesses above this ideal value, the energy embodied
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in constructive solutions is not offset by the reduction in energy consumption for air
conditioning. The economically optimal thicknesses of EPS are significantly lower than
the corresponding ones in environmental terms. From a strictly economic perspective, the
additional investment in a thermal insulation system is only clearly offset by the reduction
in energy expenditure for air conditioning when buildings are in a cold or very cold climate.
However, the higher the price of purchasing energy, the greater the economic interest in
increasing the thickness of thermal insulation [2], so it is highly likely that in the future it
will be economically interesting to apply generous thicknesses of thermal insulation, even
in moderate climates.

5. Conclusions

An assessment of the relationship between the cost of thermal comfort in residential
and non-residential buildings and the type of building use, the type of climate, and the
thermal insulation of opaque elements was carried out using energy, environmental, and
economic analyses. Three buildings with permanent use (an apartment, a detached house,
and a clinic) and three buildings with intermittent utilization (a school, a bank branch, and
a supermarket) were selected, which were supposedly located in places with five different
climates (hot, warm, moderate, cold, and very cold).

The concepts of “economic cost of thermal insulation efficiency” and “environmental cost
of thermal insulation efficiency” were applied to the three thermal insulating materials most
widely used (EPS—expanded polystyrene, XPS—extruded polystyrene, and MW—mineral
wool). Both perspectives reveal the EPS as the most promising. Therefore, this was the thermal
insulation material selected for this study.

Regardless of the climatic region and the type of the building, the predicted values
show a continuous decrease in the consumption of primary energy for climatization with the
increase in the EPS thickness applied to opaque elements of the building’s envelope. This
decrease has an inverse exponential behavior, showing a lessening of the decreasing rate as
the EPS thickness increases. The energy cost of thermal comfort is substantially higher in
the case of the two cold climates than in the other three, and it is also in the cold climates
that there is a more significant decrease in energy consumption for air conditioning with
the increase in EPS thickness. The buildings with day and night uses have higher energy
consumption for climate control than those with only daytime occupation or occupied
during the day and part of the night.

The environmental cost of thermal comfort mainly depends on the annual primary
energy consumption for heating and cooling, with emissions associated with building
construction having a smaller influence. The buildings with permanent use have a higher
environmental cost than those with intermittent occupation, and this cost is substantially
higher for the two cold climates than for the remaining three. Clearly, it is more envi-
ronmentally advantageous to thermally insulate opaque elements of buildings located in
cold climates than in moderate, warm, or hot climates. Thus, there is a great sensitivity
to this parameter in relation to climate and building types, with a substantially stronger
relationship with the type of climate.

In general terms, the economic optimal EPS thickness increases with the cooling of
the climate, with the lowest value for hot climates and the highest for very cold ones.
Furthermore, it varies with the building’s type of use, with higher values for residential
buildings than for commercial and service buildings. Economically, the investment in a
thermal insulation system is only clearly offset by the reduction in energy expenditure for
climatization when buildings are in cold or very cold climates and/or if they are of the
residential type.

In short, it has been demonstrated that the application of thermal insulation in the
opaque constructive solutions of the building envelope is a highly efficient way of reducing
energy consumption and environmental impacts, and it is economically advantageous
in the case of residential buildings and/or all buildings located in cold climates. The
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optimal economic thicknesses of EPS are significantly lower than the corresponding ones
in environmental terms.

The optimal thermal insulation thicknesses of the opaque elements of six types of
buildings, supposedly located in different types of climates, were obtained using a unified
assessment. The results can be used to select the recommended thermal insulation thickness
to apply in a given building located in a specific climate; this fact represents the main added
value of this work. Clearly, the optimal thickness depends on the perspective considered.

It should be noted that the influence of installing electrical energy production systems
from renewable sources was not considered, which is noteworthy in environmental terms
and might become economically significant due to the probable energy price escalation.
These limitations deserve to be addressed in future work. Finally, the results of this research
provide useful insights for building professionals and policymakers.
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Abstract: Nowadays, a large amount of the total primary energy is consumed by buildings, account-
ing for about 40% of the total energy demand. Aligned with the EU objectives and the strategies
to reduce the demand, cooling and heating are stated as the most energy consuming processes and
the building envelope plays an important role to reduce the energy consumption. In this work, the
energy demand related to heating and cooling in a typical building has been evaluated, which has
been simulated in 35 cities located in different climatic zones, using the DesignBuilder v.6.1.7.007
software. Although the increase in insulation and the replacement of windows lead to a reduction in
energy demand, in the case of the cities of Santa Cruz de Tenerife and Las Palmas de Gran Canaria
without insulation, the demands are lower than 1.7 kWh/m2/year and 5 kWh/m2/year, respectively,
and these results indicate that energy saving strategies, driven by policies and economic support,
based on the renovation and improvement of the thermal insulation of the building envelope, are
not the most appropriate due to the need for an additional energy load for cooling and to maintain
comfort within the regulatory limits.

Keywords: energy transition; energy consumption; building envelope; retrofitting strategies

1. Introduction

The global energy demand has been increasing during the last years mainly due to the
economic development and globalization processes. The building sector is one of the principal
energy-consuming sectors in the world, representing around 40% of the total demand [1]
and contributing over 30% of the CO2 emissions [2], where heating and cooling processes are
responsible for more than 33% of the total energy consumed in buildings [3]. Additionally, in
some trend scenarios proposed for 2050, the energy demand for cooling will reach 150% of
the actual values and the cooling energy demand will rise by 300% to 600% in buildings [4].

In this sense, EU has established clear objectives on energy saving in the construction
sector, defining broad major objectives and assumptions aimed at lowering the energy con-
sumption of buildings [5], complemented by the Directive 2010/31//UE which introduced
the concept of nearly zero-energy building (nZEB) [6,7]. In the nZEB concept, some authors
have defined two approaches for the retrofitting strategy to achieve the targets: reducing
the power consumption and perform an energy transition, replacing the actual energy mix
and introducing renewable energies [1].

Therefore, the improvements to reduce the heating and cooling demand are the
most relevant retrofitting actions in the buildings to produce an effective reduction of the
energy demand, where the building envelope [8] plays a key role, together with other
construction elements.
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In this aforementioned sense, the most used renovation proposals to reduce the energy
consumption are to increase the insulation thickness of the thermal envelope as well as
installing double-glazed windows. Several authors have been focused on the optimization
of the insulation thickness of the exterior walls of buildings to minimize the heating demand
required in cold regions [9] and to reduce the temperature [10–12], where the retrofitting
actions in continental climates have reported reduction over 30% of the energy demand [13].
Similar studies referred to hot climates [14] have reported the optimization of insulation
thickness for the reduction of heat transfer in buildings during the summer, considering
solar radiation and the feasibility of retrofit actions, in combination with Solar Passive
Technologies [15]. Additionally, the thermal performance of the building considering the
percentage of window surface and type of glazing [16] has been analyzed for different
climate conditions.

The aforementioned strategies have different results depending on the climatic zone [17]
and the specific boundary conditions of the environment, in order to provide results in
context-specific solutions [18]. For example, in Algeria, reducing cooling demand by
replacing single glass with double glass contributes, on average, to a reduction in energy
demand of 8%. However, the application of other strategies, such as solar protection,
window glazing, air tightness and insulation, and reductions in energy consumption can
achieve energy savings of 33% [19].

The analysis of the comfort for buildings without installed heating or cooling systems
reveals that it is possible to have winter thermal comfort without additional thermal
insulation on façades in climates similar to the cities of southern Europe [20].

In general, the results of the energy evaluation in different locations show the reduc-
tion in energy demand associated with retrofit strategies depends, to a large extent, on
the climate zone where the building is located. Therefore, the criteria for achieving the
objectives set by the EU in terms of improving the energy performance of the building
stock require adaptation to the climatic singularities of each region [18,21].

The scientific literature has extensively reported the effect of insulation in buildings
located in areas with a remarkable heating demand where the implications of passive design
measures on heating and cooling energy have been properly addressed [22]. In particular,
the Spanish standard, which is the transposition of European directives, promotes and
partially finances the placement of building insulation and the replacement of windows.

In this sense, following the aforementioned studies published in the literature, we
present in this work a novel study of the energy evaluation of a building on the southern
border of the EU, to evaluate the behavior of these strategies for the Canary Islands, in
comparison with other EU cities.

The present work analyzes the energy demand of a reference building located in
33 cities in different climate zones, following the classification reported in [23], and com-
pared with the two Canary Islands capital cities.

The paper is structured as follows. In Section 2, the building model and simulation
variables are listed. In Section 3, the obtained results and discussion are shown. This section
is followed by the conclusions in Section 4.

2. Building Model and Methodology

2.1. Description of the Building Used in This Work

We have selected one of the twin buildings used as a reference for the European
ENCORE H2020 Project (ENergy aware BIM Cloud Platform in a COst-effective Building
REnovation Context), to carry out the simulations. They are two single-family dwellings
built at full scale: a standard dwelling, used as a reference and the twin dwelling, used to
carry out experimental innovations to reduce the energy consumption. These buildings
were built in the framework of the Experimental Demonstrators in Energy and Architecture
(EDEA) project co-funded by the LIFE program of the European Commission [24].

The experimental building used in the simulations has a façade of 140.5 m2 (north
and south), dividing walls of 160.7 m2 (east and west), a roof of 70.4 m2, and 22.0 m2 of
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openings in the façade walls (Figure 1). In terms of the window-wall ratio (WWR), the
building presents 11% of openings to the north and 20% of openings to the south (see
Table 1). The selected building model does not present window opening areas in the east
and west façades, because this model represents a rowhouse. The window-wall areas and
WWR are the standard values in Spain for the typology of the selected building.

 
Figure 1. EDEA characteristic building BIM model (left) used in the simulations and demonstration
houses of the EDEA project built in Cáceres, Spain (right).

Table 1. Wall areas, window opening areas, window wall ratios, and gross wall areas for the different
façades of the simulated building.

Walls and Areas Total
North (315 to

45 deg)
East (45 to
135 deg)

South (135 to
225 deg)

West (225 to
315 deg)

Gross Wall Area (m2) 325.11 75.3 74.89 75.3 99.61
Above Ground Wall Area (m2) 301.33 75.3 74.89 65.25 85.88
Window Opening Area (m2) 21.98 8.43 0 13.55 0

Gross Window-Wall Ratio (%) 6.76 11.2 0 17.99 0
Above Ground Window-Wall Ratio (%) 7.29 11.2 0 20.76 0

Gross Wall Area (m2) 325.11 75.3 74.89 75.3 99.61

The building materials and construction solutions used in the simulation have been
chosen to represent a single-family house type of construction system. Table 2 shows the
description and thermal properties of the building materials included in the construction
solutions of the building envelope. The orientation of the EDEA building has been unaltered
in the different emplacements to minimize a crossed effect due to the orientation changes.
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Table 2. Building envelope construction solutions and material properties: t: Thickness; λ: Thermal
conductivity; ρ: Density; Cp: Specific heat; R: Thermal resistivity; i(t): Insulation thickness where
i = 0, 40, 80 or 120 mm. (1) Depending on the thickness R = i(t)/λ. (2) Spanish Technical Building
Code [25].

Parameters U (W/m2K) Materials
t

(10−2 m)
λ

(W/m K)
ρ (kg/m3)

Cp

(J/kg K)
R

(m2K/W)

Roof 2.40 i(0), 0.62 i(40),
0.36 i(80), 0.25 i(120)

Crushed stone 10 2.0 1450 1050 0.05
Concrete with lightweight

aggregates (1600 < ρ < 1800) 8 1.15 1700 1000 0.07

XPS expanded with CO2 i(t) 0.034 38 1000 (1)

Reinforced concrete
(2300 < ρ < 2500) 30 2.3 2400 1000 0.13

Gypsum plaster
(1000 < ρ < 1300) 1.5 0.57 1150 1000 0.03

Floor slab 1.87 i(0), 0.59 i(40),
0.35 i(80), 0.25 i(120)

Stoneware tile 2 2.3 2500 1000 0.01
Cement mortar for plastering

(1600 < ρ < 1800) 3 1.0 1525 1000 0.03

XPS expanded with CO2 i(t) 0.034 38 1000 (1)

Reinforced concrete slab
(2300 < ρ < 2500) 15 2.3 2400 1000 0.07

Hardcore (stone) 40 2.0 1450 1050 0.20

Outer wall
(North and

South)

1.69 i(0), 0.61 i(40),
0.37 i(80), 0.27 i(120)

Ceramic perforated brick 11.5 0.667 1140 1000 0.17
Unvented air chamber

insulation 5 - - - 0.18 (2)

Mineral wool insulation i(t) 0.04 40 1000 (1)

Gypsum board (750 < ρ < 900) 1.5 0.25 825 1000 0.06

Outer wall
(East and

West)

1.13 i(0), 0.52 i(40),
0.33 i(80), 0.25 i(120)

Viroc® Cement Bonded
Particle Board (CBPB)

2 0.22 1350 1500 0.09

Unvented air chamber
insulation 10 - - - 0.19 (2)

Mineral wool insulation i(t) 0.04 40 1000 (1)

Cement mortar for plastering
(1600 < ρ < 1800) 1.5 1 1525 1000 0.02

Ceramic perforated brick 11.5 0.667 1140 1000 0.17
Cement mortar for plastering

(1600 < ρ < 1800) 1.5 1 1525 1000 0.02

Unvented air chamber
insulation 5 - - - 0.18 (2)

Gypsum board (750 < ρ < 900) 1.5 0.25 825 1000 0.06

To implement a systematic comparison, we have selected commercial insulation
thickness of 0, 40, 80, and 120 mm, in accordance with what has been reported in the
literature [26], to evaluate the insulation influence in the chosen cities. Despite the selected
values not being the most appropriate for northern and central countries according to EU
country policies, the aim of this work is focused on the analysis and comparison of the
insulation performance and constraints for the southern cities under study.

The characteristics of the construction materials of the building’s interior construction
solutions are shown in Table 3.

2.2. Methodology of Calculation and Selection of Cities

The proposed methodology evaluates the energy demand of the building, when the
insulation thicknesses and the type of glazing in windows are modified, aligned with
European retrofitting guidelines. The selection of cities has been performed in two groups:
(i) cities with heating demand and (ii) cities without heating demand. The energy analysis
was performed with DesignBuilder (Calculation Engine EnergyPlus) v.6.1.7.007 software,
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whose calculation engine is Energy Plus v.8.9.0.001. The EPW (Energy Plus Weather) files
from the Energy Plus database were used as climate files for each of the selected locations.

Table 3. Interior construction solutions and material properties: t: Thickness; λ: Thermal conductivity;
ρ: Density; Cp: Specific heat.

Interior
Parameters

Materials
t

(10−2 m)
λ

(W/m K)
ρ (kg/m3) Cp (J/kg K)

Interior slab 1.66
W/m2K

Ceramic tile 2 2.3 2500 1000
Cement mortar for plastering 1600 < ρ < 1800 3 1 1525 1000

Concrete with lightweight aggregates 1600 < ρ < 1800 5 1.15 1700 1000
Reinforced concrete slab 2300 < ρ < 2500 37 2.3 2400 1000

Gypsum plaster 1000 < ρ < 1300 2 0.57 1150 1000

Interior wall 2.09
W/m2K

Gypsum plaster 1000 < ρ < 1300 1.5 0.57 1150 1000
Ceramic perforated brick 11.5 0.667 1140 1000

Gypsum plaster 1000 < ρ < 1300 1.5 0.57 1150 1000

The Engine EnergyPlus uses finite difference calculation method, the Conduction
Transfer Function (CTF) algorithm, TARP method for the internal convection algorithm,
and DOE-2 for the external convection algorithm.

To carry out the simulations, four thermal zones have been considered in the building,
one zone per floor. The interior partition walls have not been considered for the energy
evaluation. Additionally, the building has been simulated considering the slab in contact
with the first floor for all the locations.

The energy demand of the test building, located in 35 cities in different locations of
the EU, has been calculated (Figure 2). The results have been considered appropriate when
the insulation thickness reduces the cooling energy demand. In the opposite case, when
the insulation thickness increases the cooling energy demand, the previous valid insulation
thickness has been considered. We have chosen different locations to consider the different
climates zones in the EU, and the cities have been grouped by latitude, forming different
groups according to the classification shown in [23].

Moreover, in this study, we have included European cities located outside of the
continental climates, to evaluate the impact of the political guidelines of retrofitting from
the EU.

2.3. Transmittances of the Envelope and Windows

The transmittances of the different elements of the thermal envelope according to the
insulation level are shown in Table 4. Regarding the glazing type, we have carried out
simulations for two window types and frame combinations: 6 mm glass with aluminum
frame (the most widely used window in buildings in the Canary Island cities under study)
and 4 + 12 + 6 mm glass with PVC frame, to assess the energy demand changes due to the
replacement of the windows.

Table 4. Transmittance (W/m2K) of envelope elements (Uenv), window types (UW), and g/SHGC
values: t = Insulation thickness (mm); N = North; S = South; E = East; W = West.

Elements
Uenv Window Type UW g/SHGC

t = 0 t = 40 t = 80 t = 120

Roof 2.56 0.63 0.36 0.25
6 mm glass with aluminum frame 5.8

5.7
0.85External wall (N and S) 1.69 0.61 0.37 0.27

Internal wall (E andW) 1.12 0.51 0.33 0.25

Interior slab 1.66 - - -
4 + 12 + 6 mm glass with PVC frame 2.7

1.8
0.77Floor slab 1.83 - - -

Interior wall 2.09 - - -
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Figure 2. Location of the 35 cities studied grouped into 4 zones: north (white circle), center (blue
circle), south on the continent (yellow rhombus), and south (yellow triangle).

2.4. Calculation of Infiltrations in the Building

The calculation of infiltration was performed according to the Energy Performance
of Buildings Directive 2010/31/EU, the Energy Efficiency Directive 2012/27/EU, and
subsequent amendments contained in the Spanish transposition of the aforementioned
Directives [25].

According to study [27], the infiltration value obtained was 0.186 ACH (Air Changes
per Hour) with a permeability value equal to 9 m3/h·m2 (at 100 Pa) and a mechanical
ventilation equal to 0.63 ACH for the volume of the dwelling, façade and roof areas, and
percentage of openings indicated in the building description.

The year-round mechanical ventilation of 0.63 ACH ensures healthiness through
proper aeration of the living spaces. However, a natural ventilation of 4 ACH has also been
included during the summer months (June, July, August, and September) from 0:00 to 07:59
to cool the interior spaces in summer and improve the thermal comfort of the occupants to
minimize the use of active cooling systems.

Night ventilation has been used exclusively in the summer months (June, July, August,
and September, between 1 and 7 a.m.). In the case of northern European cities, night
ventilation produces indoor temperatures of between 17 ◦C and 20 ◦C.

2.5. Internal Loads, Usage Profiles, Metabolic Rate, and Set-Point Temperatures

The internal loads define the heat generated inside the building due to internal sources:
occupancy, lighting, equipment, etc. These loads are involved in the calculation of the
energy demand of the analyzed models. The internal loads and associated operating hours
used in the simulations are described in Table 5.

256



Buildings 2022, 12, 1994

Table 5. Internal loads and schedules used in the simulations [25]. WD: Working days; NWD:
Weekend and public holidays.

Internal Load (W/m2)
Schedule (Typical Week)

0:00–6:59 7:00–14:59 15:00–17:59 18:00–18:59 19:00–22:59 23:00–23:59

Occupation
(Sensitive)

WD 2.15 0.54 1.08 1.08 1.08 2.15
NWD 2.15 2.15 2.15 2.15 2.15 2.15

Occupation
(Latent)

WD 1.36 0.34 0.68 0.68 0.68 1.36
NWD 1.36 1.36 1.36 1.36 1.36 1.36

Lighting Both 0.44 1.32 1.32 2.20 4.40 2.20

Equipment Both 0.44 1.32 1.32 2.20 4.40 2.20

The metabolic rate was estimated as the sum of the sensible occupation (Osen = 2.15 W/m2)
and latent occupation (Olat = 1.36 W/m2) for an occupancy density (ρd) equal to 33.33 m2/
person. Applying Equation (1), we obtain a metabolic rate (Mrate) equal to 117 W/m2.

Mrate = Osen·ρd + Olat·ρd (1)

The set-point temperatures used for the winter months were 20 ◦C and 17 ◦C (heating
temperatures) and for the summer months were 25 ◦C and 27 ◦C (cooling temperatures).
These four set-point temperatures were used with the times indicated in Table 6 which
correspond to those established in [28].

Table 6. Set-point temperatures and times used in the simulations [25].

Set Point Temperatures Period
Schedule (Typical Week)

0:00–6:59 7:00–14:59 15:00–22:59 23:00–23:59

Winter set-point (C) temperatures (heating)
January–May 17 20 20 17

June–September - - - -
October–December 17 20 20 17

Summer set-point temperatures (C) (cooling)
January–May - - - -

June–September 27 - 25 27
October–December - - - -

2.6. Inverse Distance Weighting Interpolation

Inverse distance weighting interpolation (IDW) is a deterministic interpolation method
that assumes that the interpolated value will be more similar to nearby data than to remote
data. IDW interpolation uses distance as the weight, so sample points that are close will
have greater weight and the amount of weight will decrease as the distance from the sample
point increases. The equation used for IDW interpolation is as follows:

hdj = kj ∑n
i=1

1
dp

ij
hdi (2)

kj = ∑n
i=1

1
dij

(3)

where:
hdj estimated heating demand (kWh/m2/year) at point j;
hdi experimental heating demand (kWh/m2/year) at point i;
dij distance from point i to j;
p power, in this case p = 2 (weighting with the square of the distance);
n number of cases.
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The effect of decreasing the heating demand can be obtained continuously by inter-
polating the experimental data. The interpolation of the inverse square of the distance
is an easy method to apply to estimate the parameters required in the calculation of the
energy consumption of buildings [29]. Additionally, this interpolation can be used for the
prediction of the buildings’ operation through analysis of energy consumption [30]. This
technique allows the estimation of the values at the unknown point from a weighted sum
of the values of N known points.

3. Results and Discussion

3.1. Heating Demand as a Function of Insulation Thickness

In this work, the total energy demand has been defined as the required energy for
cooling and heating systems, to maintain comfort temperature conditions inside the build-
ing. Figure 3 shows the heating demand values (kWh/m2/year) of the house with double-
glazed windows 4 + 12 + 6 mm located in northern, central, and southern EU cities, as a
function of insulation thickness.

Figure 3. Heating demand (kWh/m2/year) in cities belonging to the northern, central, southern (on
the continent), and southern EU for different insulation thicknesses.

In the northern cities of the EU, heating demand without insulation ranges between
446 and 142 kWh/m2/year, achieving values of 240 and 118 kWh/m2/year with 80 mm
insulation. For the cities located in the central part of the EU, heating demand varies
between 105 and 237 kWh/m2/year (without insulation) and 45–120 kWh/m2/year (with
80 mm insulation).

This decrease in heating demand is almost 4 times lower in southern cities of the EU,
with the highest demand in cities located within the continent with a heating demand
ranging between 114 and 46 kWh/m2/year (without insulation) and between 50 and
16 kWh/m2/year with 80 mm thick insulation, despite the fact that the thicknesses se-
lected in this comparative study are not the optimal thicknesses that could be found in
those countries.

Specifically, the cities of Ceuta (Spain), Melilla (Spain), Funchal (Portugal), and
Valleta (Malta) have a heating demand ranging between 50 and 12 kWh/m2/year for
the building without insulation. This heating demand decreases to values of 15 and
2 kWh/m2/year, respectively, when 40 mm insulation is included. These values also reach
9 and 0.5 kWh/m2/year increasing the insulation thickness to 80 mm.

The determination of the interpolated points allows an adequate visualization of
the heating energy demand using the values obtained for the cities depicted in Figure 2.
The values obtained from the interpolation method compared with the precise values,
show an error below 10% on average. The objective of Figure 4 is to show graphically
how the heating demand is in the Canary Islands compared to the rest of the EU. This
demand remains below the threshold of 15 kWh/m2/year regardless of the thickness of
the insulation.
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Figure 4. Heating demand intervals (kWh/m2/year) interpolated by IDW for the reference building
with double-glazed windows of 4 + 12 + 6 mm and without insulation in the envelope (A), with
insulation thicknesses of 40 mm (B) and with thicknesses of 80 mm insulation (C).

In general, this improvement of heating demand with insulation in northern, central,
and southern EU cities can also be observed graphically in the heating demand map by
applying IDW, shown in Figure 4.

However, the general behavior observed in northern, central, and southern European
cities contrasts with those observed in cities even further south in the EU: Cayenne, Santa
Cruz de Tenerife, and Las Palmas de Gran Canaria. In these cases, the installation of
insulation does not result in significant savings in heating demand. In these cities, the
heating demand is less than 1.7 kWh/m2/year without insulation (Figure 5A). Therefore,
the installation of insulation in Santa Cruz de Tenerife, Las Palmas de Gran Canaria, and
Cayenne does not significantly reduce the heating demand in the buildings constructed.

Figure 5. Heating demand (A) and cooling demand (B) in southern EU cities for different insulation
thicknesses and with single-glazed windows (6 mm).

On the other hand, it is remarkable that there was different behavior shown in the
Spanish cities of North Africa (Ceuta and Melilla), compared to the results obtained in
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the Canary Islands capitals, for the same reference building. In the cities of the Canary
Islands, unlike the cities of North Africa and the rest of the cities of continental Europe, the
installation of insulation does not improve the demand for heating (Figure 5A) and even
produces an increase in the demand for cooling (Figure 5B). These results obtained for the
reference building show the need to evaluate the rehabilitation strategies that are currently
applied in the Canary Islands.

3.2. Cooling Demand as a Function of Insulation Thickness

In a previous work, the cooling demand in Helsinki, Berlin, and Madrid, which are
located in the northern and central areas of the EU defined in this work [23], were calculated.
The results of this study show the cooling demand in these cities is very low compared
to the heating demand. Specifically, the values range between 12 and 0.3 kWh/m2/year
in uninsulated envelopes, and between 9 and 0.3 kWh/m2/year with 120 mm insulation,
being higher in Madrid and lower in Helsinki. In general, northern and central EU cities
do not require active systems to control cooling demand.

On the other hand, in the cities of Santa Cruz de Tenerife, Las Palmas de Gran Ca-
naria, Funchal, Ceuta, Melilla, and Cayenne, it is observed (Figure 5B) that the cooling
demand is practically constant with insulation thickness, the value always being less than
12 kWh/m2/year, corresponding to Cayenne. In the case of the Canary Island cities, the
cooling demand is less than 5 kWh/m2/year without insulation, increasing slightly to a
value of 7 kWh/m2/year when the insulation thickness is increased.

This effect of increased cooling demand observed in many cities in the south of the
EU as insulation thickness increases is due precisely to the fact that, in hot weather, heat
cannot be dissipated through the envelope due to the incorporation of that insulation.
This fact could cause overheating and therefore, active cooling systems could be required.
Therefore, it can be deduced from the results of these simulations that, in these Canary
Island cities, the use of insulation in buildings does not lead to an improvement in energy
demand, and even causes a slight increase in cooling demand. In these cities, the reduction
of energy demand should be focused on strategies such as orientation, use of shading, and
incorporation of renewable energies.

3.3. Single-Glazed vs. Double-Glazed Windows

The installation of double-glazed windows is another frequently used intervention to
reduce the energy demand in the dwelling. Figure 6 shows the improvement by replacing
single-glazed windows with double-glazed windows in the EDEA building used as a
reference in the simulations.

Figure 6. Improvement in heating (A) and cooling (B) demand replacing a single-glazed window
(6 mm) with a double-glazed window (4 + 12 + 6 mm).
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Regarding heating demand, it is observed that in Ceuta and Melilla the improvement
in heating demand is in the order of 3.5 and 2 kWh/m2/year, respectively. In Funchal and
Valletta, the improvement is of the order of 1 kWh/m2/year, and in the Canary Island cities,
it is less than 0.2 kWh/m2/year. Therefore, there are not significant changes observed
increasing insulation thickness (Figure 6A). In general, these changes do not present
significative improvements and therefore, the payback period is dramatically increased.

Moreover, cooling demand in all cases is always less than 0.5 kWh/m2/year and the
cooling demand with insulation thickness is lower than 0.1 kWh/m2/year (Figure 6B).

The results show that the retrofitting actions consisting in the change of glazing do not
lead to significant savings in either heating or cooling demand. In the cities Santa Cruz de
Tenerife and Las Palmas de Gran Canaria, the improvement in heating and cooling demand
does not exceed 0.2 and 0.25 kWh/m2/year, respectively. In this work, the influence of the
WWR on the energy demand has not been studied. The modification of the WWR values
implies important changes on the energy demand and must be studied for each case [31].
Even when the WWR values of the simulated building are not among the typical values for
current buildings in the northern and central areas of the EU, these values have been used
in order to compare with the obtained results for the Canary Island cities. Moreover, it is
expected that in the near future, new buildings in the north and central EU will present
WWR values close to the ones considered in this study [22].

4. Conclusions

In this article, an energy analysis of a reference building placed in 35 EU cities has
been presented where the effectiveness of retrofit strategies for energy savings in buildings
in EU has been evaluated, considering different cities in different climate zones.

The behavior observed in northern, central, and southern European cities contrasts
with those observed in cities even further south in the EU: Santa Cruz de Tenerife and Las
Palmas de Gran Canaria. In these cases, the installation of insulation does not represent a
significant saving in the heating demand since the heating demand without insulation in
the building is already less than 1.7 kWh/m2/year.

In relation to the cooling demand, in the case of these cities located on the Canary
Islands, the cooling demand without insulation is also low (<5 kWh/m2/year). This
demand increases slightly to a value of 7 kWh/m2/year when the thickness of the insu-
lation increases, due to the heat which cannot be dissipated through the enclosure due
to the insulation improvement. In these cities, the reduction of energy demand should
be focused on other strategies, such as orientation, use of shading, and incorporation of
renewable energies.

On the other hand, the rehabilitation actions consisting of changing the glazing do
not represent a significant saving in either the demand for heating or cooling. In the cities
of Santa Cruz de Tenerife and Las Palmas de Gran Canaria, the improvement in heating
and cooling demand is less than 0.25 kWh/m2/year, which implies an excessively long
amortization period.

The results reveal the energy-saving strategies, and therefore, the European subsidies
for energy rehabilitation of buildings, based on the renovation and improvement of the
thermal insulation of the building envelope are suitable for the cities of the north and center
of the EU. However, in the case of the southern evaluated cities, the placement of insulation
in the walls, which is required by law to comply with thermal transmittance requirements,
does not imply an improvement in energy demand for the Canary Island cities studied.

Therefore, the general retrofit strategies for energy savings in buildings in the EU are
not suitable for the southern cities under study, revealing the need for new strategies and
policies to save energy in buildings placed in the studied cities from the Canary Islands.

Although the typologies of buildings can be very diverse in each of the cities studied,
the results obtained on the reference building highlight the need to evaluate the rehabilita-
tion strategies currently applied in the Canary Islands territory.
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Abstract: Using ANN algorithms to address optimization problems has substantially benefited recent
research. This study assessed the heating load (HL) of residential buildings’ heating, ventilating,
and air conditioning (HVAC) systems. Multi-layer perceptron (MLP) neural network is utilized
in association with the MVO (multi-verse optimizer), VSA (vortex search algorithm), and SOSA
(self-organizing self-adaptive) algorithms to solve the computational challenges compounded by the
model’s complexity. In a dataset that includes independent factors like overall height and glazing
area, orientation, wall area, compactness, and the distribution of glazing area, HL is a goal factor. It
was revealed that metaheuristic ensembles based on the MVOMLP and VSAMLP metaheuristics had
a solid ability to recognize non-linear relationships between these variables. In terms of performance,
the MVO-MLP model was considered superior to the VSA-MLP and SOSA-MLP models.

Keywords: self-organizing self-adaptive; vortex search algorithm; multi-verse optimizer; heating
load; residential

1. Introduction

The heating, ventilation, and air conditioning (HVAC) systems of a freshly constructed
building regulate indoor air quality [1]. On the other hand, the rising trend of individuals
living in energy-efficient buildings necessitates a thorough comprehension of the entire
thermal loads necessary to choose appropriate HVAC systems. Several mathematical and
analytic techniques [2–4] have optimized HVAC systems. According to a recent study,
machine learning techniques (i.e., inverse modeling) can be used to predict and evaluate
the buildings’ energy performance [5]. Due to developments in programming sciences
and computation, various innovative approaches have been created over the past several
years [6–8]. The main goal of these simulations is to make simulations of actual events more
practical [8–10]. Using a range of methods (e.g., numerical [11,12], experimental [13,14],
empirical [15,16]), scientists have been able to select the most suitable technique for the
unsolved problem. Several more conventional processes could be supplanted by machine
learning, which has shown promising outcomes. Using various machine-learning programs,
it is feasible to solve intricate problems with high accuracy.

The artificial neural network (ANN) [17,18] is a powerful processor capable of simu-
lating a variety of scientific objectives and tasks [19–24]. Due to its neural processors and
several layers, the multi-layer perceptron (MLP) [25] is a characteristic form of ANN. The
utilization of these processors in simulations involving energy has been effective [26–28].
Using an MLP, researchers can study the relationship between a dependent parameter and
other independent factors. Each dependent parameter is assigned a weight in the neurons
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of the MLP, which are its processors. The resultant value will then be used to activate a
function by combining it with a bias term. The subsequent development of neurons uses
this strategy to have a unique mathematically forward progress [29].

Consequently, the MLP has become a “feed-forward instrument” [30]. Analytical
approaches were congruent with Ren et al.’s hypothesized ANN results heat loss predic-
tion [31–33]. This model surpasses all others in calculating the strain in a concrete beam’s
tie section, as Mohammadhassani et al. [34]. Sadeghi et al. [35] utilized an MLP to predict a
residential structure’s cooling and heating demands. A sensitivity analysis also indicated
the ideal network response. Sholahudin and Han [36] employed the Taguchi method to
develop a simplified dynamic ANN to accurately predict heat loss (HL) in an HVAC system.
Several prior studies [37–39] have proved the efficacy of ANNs in energy modeling. In
addressing energy-related issues, fuzzy networks [40], random forests, and support vector
machines have all been useful [41–43].

In energy analysis, metaheuristic scholars have been increasingly interested in HVAC
systems and energy analysis [44–49]. Martin et al. [50] calibrated the HVAC subsystem com-
ponent via a metaheuristic and sensitivity analysis. Bamdad Masouleh [51] implemented
ant colony optimization to optimize energy. Moreover, several benchmarks revealed that
the proposed models excelled in traditional methods. Numerous research studies have
demonstrated that machine learning models can benefit from various techniques [52–55].
As part of their research, Zhou et al. [56] investigated how to best estimate the HL and
CL by ANN, utilizing ABC and PSO applied to an ANN [57]. The PSO outperformed the
other algorithm by approximately 22 to 24 percent, demonstrating that both approaches
are effective. Bui et al. [58] used a firefly technique based on electromagnetism to optimize
the ANN for calculating energy use. Researchers discovered that hybrid approaches were
more exact than a conventional ANN technique. In this sense, Moayedi et al. [59] assessed
the performance of grasshopper optimization algorithm (GOA) and grey wolf optimization
(GWO) optimizers in conjunction with an ANN, for estimating the heating load of green
residential construction [60]. As a result of these tactics, the prediction error dropped from
2.9859 to 2.4460 and 2.2898, respectively.

Metaheuristic approaches have developed to overcome common computing restric-
tions, including local minima [61–70]. Employing these methods to find the intelligent
models’ training would result in very accurate predicting models for various goals [71,72].
Because there are so many optimization methods, comparative research on the next genera-
tion of metaheuristics is necessary.

Environmentally and economically, finding a realistic model for thermal load modeling
could be advantageous. The main goal of this article is to forecast the heating and cooling
load via metaheuristic algorithms and check whether these algorithms can predict the
heating and cooling load precisely. Metaheuristic optimizers, such as the multi-verse
optimizer (MVO), self-organizing and self-adaptive (SOSA), and vortex search algorithm
(VSA), are being evaluated to discover whether they can aid in estimating the HL. Also,
these three methods are compared, and the best one is presented at the end of the task.

2. Established Database

The connection between these influencing factors and parameters must be investigated
to estimate a parameter. Hence, the supplied data must be accurate. A total of 768 thermal
load scenarios are employed to train, test, and validate the models in this work. The
data was initially developed by Tsanas and Xifara, who analyzed the heating load and
cooling load of various residential buildings [73]. Due to their work, a valuable dataset was
compiled and made accessible for download at https://archive.ics.uci.edu/ml/datasets/
Energy+efficiency (accessed on 15 July 2022). Overall height (OH), roof area (RA), glazing
area (GA), wall area (WA), relative compactness (RC), orientation (OR), surface area (SA),
and glazing area distribution (GAD) are independent factors identified to affect the HL
output parameters. A box plot of the heating load and input components is displayed in
Figure 1.
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Figure 1. Cont.
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(g) 
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Figure 1. Box plot of used dataset variations with the heating load. (a) Relative compactness (RC),
(b) surface area, (c) wall area, (d) roof area, (e) overall height, (f) orientation, (g) glazing area,
(h) glazing area distribution, with the heating load.

3. Methodology

This research examines an ANN with three novel optimizers, MVO, SOSA, and VSA,
to test their investigation of how they affect the limits of a typical neural network. These
algorithms seek better hyperparameters than those proposed by more conventional learning
methods (backpropagation and Levenberg–Marquardt).

3.1. Multilayer Perceptron

Multilayer perceptrons, a type of neural network, have recently been demonstrated
to be a viable alternative to conventional statistical methods [74]. Hornik et al. (1989) [75]
demonstrated that the MLP could simulate any smooth and measurable function. Despite
other methods, the MLP method does not consider data processing. This method can model
and teach complex nonlinear functions to generalize correctly using previously unexplored
new data. These properties make it a possible alternative to statistical and numerical
modeling techniques. The multilayer perceptron has several atmospheric scientific uses, as
will be demonstrated.

Figure 2 depicts the predefined connection between the main inputs and output(s) vec-
tors for the multilayer perceptron, a network of fundamentally interconnected neurons or
nodes. Each network node’s output signals and weights are derived from a primary activa-
tion function or nonlinear transfer. The MLP can only model linear functions if the transfer
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function is linear. The node’s output can serve as an input for other network-connected
nodes for each network-connected node. In light of this, the multilayer perceptron is a
feed-forward neural network. There are a variety of structural configurations for multilayer
perceptrons, but they all contain layers of neurons. The input layer serves as a conduit for
data transfer from the input layer to other network layers. A multilayer perceptron’s input
and output vectors can be expressed as single vectors (Figure 2). An MLP structure consists
of multiple hidden layers and one output layer. Multilayer perceptron refers to a network
in which each node is interconnected in the layers above and below with every other node.

Figure 2. A two hidden layers multilayer perceptron.

As proven, multilayer perceptrons can estimate any computable function between two
sets of input and output vectors by selecting a fine collection of linking weights and transfer
functions [75]. A multilayer perceptron is capable of learning new abilities by training.
You will require input and output vector-based training data to learn a new algorithm. A
multilayer perceptron decides on the network’s weights until the required input-output
mapping is reached. It can only acquire knowledge in the presence of an observer. When
training an MLP, it is possible that its output for a given input vector may not match the
anticipated output. The difference between the actual and desired outputs characterizes
error signals. Adjusting the direct networks depending on this error signal during training
can help lower the total error of the MLP. A multilayer perceptron can be trained in various
methods with several different algorithms. Once trained with adequate training data, the
multilayer perceptron can generalize to new, unknown inputs.

3.2. Multi-Verse Optimizer (MVO)

The multi-verse optimizer [76] is known as a growing metaheuristic algorithm that
tries to mimic the laws of a multi-verse theory. It is a relatively recent development. Parallel
universe theories, including the presence of black, white, and wormholes, were the primary
source of inspiration for the design of this optimizer. A population-based stochastic method
is employed to determine the global optimum for optimization problems [77]. To update
the answers using this method, the probability of wormhole existence (WEP) and the rate
of travel (TDR) must first be computed. These parameters determine the frequency and
magnitude of solution changes during the optimization process and are formulated as:

WEP = a + t ×
(

b − a
T

)
(1)
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The total iterations’ number is T, corresponding to the minimum, b to the maximum,
and t to the current iteration.

TDR = 1 − t1/P

T1/P
(2)

p indicates the exploitation accuracy. P is the most essential TDR measure. The
emphasis on exploitation increases as the value of this choice rises.

The following equation can be used to update the solution positions when WEP and
TDR have been calculated:

xj
i

⎧⎪⎨
⎪⎩

{
xj + TDR +

(
(ubj − lbj) ∗ r4 + lbj

)
i f r3 < 0.5

xj − TDR +
(
(ubj − lbj) ∗ r4 + lbj

)
i f r3 ≥ 0.5

xj
roulette Wheel i f r2 ≥ WEP

i f r2 < WEP (3)

where xj is set to be the jth element from the best predefined individual, WEP, TDR
are coefficients, lbi and ubi are the lower and upper bounds of the jth element, r2; r3; r4

are randomly generated numbers drawn from the interval of [0, 1], xj
i represents the jth

parameter in ith individual, and xj
roulette Wheel . does the roulette wheel selection mechanism

to pick the jth element of a solution.
This equation can be used to compute a new solution position and compare it to the

most recent best-in-class participant in the WEP. If r3, a random number in the interval [0, 1],
is less than 0.5, then an optimal solution value for the jth dimension requires a solution. By
increasing WEP during optimization, MVO increases the use of the most proper solution so far.

3.3. Self-Organizing and Self-Adaptive (SOSA)

Self-organization (SO) parallels the biologically inspired notions of emergence and
swarm intelligence very closely. Frequently, in this technique, SO and emergence are
conflated. De and Holvoet (2005) [78] examine the phrase’s origins and the difference
between the two conceptions. This is known as SO:

SO is an adaptive and dynamic computational process through which systems retain
their structure independently of external stimuli [78,79]. However, SO can also refer to the
emergence-causing process [80,81]. In addition, ref. [82] differentiates between the terms
called strong SO schemes with no explicit central internal or external control and weak SO
systems with some central internal control. SO and emergent systems are separate concepts,
although they share one characteristic: the absence of direct exterior control. Although the
external effect on self-organized systems is studied more thoroughly in directed SO, less
attention has been paid to it in the context of unguided SO [83]. In this text, external effect
is characterized as either specific or non-specific, with specific influence suggesting straight
control on the functional structure or temporal, spatial, or other non-specific impacts
indicating that the system determines its response to an external stimulus. Consequently,
Prokopenko (2009) [83] defines SO guidance as the potential limiting of the domain or
extent of functions/structures, or selecting a subset of the multiple alternatives that the
dynamics might take.

According to ref. [78], the main distinction between SO and emergence is that individ-
ual entities are informed of the systems planned by global behavior in the former scenario.
Consequently, self-organization may be considered a weak kind of emergence. Utilizing
feedback loops is a common and straightforward method for achieving SO. Components of
the system monitor the state, interpret it according to the expected behavior, and initiate the
required actions. This method is also employed by “single entity systems.” This notion is
referred to as self-adaptation [84,85]. Self-adaptation happens when a decentralized system
composed of several entities adapts to external changes. Self-adaptation within the context
of software is set as follows: SA software modifies its behavior in response to modifications
within its operating environment. The operating environment refers to everything the
software system may see, including human input, sensors and external hardware devices,
and programmed instrumentation [86].
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3.4. Vortex Search Algorithm (VSA)

Ölmez and Doğan [87] initially developed the vortex pattern generated by the vertical
flow of stirred fluids to design the VSA algorithm. As with countless other methods, the
algorithm seeks to balance exploratory and exploitative actions. The VSA uses an adaptive
step-size-adjustment method to determine the optimal response. Consequently, exploratory
behavior is accounted for in the early phases of the VSA, resulting in a better global search
capability. In the following, the optimal response is achieved by employing an exploitative
strategy around the suggested replies [88].

The vortex is depicted by stacked circles, assuming a set in two dimensions. Given U
and L as the current space’s boundaries, Equation (4) produces the starting point λ0. of the
outer circle:

λ0 =
U + L

2
(4)

Then, several neighbor solutions Ct(s) are generated at random. This production
makes use of a Gaussian distribution technique.

C0(s) =
{

S1, S2, . . . , Sg
}

g = 1, 2, . . . , z, (5)

where t is the number of cycles and z represents the total number of potential solutions.
Let x and Σ be the vector and covariance matrix of the random variable. The multivariate
Gaussian distribution is denoted by Equation (6):

P(x|λ, Σ) =
1√

(2π)DΣ
exp

{−1
2

(x − λ)TΣ(x − λ)

}
, (6)

where D is the magnitude of the issue and is the mean vector introduced as sample.
The main distribution will be spherical if the off-diagonal elements are uncorrelated

and the co-variance matrix values have similar variances (circular for two-dimensional
concerns). I, where I is a D × D identity matrix and σ2 is the distribution’s variance, Σ may
be written as follows:

Σ = σ2 × [I]D×D. (7)

Using Equation (8), the initial standard deviation of the distribution is computed (σ0).
This parameter may correspond to r0. (which requires significant values) [89]:

σ0 =
maximum (U)− minimum (L)

2
(8)

As is well known, the essential concept of metaheuristic algorithms for enhancing the
final result is to update the obtained answers. During the VSA selection phase, the current
λ0 is replaced with the most promising alternative. This requires the proposed solution to
exist inside the given space. This item is assessed using the Equation (9).{

si
g = rand·(Ui − Li)+ Li, i f si

g < Li

si
g = rand·(Ui − Li)+ Li, i f si

g > Ui (9)

where rand is a random integer with uniform distribution.
The best answer discovered thus far is then applied to the second (or inner) circle’s

center. After successively decreasing the effective radius of the current solution, a new
group of solutions (C1(s)) is produced close to it. Repetitioning the same approach might
yield a more viable answer [89]. Other researches have also described the VSA well [90,91].

4. Results and Discussion

This study analyzes the HL approximation capabilities of three unique neural network
upgrades described in Section 1. The algorithms are synthesized using an MLP neural
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network to accomplish this objective. Each approach uses a unique search strategy to get
the optimal computational weights for the MLP (and biases).

As is commonly known, the size and number of neurons contained inside a hidden
layer define the MLP’s structure. Therefore, these parameters must initially be modified.
Numerous studies have demonstrated that a single hidden layer is excellent at simulat-
ing complicated processes [92,93]. However, the hidden neurons’ optimal number was
established by trial and error. Among the designs studied, 8 × 6 × 1 demonstrated the
most promising performance (where the middling layer contained 1, 2, 3, . . . , 10 neurons).
Figure 2 illustrates the used MLP.

4.1. Accuracy Indicators

Mean absolute error (MAE) as the first used statistical index and root mean square er-
ror (RMSE) as the second index was specified for assessing the potential errors in proposed
structures. Equations (10) and (11) produce are used for RMSE and MAE. Additionally,
Equation (12) defines the coefficient of determination (R2) required to compute the compat-
ibility between the measured and predicted HLs:

MAE =
1
U

U

∑
i=1

∣∣∣Siobserved − Sipredicted

∣∣∣ (10)

RMSE =

√√√√ 1
U

U

∑
i=1

[(Siobserved − Sipredicted)]

2

(11)

R2 = 1 −

U
∑

i=1
(Sipredicted − Siobserved)

2

U
∑

i=1
(Siobserved − Sobserved)

2
(12)

Siobserved and Sianticipate represent the measured and expected HLs, respectively, in these
equations. In addition, U represents the number of recordings, whereas Sobserved is the
average of the observed HLs.

4.2. Combining the MLP with Hybrid Optimizers

After combining hybrid algorithms with the MLP, three ensembles of MVO-MLP,
SOSA-MLP, and SOSA-MLP are constructed. Each costume is supplied with training
data to determine the relationship between associated parameters and heating load. One
thousand repetitions are assessed for each model’s optimization behavior in order to
carry out the optimization. The objective function is represented using the RMSE of each
iteration’s findings. In swarm-based optimization algorithms, the population size is a
critical variable. Ten distinct population sizes (50, 100, 150, 200, 250, 300, 350, 400, 450,
and 500) are evaluated for each proposed model, and the population size results in the
lowest MSE chosen as the optimal population size. The MSEs for all calculated iterations
are shown in Figure 3. The populations with the lowest RMSE values (0.3540, 8.8064,
and 0.2887, respectively) are 300, 4500, and 100 for MVO-MLP, SOSA-MLP, and VSA-MLP,
respectively. The SOSA-MLP method, on the other hand, is less sensitive than the other two;
the explanation for this may be found in the optimization approaches’ characteristics. Figure 4
also displays the RMSE values achieved for different levels of complexity over all rounds.
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(a)  

(b)  

(c)  

Figure 3. Model iterations versus the variation of MSE; (a) MVO-MLP, (b) SOSA-MLP, (c) VSA-MLP.
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(a)  (b)  

 
(c)  (d)  

 
(e)  (f)  

Figure 4. The accuracy of the best-fit proposed model for the (a) MVO-MLP training dataset, (b) MVO-
MLP testing dataset, (c) SOSA-MLP training dataset, (d) SOSA-MLP testing dataset, (e) VSA-MLP
training dataset, and (f) VSA-MLP testing dataset.

The value of R2 for three methods of MVO, SOSA, and VSA is (0.977 and 0.978), (0.885
and 0.895), and (0.974 and 0.975) for testing and training phases, respectively. Also, in
the case of RMSE, MVO, SOSA, and VSA have the value of (0.117 and 0.110), (0.255 and
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0.239), and (0.124 and 0.112) in the training and testing phases, respectively. These results
show that the lowest value of RMSE and the highest value of R2 are related to the MVO
technique, indicating the best performance of MVO-MLP. According to R2 and RMSE
values (Tables 1–4), the second technique for predicting HL and CL is VSA-MLP, and the
last is SOSA-MLP.

Table 1. The network results for the MVO-MLP.

Population Size

Network Result Scoring

Total Score RANKTrain Test Train Test

R2 RMSE R2 RMSE R2 RMSE R2 RMSE

50 0.962 0.149 0.964 0.143 1 1 1 1 4 10
100 0.972 0.130 0.974 0.120 5 5 4 5 19 6
150 0.972 0.129 0.975 0.117 6 6 6 7 25 5
200 0.971 0.132 0.975 0.119 3 3 5 6 17 7
250 0.973 0.127 0.976 0.115 8 8 7 8 31 3
300 0.977 0.117 0.978 0.110 9 9 9 10 37 1
350 0.971 0.130 0.973 0.123 4 4 3 4 15 8
400 0.967 0.140 0.966 0.137 2 2 2 2 8 9
450 0.978 0.113 0.980 0.127 10 10 10 3 33 2
500 0.973 0.127 0.976 0.115 7 7 8 9 31 3

Table 2. The network results for the SOSA-MLP.

Population Size

Network Result Scoring

Total Score RANKTrain Test Train Test

R2 RMSE R2 RMSE R2 RMSE R2 RMSE

50 0.810 0.343 0.806 0.355 2 2 2 2 8 9
100 0.776 0.378 0.781 0.384 1 1 1 1 4 10
150 0.874 0.289 0.893 0.274 6 7 6 7 26 4
200 0.889 0.289 0.894 0.278 10 6 7 6 29 3
250 0.881 0.307 0.898 0.302 7 4 9 5 25 5
300 0.871 0.278 0.836 0.304 4 9 4 4 21 7
350 0.832 0.327 0.807 0.342 3 3 3 3 12 8
400 0.884 0.285 0.899 0.270 8 8 10 8 34 2
450 0.871 0.293 0.880 0.255 5 5 5 9 24 6
500 0.885 0.255 0.895 0.239 9 10 8 10 37 1

Table 3. The network results for the VSA-MLP.

Population Size

Network Result Scoring

Total Score RANKTrain Test Train Test

R2 RMSE R2 RMSE R2 RMSE R2 RMSE

50 0.961 0.152 0.965 0.140 2 2 2 3 9 9
100 0.965 0.143 0.967 0.135 3 3 3 4 13 8
150 0.968 0.138 0.968 0.133 5 5 4 5 19 6
200 0.959 0.155 0.964 0.141 1 1 1 1 4 10
250 0.974 0.124 0.977 0.112 10 10 10 10 40 1
300 0.969 0.136 0.973 0.122 7 7 8 8 30 3
350 0.968 0.136 0.970 0.128 6 6 6 7 25 4
400 0.972 0.128 0.974 0.120 9 9 9 9 36 2
450 0.972 0.130 0.973 0.140 8 8 7 2 25 4
500 0.967 0.140 0.970 0.129 4 4 5 6 19 6
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Table 4. Selection of the best fit structures among the most accurate items of each model.

Swarm Size
Training Dataset Testing Dataset Scoring

Total Score Rank
RMSE R2 RMSE R2 Training Testing

MVOMLP 300 0.977 0.117 0.978 0.11 3 3 3 3 12 1

SOSAMLP 500 0.885 0.255 0.895 0.239 3 3 1 1 8 2

VSAMLP 250 0.974 0.124 0.977 0.112 2 2 2 2 8 2

According to Figure 3, the MVO method has a little more constrained convergence
curve than the other methods. This shows that this approach decreases error rates when
ANN parameters are altered. As a result, the algorithm’s findings are given to develop
a prediction model. Referring to Figure 2, the output of the most recent neuron consists
of seven parameters (one bias and six weights). This neuron is nourished by six layers of
neurons, each responsible for nine parameters (one bias and eight weights). The network
consists of 61 optimized variables with metaheuristic methods.

4.3. Prediction Results

In this section, the reliability of the applied models is assessed by considering both
the outputs (i.e., the predicted HLs) to the target values (i.e., the measured HLs). Figure 5
illustrates the outcomes of the training phase by displaying the difference between each pair
of output and HL goals. During this phase, the error rate for the MVO-MLP, SOSA-MLP,
and VSA-MLP range between [−0.000034913 and 0.11776], [−0.011611 and 0.25559], and
[−5.4249 × 10−5 and 0.12416], respectively. The preceding section indicates that the RMSE
values are 0.3540, 8.8064, and 0.2887. In addition, the estimated MAEs of the three models
(0.08499, 0.19662, and 0.088861) demonstrate a small degree of training error. Moreover,
the computed R2 values indicate that greater than 93% of the objective and output HLs
are consistent.

4.4. Efficiency Comparison

The models with the lowest RMSE (or MAE) and the highest R2 are chosen as the most
exact HL predictors, considering the learning and prediction stages. Table 4 displays the
accuracy standards that must be satisfied to attain this objective. As demonstrated, the MLP
constructed utilizing the MVO’s weights and biases provide the most accurate knowledge
of the HL and predicting it. The VSA appears as the second possible optimizer after the
MVO. This study’s MVO and VSA algorithms appear to outperform previously proposed
models in the training and testing phases. For example, six different MLP network’s
hybrids (for instance, based on other hybrid techniques, such as whale optimization
algorithm (WOA) [94], ABC [95], PSO [96], the salp swarm algorithm (SSA) [97], wind-
driven optimization (WDO) [98], the spotted hyena optimization (SHO) [99], the imperialist
competitive algorithm (ICA) [100], GOA [101], the genetic algorithm (GA) [102], and
GWO [103]) were utilized to estimate the HL by using the same dataset. This suggests that
the objective of developing more effective HL assessment tools has been met.

4.5. Discussion

In several engineering applications, the superiority of intelligent computational tech-
niques over conventional and even solid experimental methods is well acknowledged. In
addition to appropriate accuracy, the simplicity of applying these models is a determining
factor in their application. In energy-efficiency studies, for instance, forward modeling
methodologies (low capabilities for inhabited buildings [104]) and prevalent simulation
software may have limitations (low capabilities for occupied buildings [104]). (Different
accuracy of simulation [105]). Consequently, like the models reported in this study, indirect
evaluative models outperform destructive and expensive methods. This is emphasized
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further when an optimal strategy is created using metaheuristic methods [106]. In other
words, these optimization techniques yield competent ensembles that function optimally.

Realistic applications for the offered approaches may be developed in terms of appli-
cability. Here are two illustrations:

The developed technique can provide an accurate estimate of the needed heating
thermal load for an upcoming construction project based on the size and features of the
structure [26,107,108]. Engineers and property owners might benefit from the models when
developing HVAC systems. Another early-stage support for reconstruction projects is
modifying structural design and architecture based on input parameters. Consequently, it
is also feasible to examine the effect of each input parameter separately to comprehend the
thermal load behavior. Although the trend is not predictable nor regular, the MVO-MLP
predicts it precisely. Consequently, this approach may yield approximations of real-world
structures that are correct.

 
(a)  

 
(b)  

 
(c)  

Figure 5. Cont.
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(e)  

 
(f)  

Figure 5. The error analysis for the best-fit proposed model for the (a) MVO-MLP training dataset,
(b) MVO-MLP testing dataset, (c) SOSA-MLP training dataset, (d) SOSA-MLP testing dataset,
(e) VSA-MLP training dataset, and (f) VSA-MLP testing dataset.

Even if there are several benefits to addressing an optimization problem, it is essential
to commit the time necessary to discover a global solution. Consequently, achieving a
balance between model time economy and precision may impact selecting the most efficient
model. Nevertheless, according to the authors, lowering the complexity of the problem
space and locating better solutions may be as simple as configuring the hyper-parameters
of optimizers correctly and doing feature validity analysis. In contrast, the MVO model was
the most precise; this requires establishing the optimal time and accuracy-based method.
In projects in which time is not a factor, for instance, it makes sense to choose the most
precise technique (regardless of how time-consuming), but in time-sensitive applications, a
tolerance for accuracy may be considered in order to find a speedier solution. However,
the models’ overall performance was comparable, and it should be emphasized that all
versions would be adequate for real-world applications. Table 5 indicates the previous
research focused on heating load prediction. Noting that the outcomes were less accurate,
either using R2 or RMSE, as those were the hybrid techniques that we employed in the
current study.
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Table 5. Studies focused on research on heating load prediction.

References Article Title Scope

Refs. [26,60]
Comprehensive preference learning and predicting
heating load in residential buildings using machine
learning techniques

Using traditional machine learning in predicting
heating and cooling load

Refs. [57,107]
Proposing a novel predicting technique using
M5Rules-PSO and M5Rules-GA model in estimating
CL and HL in residential building system

Estimating cooling and heating load via a novel
predictive technique using M5Rules

Ref. [108] Predicting heating and cooling loads in residential
buildings using two hybrid intelligent models

Hybrid intelligent models in predicting heating and
cooling load

Ref. [109]
Optimal modification of HVAC system performances
in energy-efficient buildings using the integration of
metaheuristic optimization and neural computing

Using neural networks and metaheuristic
optimization in modifying HVAC systems

Ref. [56]
Employing ABC and PSO techniques for optimizing a
neural network in prediction of HL and CL of
residential buildings

Using neural network algorithms in predicting cooling
and heating load in residential green buildings

Ref. [39] A teaching-learning based optimization Neural
Processor for Predicting HL in Residential Buildings

Predicting heating load using a novel neural network
algorithm of TLBO

5. Conclusions

This study evaluates the MVO, SOSA, and VSA metaheuristic algorithms for analyzing
and determining the HL. These methods served as the optimizer for a common neural
predictive network simulation. The models predicted the HL based on a total of 768 design
scenarios of the heating load. The following conclusions can be drawn from this work:

According to the sensitivity analysis, the MVA-MLP, SOSA-MLP, and VSA-MLP en-
sembles achieved optimal complexity at corresponding swarm sizes of 300, 500, and 250,
respectively. The optimal MVO design required more calculation time than alternative MLP
optimization algorithms. In terms of precision (MAEs of 0.08499, 0.19662, and 0.088861),
all three ensembles profoundly understood the link between the HL and essential factors.
During the testing phase, the measured value for the R2 was 0.978, 0.895, and 0.977 demon-
strating that the developed models were successful and had minimal prediction error. The
most powerful model was the MVO-MLP, followed by the VSA-MLP and the SOSA-MLP.
The MVO-MLP methodology was presented for use in real-world situations, but potential
ideas for future projects were also presented in light of the shortcomings of the research,
such as data enhancement and future selection, optimizing building characteristics using
the model, and comparing the model to improved time-saving methods.
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Abstract: Protests during the 2021 Climate Conference in Glasgow exemplified our dilemma. The
establishment perpetuates old thinking, while young people demand a new approach to mitigate the
impact of climate change. The authors agree with the young people, and as a solution we propose to
replace the current fragmentary approach with a new holistic one. The passive house approach that
was conceptualized by the University of Illinois and built in Canada in 1977 showed us that energy
consumption can be reduced about half of that used in the traditional design. Seventeen years later, a
European passive house was built in Darmstadt. In 2008, a demonstration house in Syracuse, NY,
showed that integrated passive measures produced energy use by about half of the NY state code
for 2004. At the same time, some advanced houses in the USA showed total energy use of about
70 kWh/(m2·y). In 2008, at the first Building Enclosure Science and Technology Conference, two
equally important objectives for 2030 were proposed by the Lawrence Berkeley National Laboratory:
(1) a 90% reduction of energy use in new buildings and (2) 50% for the retrofitting of existing buildings,
i.e., to the level achieved in the 1980s. The first objective has recently been achieved in small buildings
while the large residential buildings remain on the level obtained in the 2000s. Yet, the retrofitting of
existing buildings (the second objective) has been a dismal failure. This paper acknowledges progress
in hydronic heating and cooling involving electric heat pumps and hybrid solar panels, building
automatics used for operation of HVAC, and modification of air distribution systems that comes
from experience with the SARS-CoV-2 pandemic. Furthermore, it highlights that to accelerate energy
efficiency and carbon emission reductions, there must be broad public-private educational programs
with demonstrations of a new generation of retrofitting. Economically and ecologically retrofitted
buildings will create a new approach to real estate investment.

Keywords: energy efficiency; residential retrofits; building automatics control; integrated HVAC;
retrofitting technology

1. Foreword

In science, a discovery or invention precedes application. This is not the case for
building science. Years ago, Confucius (Lao Tse) highlighted the bond between buildings
and culture. Modern building science was created by an analysis of traditions. The mighty
cathedrals built in the Middle Ages in Europe were based more on scientific intuition
than knowledge. Yet, since the development of the natural sciences, it is the tradition,
and its failures demonstrated when trying to modify some concepts, that defined what
became the mainstream of building technology. Therefore, today, when trying to develop a
rapid solution for climate change, we cannot analyze the construction technology alone,
but we must do it in the context of the socio-economic conditions of the country. Several
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behavioral studies showed that occupants want to actively participate in shaping their
environment and several economic studies highlighted that the well-being and productivity
of the building occupants are more important than the initial cost of building. Yet, the
traditional structure of investments does not include these aspects of design. As we propose
a market disruption with new technology, we must provide a cost-benefit analysis of all
critical aspects of housing, not only the life-cycle cost analysis. In this context, the indoor
environment and, related to them, the hygro-thermal considerations or indoor air quality
are critical. We do not discuss other aspects of building science as they do not change
during the proposed market disruption. We do not neglect their importance. Yet, dealing
with a limit of 21 pages of text, we decided to examine only one approach. Furthermore,
in a time of economic globalization, using examples from North America is not a prob-
lem and restricting the selection of technology to a potential winner is also justified. The
environmental quality management (EQM) technology selected for this paper provides
accessibility of environmental controls allowing occupants to correct unsatisfactory envi-
ronments and is wide enough to include several different practical strategies. In contrast
to strategies that eliminated other options, e.g., passive houses or solar houses, the EQM
includes thermo-active buildings from Japan, or thermo-active thermal insulations from
Hungary, or multi-stage construction methods applied in Canada. In a nutshell, the EQM
is an aggregate of the best individual developments in different cases.

2. Limitations of Current Technology in Shaping the Indoor Environment

The following article considers history and forces the shaping of environmental
progress in residential construction with the focus on retrofits. It proposes changes to
residential buildings and formulates a universal retrofitting technology. Yet, to achieve
progress one must first understand the limitations of the current technology.

2.1. Indoor Environment as Defined by an Architect

In 1970 Flynn and Segil [1] wrote,
But rather than a simple correction of climatic deficiencies, the environmental control

function of building must be oriented toward the more extensive sensory demands of
various occupant activities and experiences. This occupant perceives light as the surface
brightness and color; he absorbs heat from warmer surfaces and warmer air; and he himself
emits heat to the cooler surfaces and cooler air. He responds physiologically to humidity, to
air motion, to radiation and to air freshness. He also responds to sound. A major function
of the building, then, is to provide for all the sensory responses concurrently-to establish
and maintain order and harmony in the sensory environment.

Why does this statement not represent construction practice? Because the design,
construction, and commissioning professionals are thinking only about their individual
fields. These experts do not have tests to ensure field performance of materials. The existing
tests measure material characteristics and only after collecting enough field performance
information may one correlate them with field performance to gain enough judgement
value allowing a designer to select the material. Structural, fire, acoustic, lighting, and
material experts are all qualified in their disciplines and have little understanding for “how
to establish and maintain order and harmony in the sensory environment” when developing
designs for a “durable and cost-effective building shell”. The current design process does
not provide the facility for predicting the future performance of new systems, nor the means
for quality assurance for the building. As we do not have a unified approach to design low-
energy buildings, many demonstrations of monitored whole-building performance, e.g.,
the high-environmental-performance house in Syracuse NY [2–4] or the net-zero-energy
equilibrium house [5], despite analyzing the monitored discussion and the demonstrated
field performance that have limited impact in the marketplace.
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2.2. The Role of the Architect Is Changing

While in the past, architects had a holistic view of occupants and the building, this
is not the case today. There are two major reasons for this, namely (a) an increase in the
number of materials, and (b) a lack of a two-way street between building science and
building practice.

(a) Speaking about Swedish statistics, in 1900, there were about 500 different construction
products to choose from and today we can find 55,000–60,000 different products. This
highlights the growth of specialized expertise and the fragmentation of the design
process that erased the capability of an architect to control all stages of the design
and construction process. Today, more than in the past, the architect must be able to
produce an integrated product satisfying all occupants and all aspects of building
performance.

(b) The lack of real exchange between science and practice is demonstrated below. Pre-
viously, moisture was not a serious consideration because masonry is resilient to
moisture (unless exposed to freezing and thawing). The masonry wall could wet and
slowly dry and thus temper large changes in moisture level introduced by climate or
people. Scientists knew about diffusion theory and the calculation of condensation as
early as 1938 and five different books were published in Russian on calculating water
vapor transport through walls before 1958, when Glaser described a simple method
to calculate water condensation in layman’s terms. But in the 1950s, commercially
manufactured glass fiber insulation was typically placed in the wood-frame wall cavi-
ties reducing the cavity surface temperature and causing condensation. So, having
visible problems in practice, the codes and standards embraced an easy-to-understand
solution. Moisture transport by diffusion became a worldwide accepted concept.
Despite computer modeling for simultaneous heat and moisture (water and vapor)
being available in the early 1970s and showing shortcomings of the Glaser’s method,
the widespread models came only in the 2000s. The lead author in 2015, while giving a
course on building physics at one of the EU Universities, was told, “Please include the
Glaser theory because it is included in this course and approved by our government.”
He replied, “Of course, already 40 years ago I published the paper explaining why
using it is wrong”.

2.3. The Paths from Materials to an Exterior Wall Assembly

For the sake of discussion, we distinguish between four functions typically associated
in standards for a material layer, namely (1) exterior cladding (façade), (2) exterior continu-
ous insulation, (3) structure or structural layer for load transmission layer, and (4) interior
trim and finish; see discussion in reference [6]. The façade layer (1) controls fire, rain, air
and water vapor entry, light, sound, solar radiation, and vermin; the external insulation
(2) controls heat, but may also control air, water vapor, and sound; the structural layer
(3) provides strength and rigidity but may also control air, water, and vapor transports;
and the interior finish layer (4) controls fire, air, water and vapor movements, and sound.

(1) The façade layer can be either directly attached or be a rain screen with an air gap
behind it (e.g., brick veneer) to provide rain control. In this case, the layer on the
interior side of the air gap should fulfill all other façade requirements.

(2) The thermal insulating layer should also control acoustics. Note that popular materials
such as mineral fiber with wind protection or polystyrene boards with taped joints do
not fulfill the many requirements for air, water vapor, and vermin entry.

(3) The structural design is not discussed here.
(4) The requirements for airtightness and fire resistance of interior finishes are fulfilled

by gypsum board, which is water-vapor permeable but lacks the moisture buffer
capability. Thus, in the next generation of technology we need to reintroduce materials
with moisture buffering ability.
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The summer overheating of rooms associated with airtight, well-insulated buildings
is caused by a large area of glazing and a high precision of heating controls. One may
re-distribute the energy gains caused by solar radiation with increased thermal mass,
circulation of indoor air, night ventilation systems, or cooling.

2.4. Energy Use in the Building Systems of 1978 and 2005

Figure 1 from the U.S. Energy Information Administration shows total residential
energy use in 1978 and 2005. The total energy consumption in the building sector did not
change from 1978 to 2005; while the fraction of the space heating was reduced from 66% to
41%, the comfort components took all the savings.

 

Figure 1. A comparison of energy use in 2005 with use in 1978.

Similar observations were reported in different countries and even by the authors of
this paper [7]. An event that we call an “energy conundrum” was a discovery that in the
years 1929 and 2002, large residential buildings in the city of Vancouver used the same
amount of total energy, namely 250 kWh/(m2·y). The fact that heavy masonry buildings
without insulation could provide reasonable indoor climate highlighted the role of thermal
mass that was later eliminated by use of automatic temperature controls. Yet, research on
an adaptable comfort approach shows that one can modify the indoor air temperature by
at least 6 ◦C, over a 6 h period and the change in human comfort does not exceed 4% of the
comfort index [8]. This means that we should re-examine the approach to the design of
low-energy buildings. If we want to reduce the use of air conditioning and use electrical
energy during designated hours in a night, then add utilization of thermal mass and switch
to the adaptable indoor comfort approach.

The second conclusion that one can draw from these comparisons is that only the
total energy gives us a realistic measure for energy; measuring one of its components
using metrics such as U-value or R-value may only introduce confusion and misjudgment.
We recall the problem of log houses that did not meet the standard requirements, while
providing a good indoor climate. This tradition was valid up to the 1950s when small
but continuous changes in material technology started improving the performance of the
whole system. Those changes became strongly accelerated in the 1970s when the concept
of sustainability appeared. Sustainable building includes aspects related to reducing the
consumption of natural resources [9–11], improving the external environment and ensuring
the comfort of users [12–14].
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2.5. Case Studies in Retrofitted Buildings

The examples below relate to summer overheating of masonry buildings with natural
ventilation. In a renovated, four-star hotel, with high-ceiling rooms, located in Brussels, a
room on the fifth floor in the summer afternoon showed a temperature of 26 ◦C when the
day was cloudy and the outside temperature was 22 ◦C. After a window was fully opened,
the temperature went down to 25 ◦C and when a huge fan (provided by the hotel concierge)
was activated, the temperature remained at 25 ◦C, but the occupants felt comfortable.

The explanation is simple. Retrofitting included adding insulation and air-tight win-
dows. In this way, retrofitting increased the impact of the stack effect (hot air rising because
of buoyancy). The multi-unit masonry was built in the 1930s and as burning coal at that
time required one chimney for each dwelling, the European tradition was to connect the
exhaust from a ceramic stove to the same chimney stack at every second floor. Newly
installed electrical heaters and natural ventilation all worked well, but the forgotten, hidden
connections though an old chimney moved hot air from the first floor to the third floor
and subsequently to the fifth floor. Note that these rooms had no air mixing and high
ceilings facilitated a significant vertical gradient of temperature. Since level five was near
the neutral pressure zone, opening or closing windows had no significant impact on air
buoyancy and the additional heating delivered from the two lower floors kept the room
temperature three degrees above the outdoor temperature.

A second example is from Canada, from a passive-solar design, an 18 story, concrete
building with air pressurized corridors to compensate for the stack effect. The living room
has a large heating and cooling unit located under the window and a leaky entry door
(gaskets are worn). With closed windows, cigarette smoke coming from outside was smelt
in the bathroom. During the summertime, this two-bedroom apartment had four different
temperature zones. Of course, the occupants opened windows and used extra ventilators
in the kitchen and living room.

With 192 apartments in the building and a total of 384 ventilators, the building used
much more energy than was saved by the retrofitting measures. The design concept,
however, worked well, keeping the average indoor temperature about two degrees above
the outdoors in summer and on sunny days in winter, although in summer it caused
excessive use of cooling. In effect, this design would be good if an indoor air circulation
system was properly designed.

Another example is a case in Portland, Oregon where the best technical solutions were
applied, and the post-retrofitting survey gave only a passing level of satisfaction with the
indoor environment [15]. This reinforces the observation from the Canadian example that
any indoor space without air flows between 0.1 and 0.3 m/s appear to American people
as having a poor environment. Why American? Because the tradition here was air-borne
heating that always included air flows in the space.

Elsewhere, we discussed an example where books became covered with mold while
being kept in a closed desk during the winter in the warm and humid climate of Nanjing,
China. Yet, books also became covered with mold in the corner of a basement room on an
open bookshelf in the cold climate in Ottawa, Canada in a house with good mechanical
ventilation when an adaptable comfort was used for temperature control [8]. This is a
reminder that the universal approach to indoor environment during retrofitting must also
include air humidity management.

Now, after repeated waves of the SARS-CoV-2 pandemic, one comes to the realization
that the next generation of new or renovated dwellings must provide indoor space suitable
for quarantining people infected with an air-borne virus, be it SARS-CoV-2 or influenza. A
bedroom likely to be used for sick people should be underpressurized to guard against the
spread of illness. A designated outdoor air system (DOAS) should be used [16]. Therefore,
the requirements for retrofitting must be broadened to include an adequate handling of
DOAS ventilation with interior air circulation and air humidity controls.
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2.6. The Quest for a Sustainable Built Environment

The quest for sustainability resulted in dramatic changes in the process of residential
construction. The new concepts of an integrated design team, building information model-
ing, commissioning of the building enclosure, and passive house standards have reached
maturity. Global work on the development of new construction materials has not changed,
but their evaluation is different from in the past when each material was considered on its
own merits. Today, we look at the performance of a building as a system and on the material
as a contributor to this system. Sustainability involves harmony between different aspects
of the environment, society, and economy. Figure 2 shows the scope of considerations
that broadens the field of building science in North America (building physics in Europe).
Now, in the quest of improving building performance, building science merges concepts
of passive houses with solar engineering and integrates building shells with mechanical
services, but is still missing an overall vision. Physics does not tell us how to integrate
people with their environment.

 
Figure 2. All three components must be satisfied for the sustainable built environment.

The authors introduced a new term, namely environmental quality management
(EQM) for buildings, because the vision of building physics must be redirected toward
occupants. In doing so, building physics will include the indoor environment with aspects
such as energy efficiency, ventilation, indoor air quality, and thermal comfort on one side
and added durability of the shell, affordability, and building resilience.

2.7. Case of Market Thinking Replacing System Thinking

Scientists demonstrated the system approach, highlighting the significance of passive
measures in the design of energy-efficient buildings [17]. One may be surprised that 44 years
ago one built with almost the current level of technology. This fact then begs the question:
why was this technology not used in the marketplace? This occurred primarily because
there was no real contact between the building science community and the socioeconomic
forces driving the evolution of building construction. The design and construction shown
in Figure 3 represented the ideas of building science leaders in North America, but the
construction industry was not prepared to follow because the gap between building science
(building physics) and builders was then, and is today, a critical issue that slows progress
in climate-change reduction [18,19]. In a nutshell, 44 years ago we had a concept for a new
technology, but not the understanding of the building energy performance. The current
definition of energy performance is based on the 2005 U.S. Energy Act that talks about
all factors affecting energy efficiency and the well-being of the occupants (specifically an
occupant’s productivity if this is a nonresidential construction).
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Figure 3. Saskatchewan Energy Conservation house designed by the Illinois U demonstrated passive
technology in 1978 (Regina). Solar-exposed surfaces with large windows are inclined. Evacuated solar
pipes are placed on the attic level. It was provided with an air-sourced heat pump and polyethylene-
based heat recovery ventilator. Reprinted with the permission of Harold Orr.

In 1978, builders liked the idea of airtight, well-insulated houses as shown in Figure 3
and, to make them affordable, they applied an economic trade-off. With much smaller
heating loads, one could eliminate furnaces and replace them with electrical heating. Yet,
the air-borne heating system had more functions than heating. The builders did not realize
that eliminating the chimney also changes the indoor environment. Sick buildings (not
enough fresh ventilation air) and wet attics (increased humidity and condensation on top
floors and in attics) were problems introduced by the elimination of the chimneys [20].

Now we understand better the interactions between the different functions of a build-
ing. Yet, this understanding came in steps:

- In 1985, mechanical ventilation became mandatory in all residential buildings of Canada.
- Any residential building must be considered as a system with interacting subsystems.
- The design process was changed to the integrated design process (or protocol, IDP),

where a whole team started collective work in conceptual stages [21]. Incidentally,
bringing critical decisions to the initial stage of work reduced the cost of late changes
in the design and therefore IDP was readily accepted in construction.

The following observations summarize the difference between then and now:

1. Heat, air, and moisture transports are inseparable and cannot be separately assessed.
Today, we talk about “environmental control”.

2. Often, when we modify a material or a construction detail, we find that the cost
of repairs following these small changes is significant. This happens each time we
analyze only one function without interaction with the other elements of the system.
In other words, we fail when we lose track of the integrated approach.

3. The modification of building enclosures is slow but continuing. While old, leaky, and
poorly insulated walls dry quickly, airtight walls that are insulated on the exterior dry
slowly. If water enters around the window frames, then it will stay inside the wall.

4. Traditionally, building science followed the evolution of practice and lessons from
any solution of the encountered problems enhanced understanding of construction
performance. In the 1980s there was no practice of low-energy housing construction
and Timusk (see [15]), when reviewing moisture control issues of the previous decade,
stated:

“At the moment we are in a position where the traditional approach of learning
from failures and copying what worked, has broken down. . . . it is extremely difficult to
accommodate all of the new information in view of the rapid changes in materials, details
and performance expectations.”

The Canadian R-2000 and Build America programs as guides for housing design,
highlighted that formal education must be complemented by seminars for consultants
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and building practitioners. Indeed, this became the widespread practice in the USA.
Furthermore, one needed to expand the environmental control in two dimensions:

- Improve the tools of field monitoring and field diagnostics and integrate them with
user-oriented, computer-based design tools.

- Stress the objective-based design process, much in the same manner as it is done in
structural engineering.

One should highlight that the impact of the interstitial pressure field became significant
only when the building enclosure became more airtight [22–24]. Figure 4 shows mold
growth on an interior wall in Florida [22] as the effect of an interstitial air pressure field.

 

Figure 4. Interstitial airflow results in mold growth on the interior in a Florida hotel. With permission
of J. Lstiburek.

The new performance expectations emerged slowly and mainly because of an acceler-
ated pace of building science developments. Here are a few critical performance issues:

1. Discovery of interstitial air pressure fields and observations that several airflow paths
are possible between any two points in a building. Furthermore, the total airflow
resistance is a sum of all local airflow resistances and each of them varies with the
frequency and direction of the wind gusts.

2. Introduction of air-barrier systems [25,26] affected heat and moisture flows.
3. The need for exterior insulating sheathing [27] to avoid moisture condensation within

exterior walls.
4. Ecological considerations modified material choice and the wall-field performance [28].
5. Introduction of an integrated design process permits a system approach but also

forces the making of critical decisions in the beginning of the design process.
6. With air-tight and highly insulted houses, one needs to modify humidity in indoor

air [29] and the capillary active technology is developed.
7. Finally, in retrofitting, one may introduce a second air gap [30] and use it for several

different functions, such as control of water content in the outer walls, as a means to
modify air pressure in the indoor spaces, or even air recirculation in the dwelling.

The methods of building evaluation are different today than they were three decades
ago because today we understand the interactions between the different functions of the
building. The architectural design process includes four steps:
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1. First, all passive energy measures and factors affecting indoor environment such as
temperature, indoor air quality, acoustics, daylight, illumination, hot and sewer water
management, aesthetics, and building resilience in disaster situations are addressed.

2. Second, the building’s automatic control systems to integrate heating, cooling, venti-
lation, and other indoor climate controls including use of geothermal and solar means
for energy generation and storage are addressed.

3. Next, an economic analysis to determine the level of investment for the initial building
design or the initial stage of retrofitting. For example, one must decide to what extent
photovoltaics should be included in stage 1 of the construction or retrofitting process.

4. Finally, one develops a comprehensive operational manual for the building and
provides the design for stage 2 of new construction or retrofitting. This step also
estimates costs for stage 2 of a project (see later text about two-stage design).

New elements in the above list are step 2 on building automatics and step 4 on the
operational manual. The latter must be requested in the contract documents. Observe that
there is no standard for a passenger car manual but all buyers expect to receive one. So,
buyers should start expecting a manual for a smart house.

2.8. Review of the Deep Energy Retrofits (DER) in the USA

Published in a 2021 report from Lawrence Berkeley National Laboratory written by
Iain Walker, Brennan Less, and Nuria Casquero-Modrego, entitled Emerging Pathways to
Upgrade the US Housing Stock: A Review of the Home Energy Upgrade Literature [27]
provides a detailed analysis of the state of the art.

With permission of the authors, we quote some of the key elements of the review.
This review addresses whole home energy upgrades targeting deep energy reductions

(i.e., Deep Energy Retrofits, or DERs), from 30 to >50% site energy savings. The intent
of this work is to characterize how energy upgrade projects and programs have evolved
and improved over the past decade, and to identify what changes are needed to drive
expansion of the U.S. retrofit market in such a way that addresses carbon emission from
buildings, improves resilience and upgrades the housing stock for the 21st century. The
topics covered in this review are wide-ranging, including trends in U.S. and European
retrofit programs, measure costs (e.g., ductless heat pumps, heat pump water heaters,
exterior wall insulation), emerging technologies, advancements in simulation tools, surveys
of energy upgrade homeowners and practitioners, business economics (e.g., soft costs, gross
margins), and health effects. Key changes in project design noted in this review include
the: (1) electrification of dwellings with rapidly improving heat pump systems and low-
cost PV technology, (2) shift away from high-cost super-insulation strategies and towards
more traditional home performance/weatherization envelope upgrades, (3) recognition
of the importance of when energy is used and from what fuel sources in terms of both
energy cost and carbon emissions, and (4) emerging smart home technologies, such as
batteries or thermal storage, smart ventilation and HVAC controls, and energy feedback
devices. Promising program design strategies covered in this review include: (1) end-
use electrification programs, (2) novel financing approaches (e.g., Pay-As-You-Save and
local lender networks), (3) Pay-for-Performance incentive structures, (4) securitization of
portfolios of upgraded homes as investment products, and (5) One-Stop Shop programs that
integrate financing, project management, design, and support services. In addition to these
project- and program-innovations, the industry should adopt new project performance
metrics, namely those for carbon, peak demand, and energy storage, along with metrics
characterizing resilience and health. Market drivers are needed to spur widespread energy
upgrades in the U.S. housing stock, which will require valuation of DERs by the real estate
industry, reduced project costs (in part by cutting soft costs), and projects designed to
appeal to homeowners’ while being enjoyable and profitable for contractors.

Key barriers that provide opportunities for modification:

• Projects focused solely on energy savings are not appealing.
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The past focus on energy efficiency or annual site energy savings is not enough. There
is a need to emphasize other metrics including health, resilience, affordability, maintenance,
and environmental aspects. Energy upgrade projects must address the actual needs and
goals of homeowners, and these projects must be profitable and enjoyable for the contractors
and trade workers implementing them.

• The workforce remains inadequate.

Despite market development efforts over the past decades and the presence of many
dedicated and very skillful companies, the general workforce is inadequate to implement
complex projects at scale. The emergence of new technologies, metrics and processes make
this inadequacy even more evident, as no centralized databases exist of contractors who
have experience with electrification or low-carbon projects, for example.

• The costs remain too high.

Finding the lowest-cost way to save energy and reduce carbon emissions is likely to
include PV, thermal storage, simple weatherization, and electrification, rather than high-
cost envelope upgrades. Other novel approaches may include leaving existing heating
systems in place and augmenting with higher-performance systems to save the cost of
existing system decommissioning. Another aspect of cost control is to invest in technologies
that can more reliably reduce energy use (or CO2 emissions) in homes to reduce financial
risks for homeowners and post-retrofit home performance risks for contractors. Across the
industry, soft costs are a substantial fraction of the total, and efforts are needed to reduce
these soft costs to levels equivalent to or less than the general remodeling industry.

• Economic justifications are challenging and possibly inadequate.

Due to low energy costs and the failure to appropriately price carbon emissions, the
direct financial benefits of home-energy upgrades are difficult to prove using simplistic
methods, such as the number of years it takes to pay back an investment. Other approaches,
such as net-monthly cost and pay-as-you-save programs are making progress in this area,
but more work is needed to incorporate health and environmental costs that are typically ig-
nored. We also need to recognize that for many homeowners, their motivation and decisions
regarding home energy upgrades are not purely based on simplistic financial analyses.

As our article does not deal with the financial side of retrofitting, we want to highlight
that the LBNL report discuss strategy such as the electrification programs and methods of fi-
nancing (pay-as-you-save, pay-for-performance, and retrofit as an investment product) and
perhaps the most important from the system integration point of view is the one-stop shop
program that integrates project financing and design management and support services.

2.9. Decarbonization of Buildings Is Critical for Tomorrow’s Built Environment

We distinguish between three different areas of concern [31,32]:

(1) Direct emissions are the greenhouse gas (GHG) emissions from controlled sources such
as combustion in boilers, furnaces, and equipment (including fugitive GHG emissions
such as refrigerant leaks).

(2) Indirect emissions are indirect GHG emissions associated with the purchased media
such as electricity, district heating, or cooling used in buildings.

(3) Activity-related emissions include embodied emissions within materials and resources
used or consumed by the organization—paper used, waste produced, coffee con-
sumed, and emissions of any suppliers. Embodied carbon includes mining, process-
ing, manufacturing, transportation, and installation of materials.

The atmospheric GHGs typically associated with buildings are carbon dioxide, methane,
and a few refrigerants used in cooling. An index, called the global warming potential
(GWP), which compares the global warming impact of a mass unit of a given material to
the same mass unit of carbon dioxide, is used to quantify the GWP effect.

We define a zero-carbon building (ZCB) as: A zero-carbon building is a highly energy-
efficient building in which carbon-free renewable energy or high-quality carbon offsets are

293



Buildings 2022, 12, 846

used to counterbalance the annual carbon emissions from building materials and operations
so that, with time, it offsets the carbon emissions embodied in the original construction
process. One needs to use the definition of ZCB to compare different construction strategies.
Without an accepted ZCB definition, one cannot analyze the building as a system and spend
time and effort on useless talk. A good example is what many green people consider as
an option, which is to ban the use of concrete. While concrete has huge, embodied energy,
when used with the controlled effect of thermal mass it may be a material of choice in
many specific applications. The highest ASHRAE green award in 2020 went to a concrete
building in Tokyo using thermo-active technology (an equivalent of environmental quality
management). Therefore, the definition of a zero-carbon building includes a comparison of
initial and operational carbon emissions.

We realize that analysis of a building as a system is not easy; it requires technical
proficiency higher than used today in construction. Furthermore, the modeling of building
performance and cost-benefit analysis are much broader than the current energy modeling.
To optimize for net-zero gas emissions, one must use modeling of the building operation un-
der actual weather and occupancy conditions, as well as consideration of carbon emissions
from the electrical grid.

Including electric grid interaction with the building complicates modeling in a dra-
matic way because the GHG emissions depend on both location and time of the year. To
minimize the GHG emissions from the generation of electricity requires re-evaluation of
the way we do modeling and the way we design the building operation. As today decar-
bonization is not included in the cost calculations, one must be prepared for the inclusion
of decarbonization in the next generation of buildings. This paper highlights the need for
rethinking the fundamentals of the retrofitting technology.

2.10. Shaping the Internal Environment in Thermomodernized Buildings, Conclusion

Perhaps the single most visible limitation of the current design is fragmentation. The
fragmented nature of the current approach often leads to results different than expected.
As we started systematic work on energy conservation in the mid-1970s, it is interesting to
examine Figure 1, which shows that between the years 1978 and 2005 the space heating
component was dramatically reduced, but there were no changes in the total energy
use. In effect, fragmentation often improves one aspect of field performance but may
destroy others.

Figure 2 reminds us that sustainability includes three components and ecology alone
does not make buildings sustainable. In effect, by including economic and social aspects,
the concept of sustainability is opposite to fragmentation and brings another perspective to
the construction process.

A failure of the integrated passive house system (Figure 3), when applied by builders
in a simplified approach, demonstrates the role of interaction. Without understanding
the interaction between heating and ventilation, builders changed the heating system,
worsening the indoor environment. This example emphasized that reducing the gap
between science and practice and creating a new generation of technology must proceed
in parallel and that one must create broad public–private educational programs. In 2008, two
equally important objectives were proposed by the Lawrence Berkeley National Laboratory,
namely a 90% reduction of energy use in new buildings and the retrofitting of all existing
buildings. The second objective, retrofitting, failed because it was not supported by a broad
public–private educational program such as R2000 (Canada) or Building America (USA)
that were introduced in the 1980s to support the sustainability approach.

Therefore, if one wants to succeed with the climate-change aspect of economically and
ecologically retrofitted buildings, one must institute such programs again, as well as create
a new approach to investment in building and city renovation.
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3. An Example of the Next Generation of Low Energy Buildings

This section presents and discusses principles of environmental quality management
(EQM), a generic public domain technology that we consider a next-generation technology.
Several different practical examples are given of its application.

3.1. Thermal Storage Requires Transient Operation of Buildings

EQM technology includes thermal storage from geothermal sources and contribution
from thermal mass that is controlled by the building automated system. Geothermal storage
system has been discussed [33–37]. EQM integrates HVAC with the building structure, uses
transient but controlled changes of indoor climate (adaptable indoor climate) to control
the input of thermal mass and moisture buffers. To control the operation, one develops
algorithms based on monitored information from field performance and uses them for
system optimization.

3.2. Heating and Cooling Systems in the EQM Technology

Bomberg et al. [6] recommended using water-based heat-pump technology with
coupling between thermal mass and a large surface of a hydronic heating or cooling
system. This type of heating/cooling was found to be more efficient than air-borne systems
(Brennan et al. [3]) or other air-based heat pumps because of the large thermal mass of
water in the system. The most important aspect of water-to-water heat-pump use is,
however, summer cooling. We know that highly insulated, air-tight buildings even with a
window-to-wall percentage as low as 20 percent [29] will result in summer overheating in
a typical mixed climate and we typically use 40 to 60 percent of glazing on the solar side of
the building.

A reinforced polyethylene (PEX) tubing can be used in heating on the wall (Hu et al. [28],
Fadiejev et al. [37]) and cooling on the floor. To improve control of the thermal mass, a
hydronic heating on the surface of the interior walls is used. The impact of radiant panel
location is significant (Table 1).

Table 1. Effect of location of the radiant panel on energy demand in dynamic operation mode.

Panel Location Heating Demand (GJ) Cooling Demand (GJ)

Wall vs. floor 58 vs. 98 24 vs. 31

These values were calculated using energy-plus with film coefficients typical for
horizontal and vertical orientations. Hu also found that to achieve more than 90% efficiency
in the desired heating, a thermal resistance of the insulation layer of at least 1 (m2K)/W)
must be used.

Figure 5 shows that the integrated design process (IDP) may start with an initial
lowering of utility bills without a cost increase and that all passive measures create only a
small increase in the ownership cost that is here expressed as a mortgage. With a further
increase of the ownership cost, this passes through a minimum. Another characteristic point
on the curve shown in Figure 5 is the point of equilibrium where the use of photovoltaic
(PV) panels is approximately the same as traditional passive measures. One may continue
using PV panels until reaching zero energy at a substantial mortgage investment, typically
about a 50–70% increase of the minimum cost. Currently, the typical investor stops after
placing a few solar panels.

Thus, the rational design of low-energy buildings hinges now on the capability of
selecting the reference point for the photovoltaic (PV) technology. In line with this need, the
PHIUS selected reference buildings based on the ASHRAE/DOE climate zones [38,39] and
considered 115 locations for cost optimization that included air tightness, window upgrades
with a 15 ◦C minimum interior surface temperature, heating and cooling demands, and
peak heating and cooling loads. Statistical models were fit so that the cost of the target
properties can be generated for any location from parameters such as degree-days and
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design temperatures. In this manner, both the German and U.S. PH developments moved
housing toward the goal of sustainable development. As we have selected the maximum
period of return on investment to be 15 years, the energy level attained may be below the
zero-energy building.

 
Figure 5. Costs of utilities (green) and mortgage (blue) versus energy savings from zero savings to
100% savings. Point 1 is the reference cost, point 2 is an optimum with passive measures alone, and
point 3 is the price of photovoltaic (PV) when equal to passive measures, point 4 represent the end of
the stage 1. Modified graph from PHIUS (own archives).

The proposed way to alleviate the conflict between the investor (with limited finds)
and society (which wants to reach a net-zero energy level) is to introduce a two-stage
construction process. In such a process, stage one is designed to achieve a performance level
limited by the available funding, while stage two continues to the selected performance
level. In the first stage, the building is completed at a minimum performance level that is
acceptable to both the building code and the investor, yet the design predicts continuation
of construction to the zero-energy level.

Generally, the second stage would start a few years later and often will also include
the charging of vehicles used by the household. For the two-stage solution to be successful,
both stages must be designed at the same time, and only the construction process is divided
to secure funds after the basic building exists.

3.3. Hybrid Ventilation Modified for SARS-CoV-2 Containment

The pandemic showed shortcomings of both the EU and U.S. approaches to indoor air
handling in residential buildings. Therefore, one must capability to change ventilation rate
between 0. and 3.0 air change per hour and either add filtration to the existing system or
use pressure gradient within the habitable space. and used DOAS with exterior filtration In
the latter a case one must resolve the management of air humidity, see the next section.
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3.4. Over-Pressure Indoor Air Requires New Moisture Management Technology

Introduction of air pressure higher than outdoors is useful for controlling ventilation
rates, but it also requires modifying the indoor humidity control and provision of moisture
buffer capabilities that were lost with the elimination of lime from the interior plasters.
To this end, an air gap between the old wall (exterior or interior) and panelized interior
finish system is introduced. The panelized interior system has surfaces covered with a
hygroscopic and capillary active layer called eco-wrap that will act as a moisture buffer.

This concept is based on research on dynamic walls in CRIR (Centre Recherché Idus-
trielle de Rantigny), France, in the 1980s that showed the difference between static and
dynamic performance of the wall is negligible. So, the wall acts as the heat exchanger and
the energy loss is minimal. In this manner the ventilation and moisture management are
integrated with the heating/cooling system.

There is a need to use a material with the capability to catch and release water, i.e.,
wetting and drying though an interaction with the passing air, this material was labeled
eco-wrap. This material may also be a new subcategory of plaster/mortar because it must
be continuous, strongly hygroscopic, and capillary active, as well as show field performance
like an elastic plaster. Hygroscopic means attracting and holding water molecules from
the surrounding environment by either absorption or adsorption, which is usually at room
temperature. As the Thompson (Kelvin) law explains, a pore size lower than 10−7 m
reduces the saturation value of the water vapor concentration above water meniscus. With
the pore curvature corresponding to a size smaller than 10−8 m the condensation of water
vapor takes place at 90% RH and at 10−9 m it would happen at 30% RH. Thus, wood is
more hygroscopic than inorganic materials and using mortars that include organic fibers is
a method to increase the hygroscopicity of the composite material.

The hygroscopic layer may also be drawing moisture from other materials with larger
pores and this phenomenon was introduced under the name of the capillary active layer
in the work of Grunewald and Häupl [40]. Figure 6 shows a capillary active layer that
brings the condensed water vapor to the surface of the material, allowing evaporation to
the interior air.

 
Figure 6. Capillary active layer brings the condensed water vapor to the surface of the material,
allowing evaporation to the interior air (Reprinted with permission from Ref. [40]).

The first capillary active layer was developed in the application of calcium silicate
by Grunewald [38] using a try-and-error sequence that involved a pilot manufacturing
enterprise, determination of the moisture transport characteristics at a university, and
a second round of pilot manufacturing. The observation that tobermorite, one of the
two basic minerals forming the calcium silicate, had a higher sorption curve (i.e., contained
more micropores with nominal diameter lower than 10−8 m) led to the optimization
of the mixture of these two components to improve the overall hygric performance of
the material.

A clay-based plaster is another capillary active material used as the interior finish in
historic caves in Japan. This plaster was developed to replace the mechanical control system
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that could not cope with opening and closing the entrance door by a highly variable number
of visitors and changing weather conditions. In principle, the capillary active material
technology is an extension of traditional materials such as lime plasters and wood-based
cement boards used on the interior of buildings. A low-density cement-bonded wood fiber
(CBWF) was used in masonry breathing walls that were highly water-vapor permeable
and have high sorption. CBWF had a WV permeance like that of a lime plaster (i.e., about
10 times higher than wood). The sorption of CBWF, i.e., water in equilibrium with very
humid air (for instance 50% RH), is about six times greater than lime plaster. While under
a stepwise change in humidity, this material is much slower than wood, but after ten
hours of exposure to new conditions, the amount of water stored by CBWF exceeds that of
an unpainted log wood house. In conclusion, CBWF and strawbale walls were found to
provide good solutions for a breathing wall.

In effect, cement-bonded wood fiber material represents a purely historic development,
while the Dresden Technical University team added a next step in knowledge to improve
the process of moisture management and complimentary work in Japan expanded the
concept of capillary active technology. The next step was motivated not with the material
but with the system level. Exterior thermal insulation and composite systems typically that
use expanded polystyrene foam and cementitious lamina should not be used above the
11th floor, i.e., to the limit of evacuation ladders.

For higher buildings, the only suitable exterior insulation is high-density mineral
fiber insulation (MFI). Generally, it is a self-draining material except for the layer at the
bottom. For the fresh material, the water-retention strip is about 100 mm, but with aging
(weathering) of the material this is increased to about 180–200 mm. Furthermore, the MFI
does not have the required impact resistance. Both these shortcomings are alleviated by
the work of Fort et al. [41], by providing a water-vapor diffusion to the surface of MFI, a
capillary active layer is applied. While the main point of this research relates to a combined
experimental-computational analysis of hygrothermal performance, the engineering so-
lution addresses a known market need. This paper modifies the hygrothermal model of
Kuenzel [42] closer to that used in soil science, e.g., de Vries, and see the analysis in Ph.D.
thesis of Bomberg [38]. A laboratory experiment to determine temperature and moisture
fields served as a basis for model calibration and the identification of unknown parameters.
The calibrated model is subsequently used for a long-term hygrothermal assessment of the
studied detail.

Hygrothermal properties of insulating materials, connecting layers, and their mutual
interactions therefore belong to the main topics of recent studies aimed at interior thermal
insulation systems (Fořt et al. [41], Vereecken and Roles [43]). Both computer modeling
and testing are used in their work. Measurements were made in a real-time mode, but
modeling is versatile. The results, however, are strongly dependent on the quality of input
data and material characteristics.

We have three different methods for model calibration:

(1) During the experimental work as used by Fořt et al. [41]
(2) Using one of the material properties verification methods (see: Bomberg and Paz-

era [32]) or a new, emerging approach of the system-monitoring application of statisti-
cal analysis of data [44] and performance evaluation (MAPE modeling, see: Romanska-
Zapala et al. [37]).

3.5. Next Generation of Capillary Active Materials

During pilot manufacturing in the USA, recycled wood with 100-micron diameter
and unspecified cellulose fibers were used. In China, fibers from rice plants and rice hulls
were used. The choice of different components in the fiber mixture is made with the view
to: (a) ratio between strong and weak fibers, (b) ratio between inert and electrostatically
charged, and (c) ratio between the micropores and the skeleton. Furthermore, to reduce
shrinkage, the fraction of Portland cement, replacing it with pozzolanic material such as
fly ash, or a mixture of fly ash with silica were limited. The choice of fillers in addition to
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the preselected size of sand is unlimited. To obtain the combability of different materials
we use re-dispersing and bonding polymers, as well as polymers regulating the water
retention of the mix by eco-wrap.

Generally, the eco-wrap mix is designed for demolding after 24 h and 48 h water
retention to apply the next layer without prewetting the surface. Eco-wrap can be designed
for application in either one or two layers. The base layer would have more of the coarse
sand and bonding polymer than the interior finish layer. This also improves the control of
the wetting and drying performance.

The mix design process takes a few stages. In the first stage we are looking for wet ting,
drying, shrinkage, and workability performance and this is done purely on an experimental
basis. One tries to develop a mix that behaves as a typical mortar with a reasonable
workability, consistency, and critical physical properties. In stage 2 (Figure 7), one evaluates
the basic hygric properties by comparison to the reference mortar/plaster, in our case a
standard Portland cement mortar.

Figure 7. Lime-pozzolanic mix C shows wetting from free water surface faster than mix B, which is
based on standard Portland cement. Note that an initial stage of the test is purposely discarded.

The outcome of the water absorption test is easily predictable. But the test is needed to
determine the maximum liquid water conductivity of the material. Conversely, the drying
rate permits better evaluation. Figure 8 shows clear differences between different eco-wrap
mixes. The mix C shows a much better drying rate than mixes D and E. At this stage one
may decide that mix C3 is more suitable for a one-coat application, while a combination of
D2 and C3 will be better suited for the finishing interior surfaces.

Stage 3 is a repeat of stage 1 but with a rigorous framework of special mortar design
and this includes review of the cost–benefit relation, early strength development, and use
of a chemical addition to retain water for 48 h. The fraction of this admixture is different in
hot or cold climates.
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Figure 8. Drying rate versus drying time. Mix B is based on standard Portland Cement; mixes (C,
D, E) represent eco-wrap based on lime with varying fractions of fibers (e.g., mix D has a density of
800 kg/m3).

3.6. The Need for Building Automatic Control Network (BACnet)

EQM technology includes the development of an integrated control system that
performs optimization of different subsystems such as the water-to-water heat pumps,
solar thermal and photovoltaic panels, air intake ventilators, heat exchangers for pre-heat
or pre-cooling of the ventilation and modification of its humidity level, heat exchangers for
the exhaust air, instantaneous hot-water delivery systems (or hot-water tanks), cold-water
tanks and rain- and/or gray-water tanks, illumination, and control of temperature, air flow
and humidity in several spaces depending on their functions. Furthermore, it controls
the use of surface heating/cooling that are integrated with building partitions to modify
the contribution of thermal mass to the energy consumption. With an adequate steering
algorithm based on the history of use and predicted values in relation to the outdoor
climate, one can optimize the indoor climate for any type of use and climate (except for
the extreme).

The above list explains why the building of an automatic control network (BACnet)
is included and optimization during the post-occupancy stage. The system includes two
subsystems: (a) a metering system to monitor the selected parameters with a view to discov-
ering malfunctions of the separate units and provide information on their performance, and
(b) the building management system to ensure the required quality of indoor environment.
To this end, one may introduce the self-learning functions of the steering algorithms to
permit optimization of these subsystems in the post-occupancy period. Yet, to optimize
HVAC performance we need to have information collected over four different seasons,
i.e., a minimum of one year of post-occupancy.

Figure 9 shows the concept of building automatic control in the EQM system.
Note that the charging of motor vehicles and PV systems are now common practices

for residential properties; any combination of AC and low-voltage DC on the same grid
may also affect the frequency distribution of the electrical current and associate with its loss
of quality in the energy systems. Thus another, yet not discussed, function of the BACnet is
to ensure the quality of the electrical current.

3.7. Rehabilitation (Retrofitting) of Old Buildings—A Continuum in Time

Another dimension of the EQM technology is that it allows use of the same approach
for new low-energy buildings and for rehabilitation of the old. A project in Montreal,
Canada demonstrates the power of planning the construction process for a longer period.
Atelier Rosemont in Montreal, Canada is a cluster of buildings designed to be upgraded
over a period of 10 years to demonstrate the power of integrated planning and execution
from the standard neighborhood to near-zero-energy buildings that includes community
areas. The Atelier Rosemont project highlights how vague the boundary between new
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constructions and retrofitting of old buildings can be and that the system integration
proposed in dynamic EQM projects is not a dream. EQM technology is to make a double
integration, in time and space, much easier to achieve.

Figure 10 shows the buildings to which different stages of energy reductions that were
applied from 2008 (0% of total energy reduction) to 2018 (92% of total energy reduction).

Stages of improvements from 2008 to 2018 in Atelier Rosemount, Montreal,

- High-performance enclosure, common water loops, solar wall—36 percent reduction
in the total energy use per square meter and year;

- Gray-water power pipe—42% reduction in energy use;
- Heat-pump heating (with horizontal heat exchanger)—60% reduction;
- Renewable 1: evacuated solar panels for hot water—74% reduction;
- Renewable 2—photovoltaic bring the total reduction to 92% (in 2018).

Thus, in the span of 10 years, these building reduced energy use by 92 percent of the
original use.

 

Figure 9. The concept of building automatic control in the EQM system. Source (MFC own study).
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Figure 10. An affordable, low rise, energy efficient multi-unit residential building “Atelier
Rosemount” in Montreal; rain retention basin in the bottom right (credit Nikkol Rot, reprinted
with permission).

3.8. Thermal Storage Is Located in Ground Next to Building Foundations

Elsewhere, we analyzed earth–air heat exchangers for pre-conditioning air, postulat-
ing that efficient use of EAHX (earth–air heat exchanger) requires use of both: a fresh air
inlet and EAHX. This paper explained that when outdoor air reaches a specific tempera-
ture, e.g., 19 ◦C, one should use outdoor air and switch back to the EAHX when the air
temperature cools below 19 ◦C. To switch between two sources of air we need to know
the following:

- Temperature of outdoor air;
- Temperature on exit from EAHX;
- Temperature required on entry to the indoor space;
- The need for heating or cooling of air to the temperature of entry to the indoor space.
- Electric energy needed for operating EAHX;
- Dynamics of temperature changes in the soil surrounding the EAHX pipes;
- Temperature of the air being removed from the indoor space and recuperation of energy.

The highest efficiency of interaction between EAHX and the ventilation center (mechan-
ical room) is achieved when fully integrated control/steering systems for the low-energy
building is used. In such a case, separate needs in different indoor spaces (different rooms),
e.g., presence of people in the room are considered. Such a system will address optimization
of both comfort and energy use.

In discussing this holistic approach to design, one must also consider resiliency of
the building, i.e., what happens when the electrical supply is interrupted. Buildings must
be airtight but not too tight because continuous use of mechanical ventilation requires a
significant supply of electricity.

Experience from Finland indicates that the uncontrolled air leakage that may pro-
vide 60–70% of the minimum ventilation appears to be good guidance. We also suggest
using 10 Pa overpressure of buildings if the walls are designed for adequate moisture
management and the delivery of fresh air is restricted to 60% of time.

While use of a direct air pre-conditioning is restricted to small houses and in larger
residential units water-based heat exchangers, the above discussed considerations are still
valid. The preferred location for a water tank used as ground for the thermal storage is
under the house or in the house’s perimeter.

3.9. An Example of Hungarian Demonstration House

An extension of passive house technology (proposed by Bomberg [38] and Krecké, see [45])
was an introduction of pre-conditioned air or water tubing to produce an ‘active insulation’
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layer. This would allow using energy from other sources and reduce heat transmission
through external enclosure. The system requires only an ordinary pump to transport
the heating/cooling medium that connects an active insulation layer with the earth heat
exchanger. In a cold climate, the medium temperature is lower than the indoor space but
higher than the outdoor air.

A patent introducing the concept for an active thermal insulation layer for buildings as
a contrast to passive house technology was issued in 2012 and the demonstration building
in the town of Nyiregyhaza in Hungary that has a direct coupling between ground and wall
heat exchangers is described elsewhere [46]. Data recorded for eight years demonstrate
that active thermal insulation regularly improves thermal performance of external walls.
The equivalent thermal transmittance Ueq of the analyzed wall (dependent upon climatic
conditions) varied from 0.047 W/(m2K) in November to 0.11 W/(m2K) in March, while the
steady-state value without ground coupling was 0.282 W/(m2K). In the tested building,
the average heat loss reduction was 63% in relation to standard insulation.

In the demonstration house, a continuous circulation of the medium is used for the
purpose of analysis. Indeed, the medium temperature varied from 12 to 23 ◦C with an aver-
age of 17.9 ◦C, while the average outdoor temperature was 11.9 ◦C, indicating the summer
recharging the ground with energy from the walls. Figure 11 presents the daily temperature
differences between the coil medium and the outside air. As the positive temperature dif-
ference (5843 degree-days) are much higher than the negative values (−493 degree-days),
one sees large heating potential.

 

Figure 11. Temperature difference between fluid in coil and external air (Adapted from Ref. [46]).

In effect, if the system operated only in the heating fashion, one would see that the
heat-loss reduction in the cold period was higher than 50%.

3.10. Next Generation of Low Energy Buildings, Conclusion

A comparison of residential buildings from 1929 to 2002 in Vancouver highlighted the
need for a transient operation of buildings. In the next generation of buildings, large surface
of hydronic heating or a cooling system coupled with a thermal mass and operated with a
water-to-water heat pump will be used. The Hungarian demonstration house shows the
possibility of 40–50% energy reduction.

To alleviate the conflict between the investor (limited finds) and society (wants net-
zero energy level), we introduce a two-stage construction process, where stage one is designed to
achieve a limited performance level, though acceptable to the building code, and a limited cost
acceptable to the investor, while the second stage continues to the selected performance
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level. The Canadian (Atelier Rosemount” in Montreal) shows 92% energy reduction in the
social housing project.

As the indoor environment should not be worse than the outdoor, the lesson from
SARS-CoV-2 leads us to a variable rate of over-pressurized ventilation in all rooms except
for a selected bedroom. Overpressure of indoor air requires a fundamental change of the
humidity-control strategy and the development of new moisture-buffer technology.

4. Conclusions from the Work, Further Action Plan

In this article, the authors touched upon many important topics related to the energy
efficiency of buildings., namely optimization of the HVAC and implementation of new
nearly zero-energy retrofitting technology. The authors also stress the need for improving
the ventilation by using filtration with M13 device or designated outdoor air system (DOAS)
with exterior filtration.

The currently used concept of a passive house includes many improvements but also
uses many arbitrary criteria that restrict the applicability of this technology. Furthermore,
when an occupant opens windows during inclement weather, he/she may destroy “energy
efficiency”. The history of building science from its beginnings almost 100 years ago up
to the development of net-zero-energy buildings gave us an understanding that the next
generation of buildings will be designed with the indoor environment as the starting point.
If we satisfy the occupant’s need for large windows, individual ventilation on demand,
and hydronic heating/cooling systems built in walls or floors, we are making progress
toward sustainable buildings. Furthermore, when our heating/cooling system operates at
low temperature without noise or visible heaters or ventilators we are on a solid basis for
the next generation of buildings.

This work was started about 12 years ago. Yet, while we agreed with the basis for a
change in the approach, our previous attempts to synthesize the environmental aspects
of building science were shallow. The indoor environment is more than thermal comfort.
While we knew that electrical heat-pump technology will be a key in the next generation
of buildings, we also realized that the focus of building science must be on renovation.
The review showed that the next generation of technology must be active and involve use
of air cavities. The most significant contribution to our research came from the NY test
house [38] and Hungarian demonstration house [46], where a direct coupling between
hydronic heating and a ground heat exchanger was used. Yet, as we will incorporate hybrid
solar panels and water-sourced heat pumps in the next-generation technology, we will use
a building’s automatic control system instead of a direct connection.

The critical issue today is the necessity for rapid action. There are a few components
of housing obsolescence that, combined with an urgent need to reduce climate change,
provide us with the perfect opportunity to change the challenge into a win-win situation.
Construction today is facing four crisis elements: (1) affordability, (2) lack of skilled trades,
(3) productivity (no change for the last 10 years while the manufacturing sector in the U.S.
increased productivity by 70%), and (4) the digitalization of industry (again less than 20%
production in the U.S. is not on the building site; in Sweden, for instance, more than 80% is
manufactured off the site). If we add the need for zero energy (zero carbon emissions) and
health concerns highlighted by the spread of COVID-19, we get a situation calling.

Yet, until recently, all these pieces of knowledge did not have linkage to the occupant.
The breakthrough came with the analysis of SARS-CoV-2 in the low-energy buildings. In
the recovery bedroom, an occupant needs air pressure to be lower than in the rest of the
indoor space and also a strongly variable ventilation rate. Yet the whole dwelling needs
to have some air movement. This implies that living space itself must have air pressure
gradients and effectively one must use much more carefully designed humidity control. In
North America, we had air circulation imposed by the air-borne heating systems, but we
did not appreciate its significance. Today we know that neither opening widows (Europe)
nor having air conditioner in the window (U.S.) make economic sense. Today we can
design buildings that are energy efficient, inexpensive, and produce more energy than they
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use. We can do in the harsh climates of Canada or humid climates like Florida. The design
principle is the same, but the details are different.

The methods of building evaluation are different today than they were four decades
ago because today we understand the interactions between the different functions of the
building. Yet, in this editorial overview, we highlighted that it is not the technology
itself, but the manner of how we deal with technology that makes the socio-economic
impact. Overdoing the intellectual part of technology in academic research or overdoing
the commercial impact in the technology transfer stage (application of the technology)
does not help. On the contrary, it often reduces the impact of the technology. Furthermore,
if for the sake of the administration policy, one aspect, e.g., energy efficiency, is stressed
while others are neglected, the whole technology becomes simplified and unbalanced. Our
current system of supporting applied research requires a visible fragmentation, while the
socio-economic progress requires integration. As an example, if we want to develop an
energy model based on the data collected from the actual building to optimize the system
and later develop a more advanced model for HVAC operation, such a project does not fit
into academic research as it is too practical; it does not fit into applied research because one
cannot estimate the monetary savings of this approach. Of course, those who realize the
significance of the continuum of data and control models for the optimization of the HVAC
will continue doing this type of research, but the whole world of academia is excluded as
they rely on the government support.

In contrast to structural engineering where new materials can come with an impact on
construction, the management of environmental quality will require many small details
to be thought through and built with care. While the change in environmental control is
urgently needed, this change requires an understanding of the building as a system and
must come from the scientific community. For this to happen, the scientific community
must have a vision of the next generation of buildings. Two critical issues in this vision
are: (1) the occupant must be able to control the indoor environment and the building
automatics must enable the occupant to do this, and (2) the design must be focused on the
level of the components or assembly, while materials will be judged upon whether they
fulfill the requirements for assembly and the subsystems.

Meadows produced a list of the most important factors that modify people’s motiva-
tion. In the first place he lists transcending paradigms and in the last (11th place) numbers,
parameters such as subsidies, taxes, or standards. He contradicts paradigms, saying:

“The shared ideas in the minds of society, the great big unstated assumptions, constitute
that society’s paradigm, or deepest set of beliefs about how the world works. These beliefs
are unstated because it is unnecessary to state them—everyone already knows them.”

To the sustainability research:

“Notice, however, that most of the current sustainability research . . . is focused on
the least effective leverage points like the economic aspects . . . politicians believe that
sustainability is mainly an economic problem. So, “Numbers” . . . and parameters such
as subsidies, taxes, and standards become the main focus.”

We fully understand the concerns of Meadows who stressed that sustainability re-
search has more in common with the change in the transcendental paradigm than the
economics of construction. Kuhn [47] highlighted that a scientific revolution that comes
with a small step in the socio-economic situation is close to the change. The authors claim
that the change-of-thinking-paradigm needed for the next generation of building technol-
ogy is just this last step and slowing or reversing climate change is the transcending paradigm
of our time. Understanding this paradigm should motivate all involved in building science
(physics) to mobilize the public and explain to politicians that the important approach in
the post-COVID world is to invest in the renovation of our buildings. In effect, this review
shows that it is not gas emission or energy saving, but an emerging holistic vision that must
be communicated to the broad public. The only way to accelerate the green revolution is
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not through green materials but through broad public–private programs of education and
demonstrations of the need for reinvesting in the next generation of retrofitted buildings.

Now, after repeated waves of pandemic, comes the realization that the next generation
of new or renovated dwellings must provide an indoor space suitable for the quarantine
of people infected with an air-borne virus, be it SARS-CoV-2 or influenza. A bedroom
likely to be used by sick people should be underpressurized to guard against the spread of
illness. A direct outdoor air system (DOAS) should be used. Therefore, the requirements
for retrofitting must be broadened to include an adequate handling of DOAS ventilation
with interior air circulation. In effect, one may summarize the above discussion as follows:

“The next generation of environmental quality management technology should have a
dedicated, hybrid ventilation system with an adequate management of air humidity.”
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Abstract: The building envelope includes all materials (glazing, external walls, doors, etc.) that
separate the conditioned space from the outside environment. Building envelope characteristics
significantly influence the energy consumption of buildings. In this study, research was carried out
to find optimum building envelope design parameters, such as insulation thickness, orientation,
glazing type, and the window-to-wall ratio of a room, using actual climatic data of two cities with
different characteristics according to the Köppen climatic classification. The insulation thickness
and the window type that minimizes the net present worth of the building façade over 20 years
of a lifetime gave the optimum values. In addition, the effect of the various parameters, such as
the infiltration rate through the envelope, room set-point temperature, and the fuel type, on the net
present cost was also analyzed. It was found that appropriate selection of windows, orientation, and
insulation thickness would lead to a significant reduction in the annual energy consumption. Despite
having the lowest initial investment cost, the room with single glazed windows had the highest
energy requirement and the net present cost. The building façade with double glazed windows,
oriented towards the south-west, yielded the minimum net present cost in both locations. Results
showed that the optimum external wall thickness is 9 cm in Hakkari (Dsa—Continental Climate) and
6 cm in Istanbul (Csa—Mild Climate).

Keywords: insulation thickness; energy efficiency; windows

1. Introduction

The energy required for buildings constitutes 40% of the total energy consumption
globally [1]. A significant share of the energy consumed globally can be related to the
heating demand, with a considerable amount associated with heat losses through the build-
ing envelope [2]. Recently, there has been an increasing interest in analyzing the thermal
characteristics of the building envelope to decrease energy consumption. The building
envelope is a crucial design subject to achieve indoor comfort levels with minimum energy
requirements. As a result, it is imperative to consider all aspects, such as shape, orienta-
tion, climate, the envelope structure, and glazing type, from the beginning of a project.
Proper design of the building envelope significantly decreases carbon emissions and energy
consumption, and provides occupants with a healthy and comfortable indoor environment.

The appropriate design of the external walls can help achieve energy savings of around
50–60% [3]. Finding the optimum insulation thickness is part of this process. Due to the
strong interest in reducing the energy use of the buildings, many researchers have focused on
the optimization of insulation thickness. Many researchers have used a simplified equation
by following the degree days method to minimize the net present value of the total costs,
including of insulation and energy consumption. In a previous study, Kaynaklı presented a
procedure to optimize thermal insulation thickness for external walls by considering costs of
energy, insulation material, and installation. The study showed that the payback periods for
the optimum insulation thickness vary between 3.85 and 16.25 years [4]. In another study,
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Kaynaklı [5] investigated the influence of parameters such as building lifetime, inflation rate,
cost of insulation material, thermal conductivity of the insulation material, and installation
cost, on the total life cycle cost, energy savings rate and payback period. The results of the
study showed that project lifetime, fuel cost, inflation rate, and thermal conductivity increase
the optimum insulation thickness. In contrast, insulation material cost and Coefficient of
Performance (COP) decrease the optimum insulation thickness. Kurekci [6] investigated the
optimum insulation thickness for buildings with only heating, only cooling, and both heat-
ing and cooling energy requirements. Various insulation materials (extruded polystyrene,
rock wool, expanded polystyrene, glass wool, and polyurethane) and different fuel types
were used in the study. The calculations were undertaken for all city centers in Turkey.
Ekici et al. conducted a study to investigate optimum insulation thickness for selected cities
in the different climate regions by considering different wall types, different insulation ma-
terials, and different fuel types [7]. Based on the calculated optimum insulation thicknesses,
energy savings and payback periods were presented for each selected location. Yuan et al. [8]
investigated the optimum insulation thickness of external walls for 32 regions of China using
the degree days method and life cycle cost analysis. Results of the study showed that 63%
of the CO2 emissions could be reduced when the optimum insulation thickness is applied.
Canbolat et al. [9] investigated the optimum insulation thickness and payback period for
two different climates. Using the Taguchi method, the importance order of the examined
parameters was found, and the heating degree days was found to be the most efficient
parameter based on the results. Alsayed and Tayeh [10] analyzed the optimum insulation
thickness for Palestinian buildings considering weather data, insulation types, energy
prices, and wall construction. Results of the study highlight the influence of degree days
base temperature and insulation type on the optimum insulation thickness. Ozel et al. [11]
investigated the optimum insulation thickness according to degree days, life cycle cost,
and entransy loss methods. The calculations were undertaken for two different insulation
materials. Acikkalp and Kandemir [12] presented a technique that combines economic and
environmental effects to determine optimum insulation thickness. The proposed method is
based on the degree day approach. A case study was carried out for the Bilecik province
of Turkey. The optimum insulation thickness values were found to be between 0.13 and
0.47 m, depending on the environmental and economic priority. Barrau et al. [13] calculated
the optimum insulation thickness considering different lifetimes of building and insulation
materials. Results of the study show that changing the building lifetime from 20 to 50 years
increases the optimum insulation thickness. Moreover, changing the optimization crite-
ria from economic to environmental priority highly affects the results. Some researchers
also combined life cycle assessment and exergy analysis to find the optimum insulation
thickness [14–16]. To enhance the accuracy of predictions for the optimal thermal perfor-
mance of the buildings, effective software programs were recommended to be used [17].
Simulation programs such as EnergyPlus [18–23] and TRNSYS [24,25] have been used by
some researchers.

Windows also have a dominant role in energy consumption and the visual comfort of
buildings. Finding the adequate window characteristics (such as orientation, area, and type
of window) is part of the initial design decision, and is hard to change later [26]. Windows
affects the energy requirement in different ways, such as heat conduction, solar radiation,
and daily light transmission [27]. Windows can either reduce or increase the energy loads
through solar heat gains or conduction heat losses. The energy transfer through windows
depends on many parameters such as climatic conditions, shading levels, orientation,
frame material, glazing type, area of the glazing, and many other factors. Detailed analysis
must be undertaken to select the glazing types based on their impact according to the
geographical location and respective climate conditions. There are only a few studies that
have investigated the thermal performance of windows. Altun and Kılıç [26] presented
a study to examine the influence of windows and shading device characteristics on the
energy consumption of the buildings. Parameters such as the window-to-wall ratio of the
façade, total solar energy transmittance value of the glazing, and shading levels regarding
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orientations were studied. Gasparella [28] studied the impact of the glazing type, window
size, and internal gains on the energy need of a residential building. Climatic data of Paris,
Milan, Nice, and Rome were used in the research. Tsikaloudaki et al. [29,30] investigated
the influence of the window configuration in terms of geometrical characteristics, thermo-
physical properties, orientation, and shading levels on its energy performance. Kon [31]
conducted a study to investigate optimum insulation thickness and glass number for differ-
ent climatic conditions, fuel types, and insulation materials. Ozel [32] conducted a study
to examine the effect of the window-to-wall ratio on the optimum insulation thickness
considering wall orientations. Results of the study showed that the window area and
orientation have a significant influence on the optimum insulation thickness. Karabay
and Arıcı [33] optimized multi-pane windows for different locations using the degree day
method. The optimum number of the glazing for each selected location was found by
considering the life cycle cost. Derradji et al. [34] conducted a study to investigate the
optimum insulation thickness of a prototype building both numerically and experimentally.
Various parameters such as wall structure, window area, and fuel type were studied.

In the literature, previous studies primarily focus on optimizing the insulation thick-
ness based on heating degree days or cooling degree days. Although it is straightforward
and fast to estimate, the degree days concept has been criticized for not considering the
solar radiation and thermal mass effect [35]. Various researchers have questioned the ac-
curacy of the method. It is essential to consider the building envelope as a whole when
conducting optimization studies. Only a handful of studies have considered the building
façade as a whole (windows and external walls together). Previous studies have mainly
been conducted separately for exterior walls or windows. To the best of the author’s knowl-
edge, no study has simultaneously focused on insulation thickness, window-to-wall ratio,
orientation, different climatic conditions, and window type of the building envelope.

In this study, a thermo-economic analysis of a designed zone was conducted for
two selected cities in Turkey, which belong to different climate zones according to the
Köppen climatic classification. The dynamic energy behavior of the zone was simulated for
a year. Net present cost analyses were used for economic calculations. A comprehensive
parametric evaluation was undertaken by varying the insulation thickness of the external
wall, glazing type, glazing area, infiltration rate, room set-point temperature, fuel type, and
wall orientation. The dynamic simulation results yielded essential insights for both energy
savings and minimizing the net present cost. The methodology used in the study can be
applied by other researchers, engineers, and architects around the world to design both
energy-efficient and cost-effective buildings.

2. Materials and Methods

2.1. Description of the Reference Zone

Parametric evaluation was carried out for a reference room. The plan of the room is
shown in Figure 1.

Figure 1. The layout of the reference room.
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The designed zone has two external walls facing two different orientations. The room
has a 100 m2 floor area. The windows are considered to be located at the center of each
exterior wall of the room. The dimensions of the room are 10 m (l), 10 m (w), 3 m (h).
External walls are insulated, and insulation thickness is an investigation parameter. The
properties of the building components are presented in Table 1. Three different glazing
types (single, double, and triple glazed) were used to determine the optimum one. The
heating temperature set-points were assumed to equal to 24 ◦C for the base case; however,
this was also investigated parametrically. Occupant density was considered equivalent
to 0.1 occupants/m2, and specific lighting gains were determined as 10 W/m2 during
occupied hours if the total horizontal radiation level was lower than 120 W/m2. For the
base case, the infiltration rate was considered to be 0.2 ACH (Air Change per Hour); this
was also investigated parametrically. In Table 1, the thermal properties of the external wall
are given. The main design parameters of the zone are shown in Table 2. Three types of
windows were investigated: (1) single glazed window, (2) double glazed window, (3) triple
glazed window with argon filling. Four different façade orientations were analyzed as
(1) south-east, (2) south-west, (3) north-east, (4) north-west.

Table 1. Thermal properties of the external wall.

Material Thickness (m)
Conductivity

(kJ·h−1m−1K−1)
Density (kg·m−3)

Plaster 0.020 5 2000

Brick 0.210 3.2 1800

Plaster 0.030 5 2000

Insulation 0.03–0.15 0.144 40

Table 2. Main design parameters of the room.

Parameter Value

Area 100 m2

Height 3 m

Window Type

Single glazed (5.69 W/m2·K)

Double glazed (1.1 W/m2·K)

Triple glazed (0.61 W/m2·K)

Infiltration rate 0.2–0.4–0.6–0.8–1 ACH

Orientation
North-east, north-west

South-east, south-west

Heating set-point temperature 18–20–22–24–26 ◦C

2.2. Model Design and Calculation Methods

The degree day method is a widespread method for assessing and classifying climate
regions with common climatic characteristics. In the literature, most of the studies have
used this method to calculate optimum insulation thickness [9,33,36–38]. However, energy
consumption in buildings depends on many parameters, such as building occupancy, solar
radiation, equipment usage, and infiltration rate. Therefore, to find optimum insulation
thickness, all these aspects should be considered to obtain realistic results.

In this study, dynamic and transient analysis was conducted using a simulation tool.
TRNSYS 18 Simulation software was used for the thermal model. The TRNSYS program is a
widely-known energy analysis program primarily used by researchers [39]. The TRNBuild
interface of the program was used to create the building. TRNBuild allows the user to
define building construction layers and create various infiltration and ventilation types
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and occupancy schedules. For the meteorological data, the Meteonorm database of the
program library was used. Typical meteorological year (TMY) weather data for the selected
locations were used.

Space heating and cooling loads have four major components; solar heat gains through
apertures, heat conduction, ventilation/infiltration, and internal loads [40]. The heat trans-
fer between the building envelope, and outside and inside environments, can be described
by conduction, convection, and radiation mechanisms. Convection heat flux Qi to a zone
due to the difference between the indoor and outdoor temperatures can be expressed as:

Qi = Qsur f + Qin f + Qven + Qg + Qcpl + Qsol + QISH (1)

The infiltration gains/losses (Qin f ) are expressed as below:

Qin f = V·ρ·cp·(Tout − Tair) (2)

In Equation (1), Qven is the ventilation gains/losses, Qg and Qcpl are the internal
convective gains (by people, equipment, illumination etc.) and gains due to connective air
from the boundary condition, respectively.

Qven = V·ρ·cp· (Tven − Tair) (3)

where ρ is the air density (kg/m3), cp is the air specific heat (kJ/kg·K), V is the airflow rate
(m3/s). Qsol is the fraction of solar radiation entering a building zone through external
windows that transfer as a convective gain to the inside air. QISH is the absorbed solar
radiation on all internal shading devices that is directly transferred to the inside air.

2.3. System Performance Evaluation Parameters

It is apparent that as the insulation thickness increases, the cost of insulation also
increases, and that the energy cost decreases. Similarly, single pane windows have a lower
investment cost than double glazed and triple glazed windows. However, the application
of windows with lower energy transmittance values decreases the annual energy cost.
Therefore, it is essential to consider the net present worth of the building envelope that
considers the initial investment cost and annual energy cost over the lifetime. In Equation (4),
the investment cost of the external wall insulation is given:

Cins = Ci × x × Aw (4)

In Equation (4), Ci is the cost of the insulation material per volume ($/m3), x is the
insulation thickness (m), and Aw is the wall area without the glazing (m2). Karabay and
Arıcı [33] obtained manufacturer prices and correlated the cost of the multiple panes. The
investment cost of the multi-pane window (CI) per unit is given below [33]:

CI = (19.25 × n) + 49 (5)

In Equation (5), n is the number representing the glazing. The total investment cost
of a multi-pane window Cw can be calculated by multiplying CI with the glazing area Ag
as below:

Cw = CI × Ag (6)

Assuming CF is the unit price of the fuel, LHV is the lower heating value of the fuel,
and ηb is the efficiency of the heating equipment, the annual heating cost of the designed
zone (Ch) can be calculated as below:

Ch =
Qh

LHV × η
× CF (7)
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Qh is the annual heating load, which is integrated for a year. For N years of the project
lifetime, the total heating cost can be determined by multiplying Equation (7) with the
present worth factor (PWF), which is given as:

PWF =
(1 + r)N − 1

r(1 + r)N (8)

In Equation (8), i is the interest rate, and g is the inflation rate; for i > g, r can be
written as:

r =
i − g
1 + g

(9)

For i < g:

r =
g − i
1 + i

(10)

For i = g:

PWF =
N

1 + i
(11)

To find the optimum thickness of thermal insulation, the insulation of the external
walls of the façade and the window were considered to be an investment [37]. The total net
present cost of the building envelope can be obtained as below:

Ct = Ch × PWF + Cins + Cw (12)

To investigate energy savings due to insulation, the energy savings rate parameter is
used. Energy savings rate can be defined as below:

E =
Qhun−Qhins

Qhun

(13)

In Equation (13), Qhun is the annual heating energy requirement of the zone with
uninsulated external walls. Qhins

is the annual heating energy requirement with external
wall insulation. Energy savings rate changes between 0 and 1, and greater values show
better energy efficiency.

The economic predictions were made using published data from the Central Bank of
Turkey [41] and the National Institute of Statistics [42]. All of the parameters selected in
this study are given in Table 3. The flow chart of the simulation process that was used for
all simulation cases is depicted in Figure 2.

Table 3. Parameters for the financial analysis.

Parameter Value 1

Natural Gas

Unit price: 0.18 $/m3 [43]

LHV: 9.59 kWh/m3

η : 98%

Coal

Unit price: 0.13 $/m3 [43]

LHV: 5.76 kWh/kg

η : 65% [7]

Liquid Petrol Gas (LPG)

Unit price: 1.60 $/kg [43]

LHV: 12.9 kWh/kg

η : 90% [7]

Electricity

Unit price: 0.15$/kWh [43]

LHV: 1 kWh/kWh

η : 99%
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Table 3. Cont.

Parameter Value 1

Fuel-Oil

Unit price: 1.03 $/kg [43]

LHV: 11.28 kWh/kg

η : 80% [44]

Interest rate (i) 15%

Inflation rate (g) 14.6%

Project lifetime 20 years [45,46]

The unit price of the selected insulation material 100 $/m3 [12]
1 TL/USD currency conversion set at 01.03.2022 1 $ = 13.93 TL.
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Figure 2. The flow chart of the simulation process.
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3. Analysis

Turkey is positioned at the intersection of Europe, Asia, and the Middle East. It
experiences different climatic conditions [47] and is divided into four climate zones. Two
representative cities from different zones were selected to show the influence of the climatic
conditions on optimum building envelope parameters. In Table 4, geographic information
is presented for the selected cities. The heating degree days of Istanbul and Hakkari are 1860
and 3470, respectively [4], whereas cooling degree days are only 6 and 18. Both locations
are heating-dominated; therefore, thermo-economic optimization of the building envelope
was conducted based on the heating load. The Köppen climate classification system is
widely used to classify the climate of a region. This classification has five major climate
groups, which are A (tropical), B (dry), C (mild), D (continental), and E (polar). Each major
group is divided into sub-groups. As shown in Table 4, based on this classification, Istanbul
is an example of the Mild Climate (Csa), and Hakkari is an example of the Continental
Climate (Dsa). In Figures 3 and 4, the monthly minimum, maximum, and mean ambient
temperatures of the selected locations are presented.

Table 4. Climatic zones, topographic features, and degree days of the selected locations.

Selected City Istanbul Hakkari

TS 825
Climate Zone 2 4

Latitude 41◦00′ N 37◦44′ N

Longitude 28◦97′ E 43◦74′ E

Altitude
(Elevation) 40 m 1728 m

HDD (Heating Degree Days) 1865 3470

CDD (Cooling Degree Days) 6 18

Köppen Classification
Major group C (Mild) D (Continental)

Köppen Classification
Sub group Csa Dsa

 

Figure 3. Mean, minimum, and maximum monthly temperatures for Istanbul.
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Figure 4. Mean, minimum, and maximum monthly temperatures for Hakkari.

In this study, the influence of insulation thickness, glazing type, infiltration rate, fuel
type, room set-point temperature, window-to-wall ratio, and wall orientation on annual
heating energy requirement, investment cost, and the net present worth was investigated.
Results revealed information about design of a building façade with the minimum energy
requirement. Table 5 presents all of the studied cases.

Table 5. Investigated cases.

Case
Insulation

Thickness (cm)
Glazing Type

Window to
Wall Ratio

Orientation
Infiltration

Rate
Heating

Set-Point
Fuel Type

1 3 Single/Double/Triple 40% NW 0.2 ACH 24 ◦C Natural Gas

2 6 Single/Double/Triple 40% NW 0.2 ACH 24 ◦C Natural Gas

3 9 Single/Double/Triple 40% NW 0.2 ACH 24 ◦C Natural Gas

4 12 Single/Double/Triple 40% NW 0.2 ACH 24 ◦C Natural Gas

5 15 Single/Double/Triple 40% NW 0.2 ACH 24 ◦C Natural Gas

6 3 Single/Double/Triple 40% NE 0.2 ACH 24 ◦C Natural Gas

7 3 Single/Double/Triple 40% NW 0.2 ACH 24 ◦C Natural Gas

8 3 Single/Double/Triple 40% SE 0.2 ACH 24 ◦C Natural Gas

9 3 Single/Double/Triple 40% SW 0.2 ACH 24 ◦C Natural Gas

10 3 Single/Double/Triple 20% NW 0.2 ACH 24 ◦C Natural Gas

11 3 Single/Double/Triple 40% NW 0.2 ACH 24 ◦C Natural Gas

12 3 Single/Double/Triple 60% NW 0.2 ACH 24 ◦C Natural Gas

13 3 Single/Double/Triple 80% NW 0.2 ACH 24 ◦C Natural Gas

14 3 Single/Double/Triple 100% NW 0.2 ACH 24 ◦C Natural Gas

15 3 Single/Double/Triple 40% NW 0.2 ACH 24 ◦C Natural Gas

16 3 Single/Double/Triple 40% NW 0.4 ACH 24 ◦C Natural Gas

17 3 Single/Double/Triple 40% NW 0.6 ACH 24 ◦C Natural Gas

18 3 Single/Double/Triple 40% NW 0.8 ACH 24 ◦C Natural Gas

317



Buildings 2022, 12, 383

Table 5. Cont.

Case
Insulation

Thickness (cm)
Glazing Type

Window to
Wall Ratio

Orientation
Infiltration

Rate
Heating

Set-Point
Fuel Type

19 3 Single/Double/Triple 40% NW 1.0 ACH 24 ◦C Natural Gas

20 3 Single/Double/Triple 40% NW 0.2 ACH 18 ◦C Natural Gas

21 3 Single/Double/Triple 40% NW 0.2 ACH 20 ◦C Natural Gas

22 3 Single/Double/Triple 40% NW 0.2 ACH 22 ◦C Natural Gas

23 3 Single/Double/Triple 40% NW 0.2 ACH 24 ◦C Natural Gas

24 3 Single/Double/Triple 40% NW 0.2 ACH 26 ◦C Natural Gas

25 3 Single/Double/Triple 40% NW 0.2 ACH 24 ◦C Natural Gas

26 3 Single/Double/Triple 40% NW 0.2 ACH 24 ◦C Fuel-Oil

27 3 Single/Double/Triple 40% NW 0.2 ACH 24 ◦C Coal

28 3 Single/Double/Triple 40% NW 0.2 ACH 24 ◦C LPG

29 3 Single/Double/Triple 40% NW 0.2 ACH 24 ◦C Electricity

4. Results and Discussion

4.1. Orientation

In this part of the study, the reference room was rotated in such a way that exterior
walls faced one of the four main orientations. The two outer walls were changed to meet
north-east (NE), south-east (SE), north-west (NW), and south-west (SW) directions. In
Figure 5, the effect of façade orientation on the net present cost is given. Results revealed
that the net present cost of the system is minimized for the façade with double glazed
windows, oriented towards the south-west. Despite having the lowest investment cost, the
façade with single glazed windows has the highest net present cost values due to the high
annual heating energy requirement. The net present cost can be cut by 35% if the façade is
oriented towards the south-west instead of the north-east, and a double glazed window is
selected instead of the single glazed window.

 

Figure 5. The influence of orientation on the net present cost of the building façade in Istanbul.

4.2. Window-to-Wall Ratio (WWR)

Windows are key design elements in architectural applications because they improve
the appearance of buildings and enable daylight penetration [48]. Therefore, the effect
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of the glazing area on the thermal performance of the buildings is an important research
goal. A parametric evaluation was conducted to investigate various window-to-wall ratios
(20%, 40%, 60%, 80%, 100%) according to be single glazed, double glazed or triple glazed
windows. In Figures 6 and 7, the effect of the WWR on the annual heating cost is presented
for Istanbul and Hakkari, respectively. Results revealed that the annual heating energy
consumption of the room façade with a single glazed window increases with increasing
window area. Due to lower energy transmittance values, the annual heating energy cost
decreases with growing window area for double glazed and triple glazed façades. Moreover,
the influence of the WWR on the heating energy cost is more dramatic in Hakkari than in
Istanbul due to colder climatic conditions throughout the winter.

 

Figure 6. The influence of the window-to-wall ratio on annual heating cost in Istanbul (3 cm insulation,
NW oriented).

 
Figure 7. The influence of the window-to-wall ratio on the annual heating cost in Hakkari (3 cm
insulation, NW oriented).

In Figures 8 and 9, the effect of the window-to-wall ratio and the glazing type on the
net present cost of the system is presented. Results show that the net present cost increases
with increasing window area. A fully glazed façade with a single pane window has the
highest net present cost, of USD 9134 and 12,189 in Istanbul and Hakkari, respectively. A
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double glazed façade with a 20% window-to-wall ratio has the lowest net present cost
value in Istanbul and Hakkari of USD 2870 and 4000, respectively. Although increasing
the window surface area increases the net present cost, window sizes cannot be reduced
without considering visual comfort.

 

Figure 8. The influence of the window-to-wall ratio and the glazing type on the net present cost of
the system in Istanbul (3 cm insulation, NW oriented).

 

Figure 9. The influence of the window-to-wall ratio and the glazing type on the net present cost of
the system in Hakkari (3 cm insulation, NW oriented).

In Figure 10, the influence of the window-to-wall ratio, orientation, and the glazing
type on the net present cost of the façade are shown. Increasing the window area increases
the net present value of the façade for both south-west and north-west directions. However,
due to passive heating and higher solar radiation levels in south-oriented façades, the net
present cost is always lower than that of the north-oriented façades.
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Figure 10. The influence of the window-to-wall ratio, orientation, and the glazing type on the net
present cost of the system in Istanbul (3 cm insulation).

4.3. Insulation Thickness

In this part of the study, energy consumption and the net present cost were calculated
by applying various insulation thicknesses of the external walls and window types. Opti-
mum insulation thickness was obtained for which the net present cost value was minimized.
In Figure 11, the influence of the insulation thickness on the net present cost of the system
in Hakkari and Istanbul is shown. Results show that from 3 to 9 cm insulation thickness,
the net present cost of the zone decreases dramatically for the façades with both double
glazed and triple glazed windows. It can be seen that choosing a thickness value greater
than 9 cm will increase the net present cost in Hakkari; therefore, it is unnecessary. The
minimum net present cost was found to be USD 4584 for the façade with double glazed
windows and 9 cm external wall insulation thickness in Hakkari. The optimum insulation
thickness was found to be 6 cm for single, double, and triple glazed windows in Istanbul.
The minimum net present cost was found to be USD 3583 for the façade with double glazed
windows and 6 cm external wall insulation thickness.

 

Figure 11. The influence of insulation thickness on the net present cost (40% WWR, NW oriented
façade) for the selected locations.
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Figure 12 demonstrates the investment cost of the façade for different insulation
thicknesses and window types. It is seen that the investment cost increases with the increase
in insulation thickness. In addition, a single glazed window façade has the minimum, and
the triple glazed façade has the maximum investment cost.

 

Figure 12. Effect of insulation thickness and window type on the insulation cost of the façade.

Figure 13 shows the annual natural gas consumption of the zone versus different
insulation thicknesses and window types. Results show that for the façade with a single
glazed window, changing the insulation thickness from 3 to 15 cm decreases the amount
of fuel consumption by around 10–12%. For the double glazed and triple glazed façades,
increasing the insulation thickness from 3 to 15 cm decreases the fuel consumption by
22–26% and 25–30%, respectively.

 
Figure 13. Effect of insulation thickness and window type on fuel consumption.

In Figures 14 and 15, the energy savings ratio is presented for varying insulation
thicknesses and glazing types. Results show that, especially for single glazed façades,
increasing the insulation thickness increases the energy savings ratio at a higher rate in
Hakkari compared to Istanbul. Increasing the thermal insulation thickness of the external
walls with a triple glazed façade changes the energy savings ratio between 0.25 and 0.48 in
both locations. For a double glazed façade, the energy savings ratio changes between 0.20
and 0.41.

322



Buildings 2022, 12, 383

 

Figure 14. Energy savings ratio versus varying insulation thicknesses and glazing types for the
designed zone in Hakkari (40% WWR).

 

Figure 15. Energy savings ratio versus varying insulation thicknesses and glazing types for the
designed zone in Istanbul (40% WWR).

4.4. Infiltration Rate

Infiltration is the uncontrolled movement of air through the building envelope. Heat-
ing load is strongly influenced by the air infiltration rate [17,18]. Infiltration has a negative
impact on the heating load as it will leak the heat contained in the building to the outside
environment [17]. For the base scenario, a relatively low infiltration rate was applied
(0.2 ACH). In this part of the study, the effect of the infiltration rate on the net present
cost was investigated. The values of the infiltration rate were incremented between 0.2
and 1 ACH. The results of the simulation process are displayed in Figures 16 and 17 for
Istanbul and Hakkari, respectively. It can be seen that varying the infiltration rate from 0.2
to 1 ACH increases the heating energy requirement intensively; therefore, the net present
cost rises. Between 0.2 and 1 ACH, the total net present cost increases from 36% to 48% in
Istanbul (Figure 16) and 40 to 55% in Hakkari (Figure 17). In both locations, the designed
zone favors an air-tight construction; however, due to colder climatic conditions, this is
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more apparent in Hakkari. Appropriate solutions to reduce heat loss through infiltration
should be carefully considered to keep infiltration at a lower rate.

 

Figure 16. The influence of the infiltration rate on the net present cost for Istanbul.

 

Figure 17. The influence of the infiltration rate on the net present cost for Hakkari.

4.5. Room Set-Point Temperature

The heating equipment works to bring the zone temperature to the identified set-point
temperature. The room set-point temperature impacts the heating load. To see the effect
of each 2 ◦C adjustment, the room set-point temperature was varied from 18 to 26 ◦C.
As depicted in Figures 18 and 19, decreasing the room set-point temperature decreases
the annual heating energy consumption; therefore, it reduces the net present cost. This
tendency is more visible for the zone with single glazed windows. For a 2 ◦C change in
the temperature, the total net present cost increases from 7% to 15%. Therefore, increasing
the occupants’ awareness regarding temperature control and obtaining energy control
mechanisms based on building occupancy is very crucial for energy economics.
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Figure 18. The influence of the heating set-point temperature on the net present cost for Istanbul.

 

Figure 19. The influence of the heating set-point temperature on the net present cost for Hakkari.

4.6. Fuel Type

Fuel type has a major impact on the annual heating cost and the net present cost. In
Figures 20 and 21, the net present cost of the building envelope is presented for various en-
ergy types. Natural gas, electricity, coal, LPG, and fuel-oil are the most widely used energy
sources for heating; therefore, they were selected for the parametrical study. The lowest
net present cost is for natural gas, followed by coal and fuel oil, respectively. Electricity
has the highest net present cost. Since electricity generation in Turkey mostly depends on
natural gas and coal, the unit electricity cost is high; therefore, electricity for heating is
more expensive than other energy sources. The most suitable energy source for heating was
found to be natural gas compared to the other selected energy sources. Preferring natural
gas instead of electricity decreases the net present cost by 70% to 85% in both locations,
depending on the glazing type.
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Figure 20. The influence of the fuel type on the net present cost for Istanbul.

 

Figure 21. The influence of the fuel type on the net present cost for Hakkari.

5. Conclusions

The energy efficiency of the buildings is a crucial matter, and mostly depends on
early design decisions. Therefore, many have researchers investigated optimum insulation
thickness to maximize economic profit and minimize energy consumption. Previous studies
have investigated the optimum insulation thickness of the buildings without considering
the façade as external walls and windows together. Moreover, parameters such as actual
meteorological data (solar radiation, environmental temperature, etc.), infiltration rate, and
occupant density influence the heating load of a building; therefore, they should not be
neglected. This study evaluated the thermo-economic performance of a zone to determine
the optimum façade parameters, such as insulation thickness and window type, using
dynamic modelling. The optimum insulation thickness of a zone was chosen over a 20-year
lifetime for two different locations. The main results of the study are as follows.

Despite having the lowest initial investment cost, the façade with single glazed windows
had the highest net present worth in both locations. The main reason behind that trend is the
high cost of fuel due to the more significant heating load for single glazed windows.
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It was found that the effect of the façade orientation on the net present cost of the system
is significant. Results show that the net present cost of the system can be decreased between
11% and 17% if the orientation of the façade is changed from north-east to south-west.

The surface area of the windows has a significant influence on the net present cost, fuel
cost, and the investment cost of the façade. For the façade with single glazed windows, the
heating cost increases for greater window areas, and this trend is more dramatic in Hakkari
due to colder climatic conditions. For the double glazed and triple glazed windows, the
heating energy cost decreases with increasing window areas. However, the net present cost
of the façade increases with the growing window area for all cases. For the same window
size and window type, in south-oriented façades, the net present cost is always lower than
the north-oriented façades because of the passive heating and higher solar radiation levels.

Results show that increasing the insulation thickness of the external walls increases the
investment cost and decreases the natural gas consumption. The façade with a single glazed
window and 3 cm insulation has the minimum investment cost. The optimum insulation
thickness of the building façade was determined based on the minimum net present cost. In
Hakkari and Istanbul, the net present cost of the building façade is minimum for 9 cm and
6 cm insulation thicknesses, respectively. The minimum net present cost was found for the
façade with double glazed windows in both locations. The optimum insulation thickness of
the selected areas can decrease annual fuel consumption by between 14% and 18%.

The infiltration rate is a highly influential parameter for the net present cost of the
buildings, especially for the colder climatic regions. To keep infiltration heat losses at the
minimum, appropriate solutions should be carefully considered.

Room set-point temperature is another essential parameter for energy-efficient build-
ing design. Results of the sensitivity analysis revealed that only a 2 ◦C change in the
temperature increases the net present cost between 7% and 15%. This tendency is more
apparent for the single glazed façades due to the greater risk of heat loss.

Finally, sensitivity analysis was also conducted to determine the influence of the fuel
type on the net present cost of buildings. The five most common energy resources for
heating were evaluated and compared in terms of heating cost and the net present cost.
Natural gas was found to be the most suitable energy source for heating, followed by coal
and fuel oil. Since national electricity is mainly generated from natural gas and coal, the
unit price of the electricity cannot compete with that of coal and natural gas. However,
with the broader application of renewable-based power generation systems, it is expected
to decrease in the future.

The presented results emphasize the importance of the design parameters, such as
orientation, glazing type, insulation thickness, and window area, on the energy efficiency
and economy; therefore, designers and engineers should consider all these aspects.
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Abstract: The building sector continues to play an essential role in reducing worldwide energy con-
sumption. The reduced consumption is accompanied by stricter regulation for the thermotechnical
design of the building envelope. The redefined nearly Zero Energy Building levels that will come
into force for each member state will pressure designers to rethink the constructive details so that
mandatory levels can be reached, without increasing the construction costs over an optimum level
but at the same time reducing greenhouse gas emissions. The paper aims to illustrate the main conclu-
sions obtained in assessing the thermo-energy performance of a steel-framed building representing
a holistically designed modular laboratory located in a moderate continental temperate climate,
characteristic of the south-eastern part of the Pannonian Depression with some sub-Mediterranean
influences. An extensive numerical simulation of the main junctions was performed. The thermal
performance was established in terms of the main parameters, the adjusted thermal resistances and
global thermal insulation coefficient. Further on, the energy consumption for heating was established,
and the associated energy rating was in compliance with the Romanian regulations. A parametric
study was done to illustrate the energy performance of the investigated case in the five representative
climatic zones from Romania. An important conclusion of the research indicates that an emphasis
must be placed on the thermotechnical design of Light Steel Framed solutions against increased
thermal bridge areas caused by the steel’s high thermal conductivity for all building components
to reach nZEB levels. Nevertheless, the results indicate an exemplary behaviour compared to clas-
sical solutions, but at the same time, the need for an iterative redesign so that all thermo-energy
performance indicators are achieved.

Keywords: LSF constructions; thermal bridging; thermal resistance; thermal transmittance; numerical
simulation; thermal performance; energy performance; parametric study; nZEB; energy rating

1. Introduction

The building sector is still one of the largest energy consumers worldwide, responsible
for around 40% of the European Union’s (EU) energy consumption and 36% of greenhouse
gas emissions coming from construction, usage, renovation and demolition phases [1].
Through the help of The Green Deal program, a very ambitious target was set of going
carbon-neutral by 2050 [2]. Besides the already mandatory actions imposed by the 2018/844
Energy Performance of Buildings Directive (EPBD) [3] (e.g., reaching nearly Zero Energy
Buildings (nZEB) for both new and existing buildings, thus providing healthier buildings,
more robust implementation of the Energy Performance Certificate (EPC)), each member
state has to present a strategy through the National Energy and Climate Plans (NECP)
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for tackling energy consumptions in buildings in the period 2021–2030. The aim consists
in reaching the goal of reducing energy consumption by 32.5% by 2030 [4]. Considering
that the NECP objectives need to be consolidated for reaching the 2030 targets, a review
and revision of the Energy Efficiency Directive (EED) [5] took place hand in hand with
several targeted provisions of the EPBD. A proposal for the recast on the EU Directive on
energy efficiency was published in 2021 [6], which includes reducing the net greenhouse
gas emission by at least 55% by 2030 [7] to become climate-neutral by 2050. At the same
time, it proposes higher reductions for primary energy consumption -39%, and final energy
consumption −36% by 2030. Therefore, the Green Deal initiatives, the Renovation Wave
and the Strategy for Energy Sector Integration represent essential programs in promoting
energy efficiency [8].

As it was mentioned by the International Energy Agency (IEA) [9], during 2019,
the building sector has deviated from the path towards the Paris agreement objectives.
A slowing rate of energy efficiency improvement has been observed since 2015 by the
IEA [9]. The final energy consumption grew by 2.2% in 2018, and by 2019 the global energy
consumption in the building sector remained at the same level compared to previous
years [10], as shown in Figure 1. However, the CO2 emissions from building operations
increased around 38% of the global energy-related CO2 emissions (see Figure 2), including
indirect and direct emissions from non-residential buildings and residential buildings as
well as the construction industry [10]. Similar conclusions were highlighted back in 2015 by
Ürge-Vorsatz in [11], mentioning that commercial heating and cooling was expected to grow
until 2050 with an 84% percentile compared to 2010, while residential heating and cooling
with a 79%. It was also concluded that the role of electricity is continuously growing,
considering that by 2015 it represented around over half for commercial building energy
use. At the same time, in the global electricity consumption, the quantity associated with
buildings’ operation represents around 55%. Therefore, the building sector should decrease
emissions by 6% each year until 2030 to remain on track towards the 2050 objectives [10].

Figure 1. Global share of buildings and construction final energy, 2019. Adapted from [10].

Figure 2. Global share of buildings and construction final CO2 emissions 2019. Adapted from [10].

Nevertheless, the global COVID-19 pandemic crisis, along with the housing crisis and
the economic crisis, produced disturbances in the building sector. At the same time, the
longer the health and economic crisis will last, the greater the impact on buildings’ energy
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intensity. As mentioned by IEA [9], an estimation was made regarding a decrease in the
global energy demand by 5% to 7% due to the global COVID-19 pandemic.

Although the energy efficiency indicators have slowed down on their path, buildings
are still the leading sector where investments will be available to keep the direction towards
2050 objectives. Research is done to identify more innovative and feasible approaches to
provide sustainable and energy-efficient technical solutions and construction technology.

Considering all the above mentioned, the project CIA_CLIM “Smart buildings adapt-
able to the climate change effects” [12], aimed to define a prototype solution described
by a lightweight steel-framed (LSF) construction that can tackle in the same time energy
efficiency and sustainability issues. The achievement of energy-efficient buildings requires
an integrated design concerning various factors such as climate, occupant behaviour, tech-
nology, operation, and maintenance.

In the energy design of buildings, an important role is defined by how the building
envelope can provide the internal comfort conditions resulting from a compliant ther-
motechnical design. In the case of LSF constructions placed in cold-dominated climates,
the need for an accurate design becomes even more critical. Although the number of
LSF buildings is increasing around the globe [13,14] due to their advantages compared
to heavyweight constructions, the high thermal conductivity of steel elements may lead
to significant thermal bridges, which must be well tackled at the design stage to decrease
their negative impact on the energy demand for space heating and cooling [15]. Compared
to conventional constructive details, the poor thermal performance of the steel elements
can be offset by employing adequate thermal insulation solutions. Nevertheless, a signifi-
cantly increased thickness is needed when conventional thermal insulating materials are
used. Thus, an alternative can be the use of nano-insulation materials, also called super
insulation materials (SIM), that are defined by a remarkable reduced thermal conductivity
(e.g., a thermal conductivity around 15 mW/(m·K) or even lower). As it was demonstrated
by Rajanayagam et al. in [15], when using SIMs the same thermal performance will be
reached at lower thicknesses compared to conventional thermal insulation materials thick-
nesses. The paper also demonstrated that the implemented SIM solution was able to reach
the imposed building requirements and help address solutions that can be defined by
constructive constraints.

Kempton et al. [16] present various solutions for mitigating thermal bridges, starting
from slotting the steel frame members to placing sheets of insulation materials or thermal
break strips between the steel frame. In this regard, it was proved by Santos et al. in
Reference [17] that for steel frames that do not have exterior thermal insulation, the thermal
performance can be increased by 16% for one strip of recycled rubber/cork and by 42% in
case of two strips placed at opposite sides of the frame. It is worth mentioning that two
strips of aerogel were able to mitigate the thermal bridge effect of the steel frame fully.
At the same time, in Reference [18], Santos et al. demonstrated the positive impact of the
placement of exterior continuous thermal insulation on an LSF wall’s overall performance.

Thereby, the objective of our research focused on four directions that aim to provide
answers for both designers and builders. First, the paper highlights the thermo-energy
performance of the LSF construction, identified as an experimental module. An extensive
bidimensional numerical study is presented to evaluate the proposed solutions’ thermal
bridges and implicitly thermal behaviour. Second, it provides an overview of to what extent
this design approach can reach the nZEB levels defined by the Romanian legislation and
simultaneously fulfil the European 2030 targets [4]. Thus, the overall energy performance
is assessed against the Romanian national regulations [19]. Third, the parametric study
results are highlighted to identify the building performance in all representative climatic
zones from Romania and their associated energy class for heating. The study includes
parametrisation in terms of climatic zone placement, curtain wall orientation, ventilation
rate, type of heating system. Fourth, a parametrisation is done to identify to which level the
thermal performance of a building envelope component can impact the energy consump-
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tion level. Several preliminary conclusions are drawn as a starting point for continuing
the research.

2. The Case Study

2.1. Site and Climate

Five climatic zones define the exterior climate of Romania (see Figure 3), starting from
the 1st zone with an exterior temperature θe = −12 ◦C, up to the 5th zone characterised by a
θe = −24 ◦C [20]. The city of Timis, oara is located in the second climatic zone defined by an
exterior temperature in the winter period θe = −15 ◦C. The annual average temperature in
Timis, oara is 11.4 ◦C, with an average exterior relative humidity of 72.1% [21]. The coldest
winter day is defined by a daily average minimum exterior temperature of −12.6 ◦C. For
the summer period, the average maximum daily exterior temperature is 29 ◦C.

 
Figure 3. Location of the case study considering the Romanian map for the winter climatic zones.
Reprinted from [20].

Buzatu et al. [21] have conducted an analysis with the aim of identifying the impact
of Timisoara’s climate in terms of internal comfort conditions and energy consumption.
The author concluded that according to IWEC weather data and ASHRAE 55 prescriptions
in the case of a residential building located in Timişoara at which no design strategies
(i.e., heating cooling, natural ventilation or fan-forced ventilation cooling, humidification,
dehumidification, shading device, and others) are considered, only 14% (i.e., 1226 h) of
the yearly hours are indoor comfortable. Therefore, in order to ensure indoor comfort for
a larger period (i.e., over 90% of the annual 8760 h), one must consider several design
strategies to provide 7047 h of heating and humidification, along with 387 h cooling and
dehumidification (if needed). This leads to a significant increase in the energy demand
for the entire year and the building’s lifespan. Therefore, integrating several passives and
active design strategies for the examined case leads to an annual heating and humidification
demand of 4424 h, along with an annual of 31 h for cooling and dehumidification (if needed).
That is translated into a reduction of 38% for the annual heating hours and 92% for the
annual cooling hours.

One of the passive approaches on which the paper focuses consists of how well the
building envelope design can provide proper thermal insulation levels with respect to the
thermal performance levels stipulated by design norms [19].

2.2. The Experimental Module

The experimental module, presented in Figures 4 and 5, was designed following sus-
tainability design criteria: material and resources procurement and efficiency, health and
well-being, energy and cost-efficiency. Some of the sustainability aspects of LSF construc-
tions include the speed of construction, possibility of prefabrication, architectural flexibility
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in building retrofit, small weight with increased mechanical strength, significant potential
for recycling and reuse, transportation and handling cost savings, and others [13,22–24].

(a) (b) (c) (d) 

Figure 4. Exterior views of the designed experimental module: (a) E orientation; (b) N orientation;
(c) W orientation; (d) S orientation.

 

Figure 5. South view of the built LSF experimental module.

The LSF structure is a two-story modular construction, with a 5 m long span, a 5 m
long bay, 3.80 m eave height (on the southern side), and 6.10 m eave height (on the northern
side) 6.95 m ridge height (see Figure 4). The eastern façade has two 0.76 m × 0.96 m window
openings, the southern façade integrates a 3.56 m × 2.73 m glass curtain opening, while the
western façade has a 0.76 m × 0.96 m window opening and a 0.97 m × 2.73 m door opening.
There are no openings on the northern side of the building. The access to the second floor
is ensured by a 1 m × 1 m attic scuttle door. External photo-voltaic shading lamellae will
protect the curtain wall from the sun. The southern side of the roof was designed with a
roof pitch of 42◦ to gain an optimal performance of a roof-mounted solar energy system.

A precast wedge foundation system was adopted, designed as a quick foundation
system, easy to handle and install, fully recoverable at the end-of-life of the building and
suitable for reuse [25].

Several studies were made to identify the proper materials for the building envelope
elements from a holistic design perspective and ease for deconstruction and future reuse of
components [26,27]. The chosen thermal insulation is the recycled-PET thermal wadding,
fabricated using polyester fibres recycled from post-consumer polyethylene terephthalate
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(PET) bottles. This material has a low environmental impact [22,26], high mechanical resis-
tance, and good physical properties [28]. Another reason for this choice was to stimulate
the local economy and the recycling and reuse of materials.

Table 1 presents the thermophysical characteristics of the materials used in the LSF
experimental module.

Table 1. Thermal properties of the building envelope materials.

Material
Thermal Conductivity

[W/(m·K)]
Specific Heat

[J/kg·◦C]
Density
[kg/m3]

Steel profiles (C150/3, C200/3) 50.00 420 7800
OSB 1 0.130 1700 620

Recycled-PET 2 thermal wadding 0.054 1350 20
Wood fibreboard 0.050 2100 270

Vapor barrier 0.220 1700 130
Aluminium sheet 160.00 880 2800

XPS 3 0.035 1450 35
PIR 4 sandwich panel 0.023 1400 30

1 OSB: oriented strand board; 2 PET: polyethylene terephthalate; 3 XPS: extruded polystyrene; 4 PIR: polyisocyanurate.

The structure is proper for various building envelope configurations. The unidi-
rectional thermal resistances Rtot and unidirectional thermal transmittances Utot were
calculated based on the constructive details for the envelope components presented in
Figure 6. The solutions were chosen with respect to local sourcing and production of
building materials, thus reducing transport emissions and associated costs.

 

 

(a) (b) 

  
(c) (d) 

Figure 6. LSF construction elements cross section: (a) roof; (b) ground floor above crawl space;
(c) exterior wall north; (d) exterior wall—east and west. Reprinted from [22].
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An extended presentation of the details from Figure 6 is provided in the next paragraph.
Oriented strand board (OSB) panels (24 mm thick) were used as an inner sheeting layer
for walls, ceilings and floors. As a thermal insulation material, the recycled-PET thermal
wadding was placed between the steel frame, with a thickness of 150 mm, except for the
north exterior wall, with 200 mm thick. The exterior wall constructive detail includes a layer
of wood fibreboards of 22 mm thick next to the recycled PET thermal wadding, finished by
a layer of fiber cement plate of 5 mm thick. The ground floor was elevated 400 mm from the
terrain, avoiding moisture retention from the ground. The constructive detail is designed
with 200 mm thick recycled PET thermal wadding. A trapezoidal steel sheet of 4 mm
thick is placed underneath, and another continuous exterior layer of 40 mm of extruded
polystyrene (XPS) closes the element at the exterior bottom side. Polyvinyl chloride (PVC)
membranes waterproofed both the floor and roof. The thermal insulation system was
completed on the roof in the exterior with PIR sandwich panels of 120 mm thick.

The experimental module was designed following a holistic approach to significantly
reduce the energy demand of the building in its operation phase. Therefore, the building
envelope design is crucial to meet this objective. At the same time, the design considered
the natural light intake and the additional artificial lighting covered by the available LED
light sources. The employed renewable energy solutions are based on harvesting solar
and wind energy. Therefore, there were installed twelve 250 W polycrystalline cell panels
that intake solar energy, with an estimated amount of solar energy produced on-site of
1269 kWh/year (the potential production of the installed polycrystalline cell panels under
ideal conditions is 3427.29 kWh/year [26]), and a 1 kW vertical wind turbine.

The LSF experimental module includes a monitoring energy management system
that offers a solid overview of the building’s performance during the operational phase.
The module’s functioning is based on the energy provided by the on-site generation
technologies, the construction being a non-grid connected building. The data acquisition
infrastructure consists of 3 CO2 sensors, 14 humidity sensors and 53 temperature sensors
distributed, as previously presented in reference [22]. Sensors were placed on the inner and
outer face of the exterior wall and between the layers.

3. Materials and Methods

3.1. Numerical Approach

It is well known that heat transmission increases significantly through the steel com-
ponents areas; therefore, even in a thermal insulation layer, the steel element acts as a
strong thermal bridge. This phenomenon leads to significant reductions in the global
thermal resistance of the building element. Ignoring the negative effect that steel has on
the thermal performance of the building envelope can lead to an overestimation of the
thermal resistance by up to 50%, as mentioned by Gorgolewski [23]. Simultaneously, the
improper temperature profile in the mass of the element can lead to adverse effects, such as
condensations and wall staining that occurs on cold spots.

The EN ISO 6946 standard [29] offers the combined method for calculating such con-
structive details, also known as the simplified method. An upper and lower limit for the
thermal resistance is established, also defined as the parallel path and isothermal path
method [30]. Based on these two values, their average gives the final thermal resistance.
This method is considered to be a simplified one. Other calculation methods were devel-
oped based on the presented approach. Nevertheless, an essential prescription of ISO 6946,
does not allow the calculation of the thermal performance of a wall with an insulation
layer crossed by metal studs due to the increased difference between the upper and lower
resistance values which define the combined method.
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However, before obtaining the adjusted thermal resistance value R′ as defined by the
Romanian norms [31], the unidirectional total thermal resistance Rtot must be calculated
using Equation (1), as prescribed by EN ISO 6946 [26]:

Rtot = Rsi +
n

∑
j=1

dj

λj
+ Rse (1)

where Rsi and Rse are the interior and exterior surface resistances [(m2·K)/W], d is the
thickness of a homogenous layer [m] and λ is the thermal conductivity of the material
[W/(m·K)].

The Rtot provides an image of the constructive details’ thermal performance that
describes the building envelope element without considering the weak thermal areas, i.e.,
assuming homogeneous layers.

As previously mentioned, each building envelope component is also defined by areas
where the heat flow increases due to the significant differences between materials’ thermal
conductivities. Therefore, the calculations for establishing the adjusted thermal resistance
value need to be done at least following a 2D modelling and simulation approach [32], also
known as the detailed calculation method. A 3D approach is sometimes mandatory for
complex steel junctions to accurately identify the thermal performance [33,34]. Therefore,
in order to get an accurate understanding of the thermal performance of the assessed con-
structive details, extensive numerical modelling and simulation approach was employed,
following the prescriptions of the EN ISO 10211 standard [35].

The numerical computation tool used for the analysis is the 2D software called PSI-
PLAN [36], which is based on solving the plane heat transfer differential equation in
steady-state thermal regime:

∂

∂x
·
[

λ(x, y)·∂θ(x, y)
∂x

]
+

∂

∂y
·
[

λ(x, y)·∂θ(x, y)
∂y

]
= 0 (2)

where θ is the temperature in the node (x,y), and λ(x,y) has constant values for the materials
describing the detail.

Based on a 2D assessment approach, one can establish the value of the linear heat
transfer coefficient defined by ψ [W/(m·K)] in order to identify how well from the thermal
point of view, the constructive details and implicitly the junction was designed. The
coefficient is calculated as described next [35]:

ψ = L2D −
N

∑
j=1

Uj·lj (3)

where L2D is the two-dimensional thermal coupling coefficient [W/m·K], Uj is the unidi-
rectional thermal transmittance [W/(m2·K)] (i.e., the opposite of Rtot) of the component j
separating the two environments defined by the internal and external temperature, lj is the
length [m] of the two-dimensional geometrical model over which the Uj value is applied.
The ψ value was calculated considering the overall internal dimensions [31].

For the intended research, the ψ value was calculated for each junction as a total value
for the assessed junction and also divided in two values, i.e., ψ1 and ψ2, each being allocated
to one of the modelled wings of the junctions. The need to calculate the two ψ values
is following the next calculation steps when the thermal performance of each building
envelope element is calculated. This approach is defined in Annex G and Annex J of the
Romanian design norm C107/3 [31], which describes the proper approach in reaching the
two values. An example of this approach is given in Figure 7.
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Figure 7. ψ value calculation following the Annex J approach from C107/3. Adapted from [31].

The thermal coupling coefficient L2D is a significant parameter because it shows the
heat losses through a building component caused by the temperature difference between
the two environments in direct contact with the element. The L2D was obtained based on
the heat flow rate φl [W/m] resulted from the bi-dimensional calculation divided to the
temperature difference. The next formula was applied:

L2D =
φl

(θi − θe)
(4)

where θi is the internal temperature and θe the external temperature.
Knowing the ψ value, the adjusted thermal transmittance U′ [W/(m2·K)] of the com-

ponent is calculated [31]. The adjusted value considers all the weak thermal areas of the
defined constructive detail by introducing in the calculation formula the ψ values. The
Romanian design norms define a minimum imposed value for the adjusted thermal trans-
mittance and the adjusted thermal resistance for each constructive element that defines
the building envelope [19]. The minimum imposed values represent one of the design
indicators that must be met in designing new buildings and the energy retrofit of the
existing ones. The formula for the U′ calculations is given next:

U′ = 1
R′ =

1
Rtot

+
∑(ψ·l)

A
+

∑ χ

A
(5)

where A is the area of the assessed element of the building envelope [m2], l is the length
[m] over which the linear heat transfer coefficient ψ is applied, χ is the point thermal
transmittance [W/K] obtained through a 3D simulation, and Rtot and ψ were previously
defined. The included ψ and χ values are only for the linear and point thermal bridges
identified over the A surface of the element. Considering that the approach for the assessed
case is 2D, the point thermal transmittance was not considered in calculations. Based on
the U′ obtained value, the adjusted thermal resistance R′ is calculated as an opposite of U′.

The boundary conditions were set for the internal and external environment according
to EN ISO 6946 [29]. The surface thermal resistances considered in calculations were
Rsi = 0.13 (m2·K)/W, and Rse = 0.04 (m2·K)/W. The interior temperature considered in
calculations was θi = +20 ◦C, while for the exterior temperature θe the studied junctions
were modelled in four of the representative climatic zones in Romania starting with a
temperature of θe = −12 ◦C for the 1st climatic zone up to θe = −21 ◦C for the 4th climatic
zone [20,21]. The aim was to identify the temperature distribution variation of the assessed
junctions in each of the four climatic zones. Nevertheless, for the calculation of the ψ, R′
and U′ values in the bi-dimensional numerical simulations, the temperature difference had
a unitary value according to ISO 10211 prescription [35].

The data input in the PSIPLAN software is done graphically by using a graphical mod-
ule. The spatial geometrical and thermotechnical characteristics, the boundary conditions
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defined by the superficial thermal resistances, the interior and exterior temperature and rel-
ative humidity represent the input data in the program. The meshing of the thermal bridge
junction is performed, and with the help of the finite difference method, the temperature
values in each node of the discretization network are obtained. The modelling stipulations
mentioned in EN ISO 10211 [35] are used.

The program performs the meshing automatically, with respect to the numerical
validation as mentioned in Annex C of the Reference [35], point C.2. l that describes
the approach for the number of subdivisions and C.2. m that discusses the mandatory
convergence value.

As it was previously mentioned in our papers [37–39], the modelling software follows
code prescription regarding the calculation of the linear thermal transmittance ψ [W/(m·K)]
as well as the design temperature factor at the internal surface fRsi, also known as the
condensation resistance factor [35]:

fRsi =
θsi,min − θe

θi − θe
(6)

where: θsi,min is the minimum superficial interior temperature, θi is the interior air tempera-
ture, and θe is the exterior air temperature.

The need to establish the fRsi value is connected to the aim of identifying the thermal
bridge performance. A smaller ψ value indicates a decrease in heat losses and a reduced risk
for mold growth, resulting in a higher fRsi value. Nevertheless, compliance with the mould
growth criteria does not necessarily mean a minimized heat flow. Situations are often met
in practice when a thermal bridge indicated increased transmission losses, although the
values were compliant in terms of mould control.

Based on the obtained results, the global thermal insulation coefficient denoted by
G [W/(m3·K)] can be calculated, according to design norm C107 [31]. The G parameter is
the first index that provides an overall image of the thermal performance of the building
envelope. Therefore, for residential buildings, the following formula is applied:

G =
∑
(

Lj·τj
)

V
+ 0.34·n (7)

where L is the thermal coupling coefficient [W/K], τj is the temperature correction coef-
ficient [-], V is the volume of the building envelope [m3], 0.34 is the ratio between the
air density and the specific heat of the air at θi = 20 ◦C [Wh/(m3·K)], n is the number of
air changes per hour due to natural ventilation [h−1] [31]. Its value is compared to the
normed value denoted by GN given in reference [19], a value accepted as a maximum for
a given case. The reference value for residential buildings is considered in calculations
n = 0.5 [h−1].

The L thermal coupling coefficient value is calculated for each element of the building
envelope component by using the following formula:

L =
A
R′ (8)

where A is the area of the element of the building envelope [m2], R′ is the adjusted thermal
resistance of the building envelope element [(m2·K)/W] calculated as a reversed U′ value
based on Expression (4). The L value is similar to the transmission heat transfer coefficient
Htr coefficient [W/K] that is calculated with the following formula [40],

Htr = HD + Hg + Hu + Ha (9)

where Htr is the transmission heat transfer coefficient [W/K], HD is the direct heat transfer
coefficient between the heated or cooled space and the exterior through the building
envelope [W/K], Hg transfer coefficient through the ground [W/K], Hu is the transmission
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heat transfer coefficient through unconditioned spaces [W/K], Ha is the transmission heat
transfer coefficient to adjacent buildings, [W/K].

In the assessed case L = Htr = HD, where HD is defined by:

HD = ∑
i

Ai·Ui + ∑
k

lk·ψk + ∑
j

χj (10)

where all the parameters are the ones previously defined. The only difference between HD.
and L is that the summations are done over all the building components separating the
internal and the external environments for HD. In the case of L calculation, the value is
calculated per building envelope component, and at the end, all L values are added up for
the entire building envelope

The temperature correction coefficient τj is calculated by [31]:

τj =
θi − θj

θi − θe
(11)

where θi is the conventional interior temperature for calculation for each space of the
assessed building, while θj can either be the exterior temperature or the temperature of
the unconditioned interior space. θe is the exterior temperature according to the climatic
zone, for Timişoara being equal to −15 ◦C. The aim of τ is to bring a correction for each
temperature difference identified for the assessed building by dividing it to the predominant
temperature difference described by (θi − θe). Thus, the total coupling coefficient Htr
can be multiplied with the predominant temperature difference to obtain the total heat
transmission as described in Equation (12). The τ coefficient is similar to the b coefficient as
described by ISO 52010-1 [41].

Further on, one can calculate QH;tr [kWh] as given in ISO 52010-1 [41], describing the
total heat transfer by transmission through the building envelope, as described below:

QH;tr = HH;tr·(θint,calc,H − θe)·t (12)

where θint;calc;H is the calculation temperature of the zone for heating [◦C], t is the duration
for the entire heating period, in [h].

The total heat transfer by ventilation QH;ve [kWh] and the total heat gains QH,gn
described by the solar and internal gains are calculated following reference [42]. The energy
need for heating is calculated using Equation (13), as it follows:

QH;nd = QH;ht − ηH;gn·QH;gn (13)

where QH;nd is the energy need for heating defined by the sum of QH;tr and QH;ve [kWh],
ηH;gn is the dimensionless gain utilization factor [-].

The energy consumption for heating from heat delivery to heat production as well the
energy rating is established based on Equation (14) and the energy scale for heating (i.e., as
defined by the Romanian norm) [43]:

qheat =
QH;nd

η·Au
(14)

where η is the efficiency of the heating systems [-], Au is the useful heated area of the
building [m2]. The heating system’s efficiency takes into account losses from heat delivery,
regulation, temperature layers, and heat distribution.

3.2. Modelled Cases

To evaluate the thermal performance of the building envelope elements, the represen-
tative junctions in the layouts and vertical sections of the building needed to be identified.
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Figure 8 provides a detailed image of the building envelope components in layout and
cross-sectional view.

 
 

(a) (b) 

Figure 8. Detailed view of the building envelope: (a) ground floor layout; (b) vertical cross-section.

Based on them, the more thermally permeable junctions were identified, as illustrated
in Figure 9. The main constructive details were defined, and the geometrical models were
created following each layer and component, their dimensions and thermal conductivities.
At the same time, the modelling lengths, as well as the boundary conditions, were set.

 
(a) (b) 

Figure 9. Cont.
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(c) (d) 

Figure 9. Constructive details at junctions: (a) Roof—exterior wall-intermediate floor; (b) Ridge zone;
(c) Exterior corner—window connection, (d) Exterior wall—floor in contact with the exterior.

4. Results and Discussion

4.1. Thermal Performance per Element

Table 2 displays the LSF building envelope elements, such as materials, thicknesses,
number of layers. The thermal conductivities for each material layer are given in Table 1.
The adjusted thermal resistance and adjusted thermal transmittance were calculated at
an intermediate stage of development of the CIA_CLIM project [12] using simplified
preliminary calculations as provided by the Ubakus tool [42]. The considered constructive
details are presented in Figure 6.

Table 2. Materials, thicknesses (d), adjusted thermal resistance (R′) and adjusted thermal transmit-
tances (U′).

Element
Material Layers

(from Inside to Outside)
d

[mm]
R′-Value [(m2·K)/W] U′-Value [W/(m2·K)]

Ground floor above the
crawl space

OSB 24

3.677 0.272

Recycled-PET thermal wadding TIZ
SOFTEX 200

Steel sheet 4
XPS 40

Total thickness 268.5
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Table 2. Cont.

Element
Material Layers

(from Inside to Outside)
d

[mm]
R′-Value [(m2·K)/W] U′-Value [W/(m2·K)]

Exterior walls (north)

OSB 24

3.185 0.314

Recycled-PET thermal wadding-TIZ
SOFTEX 200

Wood fibreboard 22
Stationary air 5
Wind barrier

Rear ventilated level (outside air) 30
Fiber cement plate 5

Total thickness 286.1

Exterior walls
(east and west)

OSB 24

2.817 0.355

Recycled-PET thermal wadding TIZ
SOFTEX 150

Wood fibreboard 22
Stationary air 5
Wind barrier

Rear ventilated level (outside air) 30
Fiber cement plate 5

Total thickness 230.5

Roof

OSB 24

5.208 0.192

Recycled-PET thermal wadding TIZ
SOFTEX 200

Stationary air 50
PIR sandwich panel 120

Total thickness 394.25

Door and
windows

Glass with argon filling 24
1.136 0.880PVC casement 92

Glass Curtain
Glass with argon filling 44

1.351 0.740PVC casement 92

A second analysis included the 2D comprehensive numerical approach. The results
are the unidirectional thermal resistance Rtot, adjusted thermal resistance R′, adjusted
thermal transmittance U′, the linear thermal transmittance ψ, and the temperature factor
fRsi. The results for the 2D approach using PSIPLAN software are listed in Table 3 for all the
analysed junctions. The modelled and simulated results are presented in Figures A1–A8 in
the Appendix A.

As mentioned in Section 3.1, the adjusted thermal resistance R′, adjusted thermal
transmittance U′, the linear thermal transmittance ψ and the temperature factor fRsi were
also calculated for each wing, especially for the junction defined by two different building
envelope components. The results per modelled wing are presented in Table 4.

As one can see in Tables 3 and 4, the adjusted values per element vary according
to the length of the modelled case and modelled wing, constructive detail and position
in the building envelope. Starting from 2022, a design requirement that will come into
force is that the average ψ value for the building envelope must meet the design criteria
ψm ≤ 0.15 W/(m·K) as described in Reference [44]. In this regard, all assessed junctions
meet the design criteria with one exception for the Roof eaves—exterior wall intersection.
Nevertheless, the average result for ψm is met for the building envelope. However, although
the reference value was met, it does not implicitly ensure the recommended adjusted
thermal resistance.
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Table 3. Modelled and simulated junctions-results for the entire length of the modelled cases.

Modelled Cases
Rtot-Value
[(m2·K)/W]

R′-Value
[(m2·K)/W]

U′-Value
[W/(m2·K)]

ψ-Value
[W/(m·K)]

fRsi-Value
[-]

Exterior wall current field (east and west) 3.660 2.637 0.379 0.066 0.802

Exterior walls current field (north) 4.586 2.981 0.335 0.073 0.823

Exterior corner 4.071 2.059 0.486 0.120 0.690

South Exterior wall-curtain wall left margin 4.586 1.748 0.572 0.136 0.827

South Exterior wall-curtain wall right margin 4.586 1.6542 0.218 0.148 0.826

Exterior wall-window 3.660 1.841 0.543 0.104 0.796

Curtain glass—Ground floor above the crawl space 2.053 1.714 0.583 0.072 0.748

Exterior wall (E,W)—Ground floor above the crawl space 4.584 2.817 0.355 0.082 0.807

Exterior wall (N)—Ground floor above the crawl space 5.247 3.140 0.319 0.077 0.822

Ground floor above the crawl space—current field 6.453 3.951 0.253 0.034 0.918

Exterior wall (E,W)—intermediate floor 3.660 2.476 0.404 0.101 0.922

Exterior wall (N)—intermediate floor 4.586 3.454 0.290 0.055 0.945

Roof—current field 7.987 5.924 0.169 0.0216 0.953

Roof ridge 7.987 3.981 0.251 0.086 0.943

Roof eaves—exterior wall 5.621 2.845 0.351 0.170 0.938

Table 4. Modelled and simulated junctions-results obtained separately per wing of the modelled junctions.

Modelled Cases Subdivisions
Rtot-Value
[(m2·K)/W]

R′-Value
[(m2·K)/W]

U′-Value
[W/(m2·K)]

ψ-Value
[W/(m·K)]

fRsi-Value
[-]

Curtain glass—Ground floor
above the crawl space

Curtain glass wall 1.351 1.384 0.723 −0.007 0.748

Ground floor above the
crawl space 6.132 2.467 0.405 0.079 0.636

Exterior wall (E,W)—Ground floor
above the crawl space

Exterior wall (E,W) 3.660 2.510 0.398 0.038 0.807

Ground floor above the
crawl space 6.132 3.211 0.311 0.045 0.777

Exterior wall (N)—Ground floor
above the crawl space

Exterior wall (N) 4.586 2.897 0.345 0.038 0.794

Ground floor above the
crawl space 6.132 3.426 0.292 0.039 0.822

Roof eaves—exterior wall
Roof eaves 7.987 2.510 0.398 0.116 0.895

Exterior wall 4.586 3.167 0.316 0.054 0.938

Therefore, using the ψ values for each element, Equation (5) and the unidirectional
thermal resistances, the final overall adjusted thermal resistances R′ for each building
envelope element was calculated.

Figure 10 offers an overview of the obtained results, the final R′ per building envelope
element and the range of R′ for the modelled cases, plotted against the normed values for
residential buildings according to reference [19]; i.e., exterior walls R′

min = 1.80 (m2·K)/W,
roof R′

min = 5.00 (m2·K)/W, the ground floor above the crawl space R′
min = 4.50 (m2·K)/W.

As it can be observed, although the range of R′
modelled obtained values has a greater domain

for each element, the final R′ results are achieved just for the exterior wall. In the case of
glazing surfaces, the R′

min = 0.77 (m2·K)/W is satisfied by the curtain wall, the windows
and the door. Regardless of each element’s significantly high thermal resistance in its
current field, due to the complexity of the details that include steel joining components
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and the thermal interaction between different elements, a reduction effect of the thermal
performance is obtained.

Figure 10. Adjusted thermal resistance comparison: opaque elements.

In the light of reaching the new nZEB criteria that will come into force in Romania
starting with 2022 [44], and the increase in the proposed R′ values, the design approach must
be focused on reaching a unidirectional thermal resistance of at least a R = 10 (m2·K)/W
for horizontal or inclined elements and a R = 7 (m2·K)/W for the exterior walls. In
this way, after applying the linear and point heat transfer coefficients, the imposed R′
values, respectively U′ values, are met. A significant increase in the unidirectional thermal
resistance value can be reached by thicker thermal insulation or by using super insulating
materials, i.e., vacuum insulation panels and aerogel insulation [45–47], preponderantly
recommended for LSF buildings.

Regarding the fRsi factor, the value is considered respected when the one obtained
from calculations is greater or equal to a set value [48].

fRsi ≥ fRsi,limit (15)

Design criteria may vary from country to country but, in general, a lower limiting value
of 0.7 is accepted for the temperature factor to reduce the risk of mould and condensation
growth in buildings. Thus, for Romania, a fRsi,limit = 0.7 is considered as the limit value. For
the analysed building, values smaller than 0.7 are identified for the floor in contact with the
exterior—curtain wall joining and for the case of the exterior corner. Therefore, a thermal
redesign of the two junctions could lead to a value greater than 0.7.

4.2. Thermal Performance of the Building Envelope

The thermal coupling coefficient value per element, computed as previously described
in Equation (8), is presented in Table 5. The final results per building envelope are indicated
in Table 6. Considering the primary function of the building, the interior temperature value
at θi = 20 ◦C and the fact that all elements are in contact with the exterior environment, the
calculation hypothesis was τ = 1. The geometric characteristic for each building envelope
component was calculated considering the overall internal dimensions.

The R′
m and U′

m, respectively, indicate the average adjusted thermal resistances and
average thermal transmittance per building envelope.
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Table 5. The thermal coupling coefficient value (L) per element j.

Type Building Envelope Element
ATotal R′ Lj·τj

[m2] [m2 K/W] [W/K]

1 Exterior Wall 76.57 2.36 32.49
2 Roof 27.61 3.86 7.15
3 Ground floor above the crawl space 23.04 3.30 6.99
4 Curtain wall 9.53 1.35 7.06
5 Glazing surfaces 4.92 1.14 4.33

Table 6. The thermal coupling coefficient value per building envelope.

Building Envelope
ATotal R′

m Lj·τj U′
m

[m2] [m2 K/W] [W/K] [W/m2 K]

Total B. Env. 141.67 2.69 58.02 0.37

Figure 11 provides a comparison between the heat losses and the surface areas relative
to the entire building envelope results. As one can see, the exterior wall is predominant
from both Surface (S) and Heat Losses (HL). In the case of the curtain wall, although its area
is smaller than the one of the roof and the floor in contact with the exterior environment,
the quantity of heat losses is in the same range as the two mentioned elements. The glazing
surfaces exhibit the smallest quantity of HL and a smaller surface.

Figure 11. Overview of the Heat Losses (HL) and Surfaces (S) of building envelope elements.

In terms of the global thermal insulation coefficient, the resulting value is G = 0.661 W/(m3·K),
where n = 0.5 h−1 and the volume of building envelope V = 118.11 m3. The resulted value is higher
compared to the maximum admissible value GN = 0.540 W/(m3·K) as extracted from [19]. The result
follows previous results (i.e., thermal resistance), indicating the necessity of increasing the adjusted
thermal resistance for the roof and floor in contact with the exterior at least equal to the normed value.
Simultaneously, the results are consistent with the findings from the literature [49,50], mentioning
that residential buildings’ performance can be highly variable, and even similar houses could have
dramatically different performance levels. Nevertheless, as it was mentioned in Reference [22], the
building’s envelope plays a pivotal role in reducing the energy demand for heating or cooling.

4.3. Energy Performance for Heating of the Building

In terms of energy performance, the energy consumption for heating denoted by qheat
is calculated, and an energy rating for heating is established following Equation (14) [43].
After evaluating the heat losses through transmission and the heat losses through venti-
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lation, the internal heat gains and the solar gains were established. The heating system’s
efficiency was considered η = 85% thus resulting in a B energy class for heating (Figure 12)
characterized by a qheat = 110.33 kWh/(m2·yr). It should be mentioned that the calculations
do not consider the overall embodied energy of the building. Therefore, it is highlighted
the need to provide energy-efficient solutions [22] described by alternative energy sources
to reduce the overall energy consumption.

B

Figure 12. Energy class based on the energy consumption for heating.

4.4. Parametric Study for the Energy Performance for Heating of the Building

In order to offer an image of the energy consumption for heating of the experimental
module placed in all five climatic zones from Romania, a parametric study was performed,
resulting in 360 case scenarios. The data considered in the study is briefly presented in
Table 7.

Table 7. The parametric data for the considered case scenarios.

Parameters Examined Range

Climatic zone 1st, 2nd, 3rd, 4th and 5th zone
Curtain wall orientation S, SW, W
Ventilation rate, n [h−1] 0.5, 0.4, 0.3

Heating system efficiency, η [%]

75—Hot-water floor heating system 40◦/30 ◦C
80—Water radiator 70◦/40 ◦C with manifold

82—Electric floor heating
83—Water radiator 45◦/35 ◦C with manifold

86—Roof heating (i.e., electric)
87—Water radiator 70◦/40 ◦C
89—Water radiator 45◦/35 ◦C

95—Electric heater

Due to its larger surface, the curtain wall orientation was considered the main façade
from the solar gains perspective. Thus, the other two positions for the main orientation
were considered (i.e., SW and W) in order to have a significant solar gain still.

For the ventilation rate n, the chosen reference value was 0.5 as prescribed by the
thermotechnical design norm [31] The two other values provided in Table 7 indicate other
cases with better control of the ventilation rate and implicitly of the heat losses

For the heating system efficiency, several case scenarios were considered, starting from
a η = 75% specific for hot-water floor heating system 40◦/30 ◦C up to a η = 95% that defines
the case of an electric heater, as provided by the methodology Mc001 [43].
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In terms of G value, the smallest result obtained for the studied cases was
G = 0.593 W/(m3·K), which is still higher compared to the reference value of
GN = 0.540 W/(m3·K).

In terms of energy performance for heating, one can observe in Figure 13 that qheat for
all examined cases ranges from a value greater than qheat = 70 kWh/(m2·yr), to one smaller
than qheat = 190 kWh/(m2·yr). The extreme values (i.e., smallest and highest) are identified
for the 1st climatic zone qheat = 71.09 kWh/(m2·yr), n = 0.3 h−1, S orientation, η = 95% and
for the 5th climatic zone qheat = 211.99 kWh/(m2·yr), n = 0.5 h−1, W orientation, η = 75%.
Therefore, the energy class for heating ranges from B up to a D class for the experimental
module, as illustrated in Table 8. An overview of the assessed case scenarios is also provided
in Figure 14.

 
Figure 13. The energy consumption for heating for the 360 case scenarios.

Table 8. Obtained minimum and maximum values for the heating energy consumption, qheat, and
corresponding energy class for heating per climatic zone.

Values
qheat [kWh/(m2·yr)]—Energy Class per Climatic Zone

1st 2nd 3rd 4th 5th

Minimum 71.09—B 85.46—B 100.17—B 119.21—C 142.77—C
Maximum 109.38—B 128.62—B 150.37—C 178.40—C 211.99—D

As illustrated in Table 8, the 1st and 2nd climatic zone are the most favourable locations
for the investigated building in terms of reduced energy consumption for heating. However,
the A energy class is still not met.

In terms of the ventilation rate (n), the value equal n = 0.3 h−1 and a heating sys-
tem efficiency η = 95% which define a best-case scenario for the building, results fall
within B and C energy class, respectively qheat = 71.09 kWh/(m2·yr), 1st climatic zone, and
qheat = 142.77 kWh/(m2·yr), 5th climatic zone.
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(a) Ventilation rate n = 0.3 h 1 

(b) Ventilation rate n = 0.4 h 1 

(c) Ventilation rate n = 0.5 h 1 

Figure 14. The energy consumption for heating for the case scenario (a) n = 0.3 h−1, (b) n = 0.4 h−1,
(c) n = 0.5 h−1 for the five climatic zones and for the heating system efficiency raging from η = 75%
up to η = 95%.
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The South orientation is the most favourable for the considered location and façade
design when looking at solar gains. Nevertheless, even for a maximum solar gain for the
5th climatic zone, in the case of a n = 0.5 h−1 and η = 95%, the qheat = 163.99 kWh/(m2·yr)
corresponds to a C energy class for heating. In contrast, for a poorer heating system
efficiency of η = 75%, the qheat = 207.72 kWh/(m2·yr) describes a D energy class for heating.

In terms of energy consumptions values for the same orientation for all assessed cases
per climatic zone, the difference between the worst and the best results is around 21%.
When comparing energy consumption in one climatic zone, the results vary between the
considered orientations from 1% to 5%. Instead, when considering the results for the 1st
climatic zone as the reference values, the increase in the energy consumptions for the same
orientation starts from 16% for the 2nd climatic zone to 50% for the 5th climatic zone.
Between two consecutive climatic zones for the same orientation, the values vary between
14–16%, while the values vary around 28–29% between every second climatic zone.

Thus, from the obtained results, it is clear that strategy of heat recovery for the assessed
building as well as the use of alternative energy sources for energy production will help
the building in meeting the existing A class defined range, as well as the upcoming values
for A and A+ energy classes for heating as mentioned in Reference [44]. At the same time,
the heating energy demand can be significantly reduced by an optimum orientation, in
terms of optimising the passive solar gain, of the façade defined by a large glazing area (i.e.,
windows), a reduced ventilation rate according to the code requirements, and by selecting
a heating system having a higher energy efficiency.

4.5. Parametric Study for the Building Envelope Thermal Performance Impact on the Energy
Consumption for Heating

As it is previously shown in Table 5, the roof, as well as the ground floor above the
crawl space, are underperforming with a direct negative impact on the energy performance
consumption and energy rating. A parametrisation was done to assess the impact of
each building envelope component on the energy performance in terms of heating. The
parametrisation was done for the case described by a South orientation of the curtain-wall,
a ventilation rate n = 0.5 h−1 and a heating system defined by a water radiator 70◦/40 ◦C
with a η = 87%. The considered case scenarios and the associated results are presented in
Table 9.

Table 9. Results in the parametrisation of R′ value for each building envelope component–correlation
with the energy consumption for heating qheat.

Type Building Envelope Element
R′ [m2 K/W]

Ref. (1) (2) (3) (4)

1 Exterior Wall 2.36 2.36 2.36 2.36 4.00
2 Roof 3.86 5.00 3.86 5.00 6.67
3 Ground floor above the crawl space 3.30 3.30 4.50 4.50 5.00
4 Curtain wall 1.35 1.35 1.35 1.35 1.35
5 Glazing surfaces 1.14 1.14 1.14 1.14 1.14

qheat [kWh/(m2·yr)] 107.79 104.70 104.25 101.14 72.12
Reduction 3% 3% 6% 33%

The reference case scenario provides the resulting values presented in Table 5 for the
as-designed and as-built building. The parametrisation does not include variations for the
curtain wall and glazing surface due to already met code values. Case scenarios (1), (2) and
(3) highlight the change in respect to reaching the code adjusted thermal resistances values.
As demonstrated before, the roof and the ground floor above the crawl space illustrate
the same thermal performance. Consequently, they display the same reduction when the
code value is met, i.e., case 1 and case 2. For case scenario (3), both construction elements
meet the code requirements. However, the decrease is still small compared to the reference
case and the 4th case scenario, where it was considered that the proposed reference values
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R′ [44] are met for the opaque construction elements. All four case scenarios provide a B
energy class for heating in terms of energy rating. Nevertheless, for some of the assessed
case scenarios defined at 4.4, an A energy class for heating could be met for climatic zones
1 and 2 if the proposed code requirements are met.

5. Conclusions

The path toward the decarbonization of the building stock started with the recast
of the Energy Performance of Buildings Directive back in 2010 and when the policies for
climate and energy for 2020 were defined. This path was defined by short, medium and
long-term strategies that should lead us to have an entire building stock up to nearly Zero
Energy Buildings levels and even lower. Reaching nZEB levels will generate a reduction
in energy consumption that will contribute to the reduction of GHG emissions resulting
from the same sector. Positive results are expected from residential and non-residential
buildings (i.e., governmental buildings, public buildings, office buildings).

However, achieving buildings with a notable reduced impact on the environment dur-
ing the operational phase depends on the proper use of the holistic approach from the initial
design stages. For the investigated case, in terms of mandatory adjusted thermal resistances
(i.e., adjusted thermal transmittances), it can be concluded that the values can be met for
typical vertical opaque elements (i.e., exterior walls). In contrast, a thermomechanical
redesign is necessary for horizontal or inclined elements.

At the same time, the choice in thermal insulation material must be redirected towards
nano-insulation materials. Thus, instead of using 20–30 or even more centimetres of typical
thermal insulation, one can use a thinner layer to obtain the same thermal effect. Another
aspect that must be considered is preserving the thermal properties of these materials,
which might be negatively affected when penetrated by fixing components. The position
of the thermal insulation in the constructive detail and the negative impact of the point
thermal bridges that shape such structures must also be addressed. Although those LSF
buildings indicate a proper thermal performance compared to other existing solutions,
more research can be done on the passive measures by which the energy consumption
can be reduced in direct correlation with the building envelope design criteria, i.e., shape,
orientation, compactness, window to wall ratio, constructive details, ψ and χ magnitude,
reduced negative impact caused by the area of the thermal bridge, and others.

Regarding the energy performance for heating, the results are somehow favourable
only for 2 of the 5 climatic zones from Romania. However, the experimental module should
be redesigned for an A and A+ energy class. Simultaneously, considering the new nZEB
criteria that will come into force starting with 2022, iterative calculations will be emphasized
so that both the mandatory thermal performance per building envelope element and global
energy performance per type of building are achieved.

The novelty of the study lies in the fact that an extensive bidimensional numerical
study was carried out to assess the building envelope’s junctions. In current design practise,
steel structures are assessed by employing unidirectional calculations. The resulting Rtot
values for each building component are later adjusted by using a predefined reduction
coefficient “r” that often does not comply with the assessed performance. In comparison,
the bidimensional modelling and simulation of the junction can also provide the thermal
interaction between various building components. Also, a comparison is made for the
experimental module placed in various climatic zones from Romania. Thus, an image of
the energy consumption profile can be illustrated, based on which design conclusions can
be highlighted regarding the thermal design of building envelope components, orientation,
ventilation rate and heating system efficiency. However, the study’s limitations are the lack
of experimental validation for the building envelope thermal performance at this stage and
the impossibility of assessing all considered case scenarios for the heating system in real
operation of the building.

Furthermore, for the examined experimental module, a monitoring phase will provide
answers regarding the extent to which the employed alternative systems will impact the
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improvement of the total energy performance of the building. The results interpretation will
indicate if the LSF prototype solution can comply with the new nZEB energy consumptions
levels and the new incoming definition that will set out the nearly Zero Emissions Building.
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Appendix A

  
(a) (b) 

 
(c) (d) 

Figure A1. Exterior wall current field-Geometrical models (a) east and west, (c) north; Isothermal
surfaces (b) east and west, (d) north.
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(a) (b) 

Figure A2. Exterior corner: (a) Geometrical models; (b) Isothermal surfaces.

  
(a) (b) 

  
(c) (d) 

Figure A3. South exterior wall-curtain wall horizontal connection. Geometrical models: (a) left
margin; (b) right margin; Isothermal surfaces: (c) left margin; (d) right margin.

 
(a) (b) 

Figure A4. Exterior wall-window horizontal connection: (a) Geometrical models; (b) Isothermal surfaces.
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(a) (b) 

Figure A5. Curtain glass-floor in contact with the exterior: (a) Geometrical models; (b) Isothermal surfaces.

   
(a) (b) (c) 

   
(d) (e) (f) 

Figure A6. The floor in contact with the exterior-Geometrical models: (a) current field, (b) exterior
wall (E, W)—floor in contact with the exterior, (c) exterior wall (N)—floor in contact with the exterior;
Isothermal surfaces (d) current field, (e) exterior-wall-floor in contact with the exterior, (f) exterior
wall (N)—floor in contact with the exterior.
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(a) (b) 

  
(c) (d) 

Figure A7. Exterior wall-intermediate floor-Geometrical models (a) E-W wall (c) N wall; Isothermal
surfaces (b) E-W wall (d) N wall.

  
(a) (b) 

Figure A8. Cont.
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(c) (d) 

  
(e) (f) 

Figure A8. Roof-Geometrical models (a) current field, (c) ridge, (e) eaves; Isothermal (b) current field,
(d) ridge, (f) eaves.
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Abstract: This research aims to revalue the possibilities presented by lime mortars for use in renova-
tion and as cladding material on facades. The study focuses on analyzing the technical feasibility
of lime mortars with the incorporation of residues from three types of thermal insulation materials:
expanded polystyrene with graphite especially suitable for use on facades; expanded polystyrene for
use indoors; and insulating mineral wool. The incorporation of these construction and demolition
residues makes it possible to improve several technical performance aspects of lime mortars, and to
incorporate circular economy criteria in the manufacturing process of these materials. The results
showed that the incorporation of mineral wool improves the mechanical resistance to the bending of
mortars, increases their durability against freeze–thaw cycles and salt crystallization, and reduces
the final shrinkage of mortars. For their part, mortars with the addition of polystyrene-insulating
residues reduce mechanical resistance, but also reduce thermal conductivity, and are lighter, which is
why they are shown as a possible alternative for use in precast.

Keywords: lime mortars; thermal insulation materials; rehabilitation; construction and demolition
waste; sustainable building

1. Introduction

Currently, in the European Union, approximately 40% of total energy consumption
is caused by residential buildings, tertiary buildings, shops, offices, and other auxiliary
buildings [1]. In Spain, this percentage is reduced to 27.7% due to the better climatic
conditions offered by being located in southern Europe [2]. However, this is still a high,
and not inconsiderable percentage, meaning that every day more researchers seek to take
action to evolve towards a more sustainable building sector [3]. If we continue to limit the
problem to Spain, the gradual aging of the building stock increasingly forces autonomous
governments to implement energy rehabilitation policies [4]. In Spain alone, more than half
of the 25.7 million existing homes and buildings—according to the Ministry of Transport,
Mobility and Urban Agenda (MITMA) [5]—were built before the first energy regulation
was approved [6], NBE-CT 79 [7]. In this sense, any action aimed at reducing energy
consumption, the emission of greenhouse gases, the environmental impact of buildings,
and the excessive consumption of natural resources in construction [8–10], is in line with the
Goals for Sustainable Development (SDG) set by the United Nations [11]. More specifically,
this work is directly linked to SDGs 11 and 12: “Sustainable Cities and Communities” and
“Responsible Production and Consumption”, although it is a cross-sectional investigation
shared with other goals set for 2030.

Together with the problem of high energy consumption in buildings, the European
continent faces the challenge of carrying out adequate management of the construction
and demolition waste (CDW) that is generated annually [12], and that represents between
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25–30% of the solid waste produced (approximately 800 million tons per year) [13]. For
this purpose, the European Commission has developed a series of guidelines to improve
the identification of CDW and enhance their separation and collection at source (European
Commission, 2018 [14]), so that it is possible to recycle, reuse and recover at least 70%
by weight of the non-hazardous CDW generated [15,16]. For this reason, within the
framework of the European Green Deal [17], the CDW is placed as a priority axis to achieve
the elaboration of a circular economy action plan in the European Union [18], due to the
great potential that these residues present for their reincorporation into the production
process and the generation of new raw materials [19].

Traditionally, hydraulic lime mortars made with river sand have been used in façade
rehabilitation works using continuous granulometry with aggregate fractions between
0–4 mm [20,21]. The importance of maintaining a careful granulometry and a clean aggre-
gate becomes even greater if it is intended to produce precast lime [22], since an adequate
proportion of fines provides a compact structure and better mechanical performance to the
constructive element [23]. It should be noted that lime mortars fell into disuse from the 19th
century with the industrial revolution and the cement boom [24], although there are certain
properties such as their high plasticity and good workability that make them essential
for some forms of restoration and building rehabilitation works [25,26]. Hydraulic lime
mortars, in turn, have good permeability and great water retention; these properties are
especially relevant when you want to avoid humidity by condensation [27]. Furthermore,
as some researchers have verified, hydraulic lime mortars have higher mechanical strength
at early ages and are set faster than area lime mortars [28]. From an environmental point
of view, some researchers have observed how lime can absorb CO2 from the air gradually,
increasing its rigidity and improving the building’s carbon footprint during its useful
life [29,30].

In recent decades, studies have been carried out aimed at incorporating recycled mate-
rials from CDW in the manufacture of mortars, to reduce the volume that this type of waste
occupies in the landfill and give them a new useful life [31]. In Spain, more than 21.5 million
tons/year of these wastes are produced [32]. The most common way to incorporate these
CDWs in the manufacture of mortars is by grinding and cleaning to use them as recycled
aggregates in total or partial replacement of natural aggregate [33,34]. However, some
wastes, such as those from thermal insulation materials for façades, can be used to lighten
the weight of the binder materials and improve their thermal conductivity [35]. Following
this line of research, Milling et al. investigated the possibility of replacing part of the
cement content of masonry mortars with a mixture of expanded polystyrene (EPS) waste
dissolved in acetone, where the results show that it is possible to obtain technically feasible
mortars that significantly reduce the carbon footprint of these materials [36]. This type of
EPS waste has also been studied by other researchers to develop low-density precast blocks
that meet the minimum requirements for durability and mechanical resistance for use in
buildings [37]. In any case, it is a waste that can be incorporated into building conglomerate
materials to improve its thermal conductivity and promote the application of this type of
mortar as an insulation system [38]. On the other hand, other authors have opted for the
use of crushed mineral wool in cement mortars, mainly due to the good cohesion between
the wool fibers and the mortar matrix, obtaining good flexural tensile results and improved
thermal insulation properties [39]. In addition, this type of insulating mineral wool used
as reinforcing fibers serves to significantly improve other properties of mortars, such as
resistance to cracking, decreases in shrinkage, or improvements to the modulus of elasticity
of mortars [40].

The main objective of this work was to study the technical feasibility of lime mortars
with the incorporation of CDW from out-of-use thermal insulation materials. More specifi-
cally, an experimental campaign was developed with mechanical, physical, and durability
tests, to find out the most relevant properties of lime mortars with the incorporation of
three types of recycled insulators (expanded polystyrene recommended for use on façades,
expanded polystyrene for interior use, and mineral wool) in two different proportions each.
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2. Materials and Methods

This section describes the materials used for the preparation of lime mortars, as well
as the dosages used, and the experimental campaign carried out.

2.1. Materials Employed

For this work, the following raw materials were used in the preparation of mortars:
hydraulic lime, natural aggregate (NA), expanded polystyrene insulation with graphite for
use in facades (EPS-F), expanded polystyrene insulation for indoor use (EPS-I), mineral
wool insulation (MW), and water.

2.1.1. Hydraulic Lime

The conglomerate material chosen in this investigation was hydraulic lime. This
material has the property of being able to set and harden with water, thanks to its com-
position generally made up of Ca(OH)2, calcium silicates, and calcium aluminates [41].
More specifically, a hydraulic lime of the NHL-5 type was used, following the classification
included in the UNE-EN 459-1: 2002 standard [42].

The technical characteristics of this raw material according to the manufacturer Chaux
de Saint-Astier are shown in Table 1. Furthermore, according to the procedure included in
the UNE 80103: 2013 [43] standard, it was determined that the real density of the lime used
in this study would be 2750 kg/m3.

Table 1. Technical characteristics of NHL 5 hydraulic lime [44].

Start of Setting
(min)

Fineness Blaine
(cm2/g)

Expansion
(mm)

Free Water
(%)

Compression
Resistance (MPa)

≥60 7882 0.80 0.55 ≥5.00

2.1.2. Natural Aggregate

The aggregate used to make the mortars was river natural sand. Figure 1 shows the
granulometry of the sands used in this investigation. The granulometric curve was obtained
using the dried aggregate and a series of standardized sieves according to UNE-EN 933-2
with a mesh opening between 4.000 and 0.063 mm [45]. It was sought to obtain a continuous
granulometry in order to improve the compactness of hardened lime mortars [46].

Figure 1. Recycled aggregate size distribution curve compared to the limits of NBE FL-90 [47] adapted
to sieve size established by UNE-EN-933-2 [45].

On the other hand, Table 2 shows the results of the physical characterization of the
sands used, following the recommendations of the UNE-EN 13139: 2002 standard [48].
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Table 2. Physical characterization of the natural river sand.

Test
Fine

Content
(%)

Fineness
Modulus

(%)

Friability
(%)

Bulk
Density
(kg/m3)

Dry
Density
(kg/m3)

Water
Absorption

(%)

Standard UNE EN
933-1 [49]

UNE-EN
13139 [48]

UNE-EN
146404 [50]

UNE-EN
1097-3 [51]

UNE-EN
1097-6 [52]

UNE-EN
1097-6 [52]

NA 1.92 4.21 20.76 1569 2517 0.87

2.1.3. Waste from Thermal Insulation Materials

In this work, three different types of insulation materials from construction and
demolition waste were used: expanded polystyrene insulation with graphite for use on
facades (EPS-F); expanded polystyrene insulation for indoor use (EPS-I); and mineral wool
insulation (MW), as shown in Figure 2.

Figure 2. Waste insulation used. (a) Expanded polystyrene with graphite for use in facades; (b) ex-
panded polystyrene for indoor use; (c) mineral wool.

These wastes were obtained from a recycling plant located in El Molar (Madrid, Spain)
and had to be collected and separated manually. In the case of polystyrene insulators,
they were prepared manually according to the procedure used in other investigations
to break them down into small spheres that could be added during the manufacture
of mortars [53,54]. For its part, the mineral wool insulation was manually shredded
and separated into fibers of 12 mm length, following the recommendations found in the
literature [55,56]. Its most relevant characteristics are collected in Table 3.

Table 3. Physical characteristics of the insulation waste used (URSA Ibérica Aislantes, S.A.,
Madrid, Spain).

Type Density (kg/m3)
Thermal Conductivity

(W/mK)
Water Diffusion Resistance

Factor (Dimensionless)
Geometric

Characteristics

EPS-F 30 0.032 20–100 Ømed = 5 mm

EPS-I 15 0.038 20–100 Ømed = 3 mm

MW 40 0.040 1 Lmed = 12 mm

2.1.4. Water

Safe drinking water from the Canal de Isabel II of the Community of Madrid (Spain)
was used to mix the different mortar samples. This water has been used previously in
research work [57], due to its good characteristics for making mortars. Its main properties
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include its soft hardness (25 mg CaCO3/L) and neutral pH between 7 and 8 recommended
to avoid setting alterations [58].

2.2. Dosages Used

In this work, we intended to study the effect that the incorporation of thermal in-
sulation materials in different proportions has on lime mortars, analyzing their physical-
mechanical properties for their use as construction material. For this, two different propor-
tions of insulating waste of each type and a single lime/aggregate ratio were incorporated.
The mixing process was carried out following the recommendations of the UNE-EN 196-
1 [59] standard, with the help of an IBERTEST planetary mixer model IB32-040V01, and
always following the same techniques and methods. The following nomenclature was
defined for the different batches:

LM—Type—Quantity

where LM refers to the type of material used, lime mortars with a cement/aggregate ratio
1:3; Type refers to the insulation material incorporated in the manufacturing, which can be
expanded polystyrene recommended for use on facades (EPS-F), expanded polystyrene for
interior use (EPS-I), mineral wool (MW) or reference without insulation (REF); and finally,
Quantity indicates the incorporated mass in grams of each type of waste, which can be 2.5
or 4.5 g.

Table 4 shows the different proportions of each material used to make the lime mortars
used in this research.

Table 4. Mixtures proportions by weight and workability of the test mortars.

Mortar Type Lime (g) Sand (g) Water (g)
Insulating Waste

(g)

Flow Table Workability
(mm) UNE-EN

1015-3:2000/A2:2007 [60]

LM-REF 450 1350 333 – 152
LM-EPS-I-2.5 450 1350 369 2.5 156
LM-EPS-I-4.5 450 1350 396 4.5 147
LM-EPS-F-2.5 450 1350 378 2.5 153
LM-EPS-F-4.5 450 1350 405 4.5 151
LM-MW-2.5 450 1350 360 2.5 152
LM-MW-4.5 450 1350 387 4.5 146

As shown in Table 4, the water content was set experimentally following the indi-
cations of the UNE-EN 1015-3:2000/A2:2007 [60] standard, until achieving a workable
consistency corresponding to a diameter of the 150 ± 10 mm mortar cake in the flow
table workability. It can also be seen that mortars with higher incorporation of insulating
residue (4.5 g) required a higher content of mixing water, which had a negative influence
on the mechanical resistance of these materials [61]. Finally, it should be noted that the
different samples produced were cured in a humid chamber for 28 days, at a temperature
of 22 ± 2 ◦C and relative humidity of 95% [62].

2.3. Experimental Study

The experimental program included in this research work includes a mechanical,
physical, and durability characterization of lime mortars with the incorporation of three
types of thermal insulation materials.

Regarding the mechanical characterization, flexural and compression failure tests were
carried out on standardized 4 × 4 × 16 cm RILEM specimens, following the recommenda-
tions of the UNE-EN 1015-11:2000/A1:2007 standard [63]. The results were obtained with
the help of a model AUTETEST 200-10SW press, and the fractography derived from the
breakage of the specimens in the bending test was analyzed.
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For its part, the physical characterization included the performance of five tests. Shore
D surface hardness was used to determine the wear resistance of mortars and the possibility
of being scratched on their surface: for this we used a Shore D durometer and 4 × 4 × 16 cm
test tubes. We also tested the adhesion of lime mortars made on ceramic surfaces, for which
the recommendations of the UNE-EN 1015-2:1999/A1:2007 [64] standard were followed,
applying a mortar mass of 10 ± 1 mm thick on a previously moistened ceramic scraper and
using direct traction equipment with cylindrical specimens with a diameter of 50 mm. Next,
we assessed water absorption by capillarity in mortars, following the recommendations of
the UNE-EN 1015-18 [65] standard, and the apparent density of mortars in the hardened
state, using a precision balance with three significant figures and 4 × 4 × 16 cm test tubes.
Finally, we assessed the coefficient of thermal conductivity of mortars, determined by the
heat flow meter method and using Fourier’s Law.

Finally, the durability tests that were carried out were: resistance to freeze–thaw
cycles; salt crystallization; and shrinkage measurement. In the first two, freezing and
crystallization of salts, the standards UNE-EN 12371 [66] and UNE-EN 12370 [67] were
adapted for natural stone, respectively, using 4 × 4 × 16 cm series of test tubes and taking
for each sample subjected to cycles, another equivalent without accelerated aging. The
freeze–thaw cycles were completed 25 times (6 h freezing at −12 ◦C and 18 h saturation in
water at 20 ◦C) and the salt crystallization cycles were completed 15 times (2 h in a solution
of sodium sulfate decahydrate saturated with water), with 14% at 22 ◦C (drying in an oven
for 16 h at 105 ◦C and cooling at 22 ◦C for 6 h). On the other hand, the shrinkage test was
carried out on 25 × 25 × 287 mm specimens for 180 days following the UNE 80-112-89
standard [68].

The statistical analysis of the results was carried out with the statistical package IBM
SPSS Statistics v25 ©. To know if the results obtained for each property analyzed between
the different types of lime mortar produced differed statistically significantly, an analysis
was used employing comparison tests. To carry out the complimentary discussion of the
results, six samples of each type of mortar were used for each test.

In the discussion of the physical and mechanical properties, mean comparison tests
were carried out for independent samples, previously analyzing the fulfillment of the neces-
sary assumptions for the application of parametric tests: (a) normality, (b) homoscedasticity,
and (c) independence [69,70]. In the cases in which these assumptions are verified, the
Student’s t-test (for two independent samples) or ANOVA (for more than two independent
samples) were used. In addition, to understand the comparisons within each group when
there were more than two independent samples, the Dunn–Bonferroni test was used [70].
On the other hand, if the necessary assumptions for the parametric tests (Student’s t-test
or ANOVA) were not fulfilled, the analysis was carried out using non-parametric Mann–
Whitney U tests (for two independent samples), and Kruskal–Wallis (for more than two
independent samples).

Finally, in the statistical discussion corresponding to the durability tests (resistance to
frost and salt crystallization), comparison tests of related samples were used, as they are
measurements carried out on the same type of material before and after being subjected to
accelerated aging cycles. For this reason, the Student’s t-test was used for related samples
in cases where the necessary assumptions were met for the performance of parametric tests,
and, otherwise, the non-parametric test for Wilcoxon related samples was used [69].

3. Results

Next, the results obtained for the different tests of mechanical, physical, and durability
characterization of the studied mortars are presented.

3.1. Mechanical Characterization Tests

Hardened mortars are subjected to a great variety of mechanical stresses depending on
their location on site. They experience compression forces when used as joining elements
in masonry walls, and they also experience stresses and deformations inherent to the con-

364



Buildings 2022, 12, 220

struction system of which they are a part, such as the case of lime mortars used as coatings
that may experience deformations as a consequence of mechanical bending stresses [71].

3.1.1. Flexural Strength

The mechanical resistance to bending was determined in standard 4 × 4 × 16 cm
specimens that were filled with the mortar in two approximately equal layers, homoge-
nizing each layer of the mixture with 25 strokes in the compactor following the UNE-EN
1015-11:2000/A1:2007 standard [63]. This test is of great relevance for lime mortars that are
going to be used in restoration works as coatings, since the ability to withstand deforma-
tions without cracks appearing on their surface is greatly important [72]. To carry out the
test, a press model AUTETEST 200-10SW was used with a uniform application of the load
at a speed between 10–50 N/s. Figure 3 shows the test equipment and the results obtained
for flexural strength in each of the mortars studied in this investigation.

Figure 3. Flexural strength test. (a) IBERTEST press model AUTOTEST 200-10SW; (b) results obtained
for the different batches.

Table 5 shows the results of the statistical discussion of flexural strength by groups
of mortars. First, the means and standard deviations (SD) are reflected, together with the
confidence interval for the mean with a significance level of 95%. The second part of Table 5
shows the comparison of means between materials and their statistical significance.

Table 5. Statistical analysis for the flexural strength test (MPa) in each group of mortar and
its comparison.

Type Average SD Lower/Upper Limits

REF 0.7422 0.04055 [0.7111; 0.7734]
EPS-I 0.6511 0.04484 [0.6288; 0.6734]
EPS-F 0.6139 0.04804 [0.5900; 0.6378]
MW 1.0456 0.14456 [0.9737; 1.1174]

Comparison
REF vs.
EPS-I

REF vs.
EPS-F

REF vs.
MW

EPS-I vs.
EPS-F

EPS-I vs.
MW

EPS-F vs.
MW

K 17.056 24.750 −14.778 7.694 −31.833 −39.528
p-value 0.135 0.006 0.289 1.000 0.000 0.000

According to the results obtained and the statistical analysis carried out, it can be
seen that the lime mortars made with mineral wool fibers were the ones with the highest
flexural strengths (1.0456 MPa on average). This result is because the incorporation of
this insulating residue is similar to the effect caused by the incorporation of reinforcing
fibers in masonry mortars [73]. On the other hand, mortars reinforced with polystyrene
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fibers were the ones that obtained the worst resistance, the flexural resistance of mortars
that incorporated EPS-F being worse, mainly due to the greater particle diameter of this
recycled material. In addition, in the case of mortars that incorporated polystyrene residues,
it can be seen in Figure 4 that after the test tubes broke there was no good cohesion between
the mortar matrix and the recycled EPS insulation spheres. In the comparison of means for
flexural strength using the Kruskal–Wallis test, statistical significance was observed with a
level of confidence higher than 95% between the mortars made with MW and the mortars
with EPS-F and EPS-I.

Figure 4. Breakage of the specimens after the flexural test. (a) LM-EPS-F-2.5; (b) LM-EPS-I-2.5;
(c) LM-MW-2.5; (d) LM-REF.

To complete the discussion of these results, a comparison has been made in Table 6
between the flexural strength means of the test tubes that incorporated 2.5 g of insulating
residue, and those that incorporated 4.5 g.

Table 6. Comparison for flexural strength (MPa) between mortars with incorporation of insulat-
ing residue.

Type Residue (g) Average SD Interval K p-Value

EPS-I
2.5 0.6833 0.03354 (0.6576; 0.7091)

16.167 1.0004.5 0.6189 0.02848 (0.5970; 0.6480)

EPS-F
2.5 0.6500 0.03317 (0.6245; 0.6755)

15.111 1.0004.5 0.5778 0.02949 (0.5551; 0.6004)

MW
2.5 1.1711 0.07322 (1.1148; 1.2274)

9.000 1.0004.5 0.9200 0.05979 (0.8740; 0.9660)

It can be seen in the results shown in Table 6 that in all the test tubes with the in-
corporation of 2.5 g of thermal insulation, higher bending strengths were obtained, with
the increase in the content of residue incorporated in the matrix impairing this property.
However, in no case were these results statistically significant.

3.1.2. Compressive Strength

Compressive strength is one of the most decisive parameters when selecting a type
of mortar for application on-site. This property depends on the internal cohesion of the
mortar and reflects its ability to support loads without disintegrating [74]. In the case of
hydraulic lime mortars, it is known that the mechanical resistance to compression increases
with time [75], with the binder content, and with the use of continuous granulometry for
aggregates [76]. This property is determined by applying a constant load of 1 mm/min
without acceleration on each of the half-samples obtained after the flexural strength test. In
Figure 5, the test method used and the results obtained are shown.
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Figure 5. Compressive strength test. (a) IBERTEST press model AUTETEST 200-10SW; (b) results
obtained for the different batches.

Table 7 shows the statistical discussion for the compressive strength in each group of
lime mortar produced. To carry out this discussion, the ANOVA and Dunn–Bonferroni
tests have been used, as they meet the necessary assumptions for parametric samples.

Table 7. Statistical analysis for the compressive strength test (MPa) for each group of mortar and
its comparison.

Type Average SD Lower/Upper Limits

REF 3.2367 0.17313 (3.1036; 3.3697)
EPS-I 2.6061 0.18706 (2.5131; 2.6991)
EPS-F 2.4650 0.20624 (2.3642, 2.5658)
MW 3.1744 0.24575 (3.0522; 3.2967)

Comparison
REF vs.
EPS-I

REF vs.
EPS-F

REF vs.
MW

EPS-I vs.
EPS-F

EPS-I vs.
MW

EPS-F vs.
MW

Difference of Means 0.63056 0.77167 0.06222 0.14111 −0.56833 −0.70944
p-value 0.000 0.000 1.000 0.280 0.000 0.000

As can be seen in Table 7 and Figure 5, the reference mortars without additions were
the ones with the highest mechanical resistance to compression (3.2367 MPa), because
they presented a more compact matrix and there were no preferred breakage points, as
they did not incorporate insulation materials. For this property, it is observed that the
addition of mineral wool fibers did not imply an improvement in compressive strength,
as has been observed in other previous studies of fiber-reinforced mortars [77]. Even
so, mortars with the addition of mineral wool insulation present higher resistance than
mortars with the incorporation of expanded polystyrene granules. Thus, the differences in
means between mortars with the incorporation of recycled EPS insulation compared to the
reference mortars or with the addition of mineral wool were statistically significant for a
95% confidence level.

Table 8 shows the mean difference in compressive strength for the same type of lime
mortar as a function of the insulating residue content.

From the analysis of Table 8, it can be deduced that in the three types of mortar
with the incorporation of thermal insulation materials analyzed, those with lower residue
content (2.5 g) presented higher mechanical resistance to compression, being, in turn, the
differences of means obtained for each of the statistically significant groups for a confidence
level of 95%. Both the reference mortar, as well as all mortars incorporating 2.5 g of thermal
insulation, had a resistant class M2.5 at 28 days according to the UNE-EN 998-2: 2012
standard [78].
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Table 8. Comparison for compressive strength (MPa) between lime mortars with incorporation of
thermal insulation residues.

Type Residue (g) Average SD Interval Difference of Means p-Value

EPS-I
2.5 2.7411 0.13062 (2.6407; 2.8415)

0.27000 0.0034.5 2.4711 0.12762 (2.3730; 2.5692)

EPS-F
2.5 2.5844 0.20653 (2.4257; 2.7432)

0.23889 0.0134.5 2.3456 0.11182 (2.2596; 2.4315)

MW
2.5 3.3956 0.08918 (3.3270; 3.4641)

0.44222 0.0004.5 2.9533 0.10186 (2.8750; 3.0316)

3.2. Physical Characterization Tests

For the physical characterization of the prepared mortars, the following properties
were studied: bonding strength, apparent density, Shore D surface hardness, water absorp-
tion by capillarity, and thermal conductivity.

3.2.1. Bonding Strength

The bonding strength of a mortar can be defined as the property that allows it to
remain attached to the ceramic surface that makes up the factory [79]. To determine this
property, the UNE-EN 1015-12:2016 standard clarifies that it is necessary to measure the
maximum pull-out traction by direct load perpendicular to the surface of the mortar for
rendering or plastering that has been applied on certain support [80]. When the adherence
is greater, the mechanical energy of the interface between the mortar and the application
surface can absorb; this property depends on various factors such as the type of binder, the
dosage used, the degree of wetting of the support, and its type or the presence of salts in
the masonry factory [81]. The results derived from this test and its method of performance
are shown in Figure 6.

Figure 6. Bonding strength test. (a) Adhesion measuring equipment and tested sample; (b) results
obtained for the different batches.

For the statistical discussion of this property, non-parametric tests were used, as this
variable does not comply with the normality assumptions. Table 9 shows the results for
each group of mortars and the comparison of means between the different groups using
the Kruskal–Wallis test for independent samples.

As shown in Table 9, and in accordance with the results obtained in Figure 6, the
highest average adherence was obtained for the reference mortars without additions
(0.3567 MPa), the group of mortars with incorporation of EPS-F insulation, and those that
had a lower resistance to adhesion (0.1522 MPa). Thus, it can be stated that the incorporation
of residues from thermal insulation materials into the matrix of lime mortars decreases
its adhesion capacity in ceramic walls. These results follow other previous studies where
the resistance to adhesion of masonry mortars incorporates CDW [82]. The results of the
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Kruskal–Wallis mean comparison test can also be seen in the lower part of Table 9, where
it can be seen that the difference in means between the reference mortar and each of the
mortars with incorporation of thermal insulation (EPS-I, EPS-F, and MW) are statistically
significant. The same occurs with the difference in adherence means between the samples
that incorporate EPS-I and EPS-F, which turned out to be statistically significant for a
confidence level greater than 95%.

Table 9. Statistical analysis for the bonding strength test (MPa) for each group of mortar and
its comparison.

Type Average SD Lower/Upper Limits

REF 0.3567 0.03428 (0.3303; 0.3830)
EPS-I 0.2100 0.04366 (0.1883; 0.2317)
EPS-F 0.1522 0.03859 (0.1330; 0.1714)
MW 0.1750 0.04120 (0.1545; 0.1955)

Comparison
REF vs.
EPS-I

REF vs.
EPS-F

REF vs.
MW

EPS-I vs.
EPS-F

EPS-I vs.
MW

EPS-F vs.
MW

K 20.778 40.861 32.861 20.083 12.083 −8.000
p-value 0.033 0.000 0.000 0.006 0.286 1.000

For its part, Table 10 shows the difference in adhesion means for the same mortar with
different proportions of insulating residue (2.5 g versus 4.5 g).

Table 10. Comparison for the adherence (MPa) in the different mortars with the incorporation
of CDW.

Type Residue (g) Average SD Interval K p-Value

EPS-I
2.5 0.2322 0.02489 (0.2131; 0.2514)

14.667 1.0004.5 0.1878 0.04816 (0.1508; 0.2248)

EPS-F
2.5 0.1744 0.03468 (0.1478; 0.2011)

13.722 1.0004.5 0.1300 0.02915 (0.1076; 0.1524)

MW
2.5 0.2011 0.03180 (0.1767; 0.2256)

17.833 0.8134.5 0.1489 0.03257 (0.1238; 0.1739)

According to the results collected in Table 10, in all cases, a higher adhesion was
obtained in mortars that incorporated a lower amount of insulation materials (2.5 g).
However, in this case, the differences between the adhesion mean obtained between the
same mortars with a different proportion of thermal insulation in their matrix were not
statistically significant in any of the cases.

3.2.2. Apparent Density

The density of hardened mortars depends on the individual densities of the different
components that make them up. In this sense, one of the greatest advantages of incorpo-
rating expanded polystyrene insulation waste is the reduction in final density compared
with traditional lime mortars [54]. To determine this property, the recommendations of the
UNE-EN 1015-10/A1 [83] standard were followed. Figure 7 shows the hydrostatic balance
weighing method and the results derived from this test.

As in the previous case, for the discussion of the results obtained, non-parametric
tests were used as this property does not meet the necessary assumptions to perform an
ANOVA analysis. Table 11 shows the results obtained for each group of mortars and the
comparison of measurements made between the different groups using the Kruskal–Wallis
test for independent samples.
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Figure 7. Apparent density. (a) Hydrostatic balance and taking measurements; (b) results obtained
for the different mortars.

Table 11. Statistical analysis for the density test (kg/m3) for each group of mortar and its comparison.

Type Average SD Lower/Upper Limits

REF 1958.000 21.7313 (1941.296; 1974.704)
EPS-I 1835.389 44.7005 (1813.160; 1857.618)
EPS-F 1808.444 36.7891 (1790.150; 1826.739)
MW 1889.500 23.8605 (1877.634; 1901.366)

Comparison
REF vs.
EPS-I

REF vs.
EPS-F

REF vs.
MW

EPS-I vs.
EPS-F

EPS-I vs.
MW

EPS-F vs.
MW

K 34.583 43.194 15.944 8.611 −18.639 −27.250
p-value 0.000 0.000 0.199 0.952 0.014 0.000

According to the results obtained in Figure 7 and analyzed in Table 11, the incorpora-
tion of CDW from thermal insulation materials reduces the final density of hardened lime
mortars. More specifically, mortars with the incorporation of expanded polystyrene are
those with the greatest reduction in density, with the group of mortars incorporating EPS-F
being the lightest (1808.444 kg/m3). The mean differences found between the reference
mortar with EPS-I and EPS-F both turned out to be statistically significant. The same
happened in the case of the MW mortar, whose mean differences with both EPS-I and
EPS-F were statistically significant for a confidence level greater than 95%. These results are
in agreement with those obtained by other authors who have used expanded polystyrene
to reduce the density of plaster precast [53].

On the other hand, Table 12 shows the difference in adhesion means for the same
mortar with the two proportions of insulating residue used (2.5 g vs. 4.5 g).

Table 12. Comparison for densities (kg/m3) between mortars with incorporation of insulation.

Type Residue (g) Average SD Interval K p-Value

EPS-I
2.5 1872.222 17.9846 (1858.398; 1886.046)

23.167 0.1544.5 1798.556 29.4962 (1775.883; 1821.228)

EPS-F
2.5 1837.222 22.8242 (1819.678; 1854.766)

15.389 1.0004.5 1779.667 22.1754 (1762.621; 1796.712)

MW
2.5 1900.667 22.1303 (1883.656; 1917.678)

9.111 1.0004.5 1878.333 20.9643 (1862.219; 1894.448)
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As can be seen in Table 12, mortars with a higher dosage of insulating residue (4.5 g)
obtained a lower density than their counterparts with a lower dosage (2.5 g). However, the
differences in density mean found between the different dosages used were not statistically
significant in any of the types of mortars analyzed with the incorporation of these CDWs.
This lower density of mortars with the incorporation of 4.5 g of insulating residues follows
the lower mechanical resistance to compression obtained by this type of lime mortar.

3.2.3. Surface Hardness

The surface hardness of mortars represents the ability of these materials to resist
being scratched by another material on their surface [84]. These types of tests are of great
importance in lime mortars that are going to be used as coatings in rehabilitation works
since they give us an idea of the resistance to surface wear that they offer over time [85]. To
determine the values of this property, a Shore D durometer was used and the indications
of the UNE 102042: 2014 [86] standard were adapted, taking, as a result, the average
of five random measurements on two flat-parallel lateral faces of the specimens, with
4 × 4 × 16 cm hardened mortar. Figure 8 shows the test method and the results obtained
for each of the dosages used.

Figure 8. Surface hardness. (a) Taking measurements with a Shore D Durometer; (b) results obtained
for the different mortars.

The analysis of the results of the Shore D hardness tests for each group of mortar
is presented in Table 13. Due to the fulfillment of the necessary assumptions for the
application of parametric tests, the comparison of means between groups of mortars was
carried out employing the ANOVA and Dunn–Bonferroni tests.

Table 13. Statistical analysis for the surface hardness tests (Ud. Shore D) in each group of mortar and
its comparison.

Type Average SD Lower/Upper Limits

REF 72.89 3.756 (68; 79)
EPS-I 62.72 5.233 (51; 69)
EPS-F 58.94 6.102 (50; 68)
MW 63.44 4.997 (50; 71)

Comparison
REF vs.
EPS-I

REF vs.
EPS-F

REF vs.
MW

EPS-I vs.
EPS-F

EPS-I vs.
MW

EPS-F vs.
MW

Difference of Means 10.167 13.944 9.444 3.778 −0.722 −4.500
p-value 0.000 0.000 0.000 0.213 1.000 0.078

As can be seen in the results shown in Table 13, the reference mortar without additions
was the one with the highest Shore D surface hardness. In addition, the differences in means
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between the reference mortar and the other three types of mortar with the incorporation of
thermal insulation materials were statistically significant. It should be noted that among
the mortars with the incorporation of shredded insulation in their composition, the lime
mortars with insulating mineral wool fiber were the ones with the highest surface resistance,
and the mortars with the incorporation of expanded polystyrene were the ones with the
worst performance against superficial deterioration.

Table 14 shows the comparative analysis of each type of mortar with CDW incorpora-
tion according to the amount of residue added in its manufacture.

Table 14. Comparison for the Shore D surface hardness tests between mortars with the incorporation
of thermal insulation materials.

Type Residue (g) Average SD Interval Difference of Means p-Value

EPS-I
2.5 66.22 2.489 (64.31; 68.14)

7.000 0.0654.5 59.22 4.944 (55.42; 63.02)

EPS-F
2.5 60.67 6.325 (55.81; 65.53)

3.444 1.0004.5 57.22 5.696 (52.84; 61.60)

MW
2.5 65.44 3.283 (62.92; 67.97)

4.000 1.0004.5 61.44 5.769 (57.01; 65.88)

From the analysis of Table 14, it can be seen that all mortars with the incorporation of
2.5 g of recycled thermal insulation were those with the highest average surface hardness.
However, the difference in means for the counterparts that incorporated 4.5 g of residue
were not statistically significant in any of the cases analyzed.

3.2.4. Water Absorption by Capillarity

When working with lime mortars for rehabilitation and their use as coatings, it is essen-
tial to know the mechanisms that cause the suction of water by porous materials [87]. This
phenomenon is mainly produced by the surface attraction between liquid and solid, which
causes a decrease in the free surface energy of the system if a drop of water spreads inside
the porous body [88]. The absorption of water by capillarity depends on the diameter of the
capillary pore and on how the network of pores inside the mortar are interconnected [89],
although the type of aggregate used in its composition, the binder/aggregate ratio, and
the difference also influence pressure between the penetrating water and the inner sur-
face [90]. The test method that allows understanding of the coefficient of water absorption
by capillarity in mortars is the one described in the UNE-EN 1015-18:2003 [65] standard,
using half-rods of mortar submerged in water, one centimeter from the lower face, and
fractured for 90 min. Figure 9 shows the test method and the results obtained for the
different mortars used.

Figure 9. Water absorption by capillarity. (a) Standardized test according to UNE-EN 1015-18: 2003;
(b) results obtained for the different absorption coefficients.
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For the statistical discussion of the results obtained in the water absorption test by
capillarity, Table 15 is used. This physical property met the criteria of normality and ho-
moscedasticity required for the application of parametric tests, for this reason, a comparison
was used for the mean difference using ANOVA and Dunn–Bonferroni analysis.

Table 15. Statistical analysis for absorption by capillarity (kg/mm2min0.5) in each group of mortar
and its comparison.

Type Average SD Lower/Upper Limits

REF 1.5378 0.16939 (1.4076; 16680)
EPS-I 1.9128 0.18905 (1.8188; 2.0068)
EPS-F 1.7739 0.17790 (1.6854; 1.8625)
MW 2.0150 0.17644 (1.9273; 2.1027)

Comparison
REF vs.
EPS-I

REF vs.
EPS-F

REF vs.
MW

EPS-I vs.
EPS-F

EPS-I vs.
MW

EPS-F vs.
MW

Difference of Means −0.37500 −0.23611 −0.47722 0.13889 −0.10222 −0.24111
p-value 0.000 0.013 0.000 0.143 0.001 0.000

As can be seen in Table 15, the reference dosage is the one that shows the best behavior
to prevent pathologies derived from the absorption of water by capillarity, since it has
the lowest absorption coefficient (1.5378 kg/mm2min0.5). For their part, the dosages with
the incorporation of mineral wool fiber thermal insulation materials were the ones that
presented the worst results for this property, having an average water absorption by
capillarity higher than that of the other mortars included in this study. All the analyzed
mean differences turned out to be statistically significant for a confidence level greater than
95%, except for the comparison between EPS-I and EPS-F, which returned a non-statistically
significant difference.

Table 16 shows the results obtained for the comparison between mortars with the
incorporation of thermal insulation based on residue content.

Table 16. Comparison for the absorption by capillarity (kg/mm2min0.5) between mortars with
incorporation of thermal insulation materials.

Type Residue (g) Average SD Interval Difference of Means p-Value

EPS-I
2.5 1.8944 0.17650 (1.8488; 2.1201)

0.14333 1.0004.5 1.8411 0.18231 (1.7010; 1.9812)

EPS-F
2.5 1.8333 0.14925 (1.7186; 1.9481)

0.11889 1.0004.5 1.7144 0.19243 (1.5665; 1.8624)

MW
2.5 2.1122 0.15959 (1.9895; 2.2349)

0.19444 0.3604.5 1.9178 0.13935 (1.8107; 2.0249)

In all the cases analyzed in Table 16, the mortars with the highest proportion of
thermal insulation material in their composition (4.5 g) presented less water absorption by
capillarity, which may be due to the lower compactness of these mortars [91]. However,
as reflected in the p-value collected in Table 16, the mean difference with the mortars that
incorporated 2.5 g of insulating residue could not be considered statistically significant in
any of the tires analyzed.

3.2.5. Thermal Conductivity

The building sector is moving towards an efficient use of natural resources and a
reduction in the environmental impact generated by industrial activity; thereby, the sector
is committed to the design of new eco-efficient materials that minimize energy consump-
tion and incorporate CDW in composition [92]. In this sense, the study of the thermal
performance of lime mortars for use in rehabilitation and restoration works is oriented
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towards the general idea of using durable materials that improve the starting conditions of
the initial construction system [93]. For this reason, one of the greatest possibilities offered
by the use of thermal insulation materials in the manufacture of this type of mortar is the
reduction of the thermal conductivity of the materials made with these raw materials [94].
For this test, the standard UNE-EN 12667: 2002 [95] was used as a reference.

Figure 10 shows the equipment used to determine the thermal conductivity through
the heat flow that passed through the mortar specimen, and the results obtained for this
physical property. In addition, Table 17 presents the analysis of the results for each mortar
group using the ANOVA and Dunn–Bonferroni tests.

 
Figure 10. Thermal conductivity. (a) Test equipment; (b) results obtained for the different mortars
with incorporation of thermal insulation material.

Table 17. Statistical analysis for thermal Conductivity (W/mK) in each group of mortar and
its comparison.

Type Average SD Lower/Upper Limits

REF 1.3200 0.07382 (1.2633; 1.3767)
EPS-I 1.0750 0.07876 (1.0358; 1.1142)
EPS-F 0.9833 0.10210 (0.9326; 1.0341)
MW 1.1956 0.08740 (1.1521; 1.2390)

Comparison
REF vs.
EPS-I

REF vs.
EPS-F

REF vs.
MW

EPS-I vs.
EPS-F

EPS-I vs.
MW

EPS-F vs.
MW

Difference of Means 0.24500 0.33667 0.12444 0.09167 −0.12056 −0.21222
p-value 0.000 0.000 0.006 0.016 0.001 0.000

According to the results shown in Table 17, mortars with the incorporation of ther-
mal insulation material reduce thermal conductivity compared to traditional lime mor-
tars. The incorporation of EPS-F residue is the one that presents the best results on av-
erage (0.9833 W/mK), followed by the other residue of expanded polystyrene (EPS-I,
1.075 W/mK). Furthermore, when carrying out the mean comparison study, it was obtained
that all the mean differences found in each of the comparisons were statistically significant
for confidence levels above 95%.

Table 18 shows an exhaustive analysis of the results obtained for the comparison be-
tween mortars with the incorporation of thermal insulation as a function of residue content.

From the analysis of Table 19, it can be deduced that in the three types of mortars with
the incorporation of CDW studied in this work, the thermal conductivity was reduced in
the samples that contained a greater amount of thermal insulation material. Additionally,
the difference in means obtained between mortars with the incorporation of foam was
statistically significant. This does not happen in the same way with mortars made with
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mineral wool fiber, where the differences in the mean thermal conductivity between the
mix containing 2.5 g and the one containing 4.5 g were not statistically significant.

Table 18. Comparison for thermal conductivity (W/mK) between mortars with incorporation of the
different thermal insulation materials.

Type Residue (g) Average SD Interval Difference of Means p-Value

EPS-I
2.5 1.1311 0.05231 (1.0909; 1.1713)

0.11222 0.0464.5 1.0189 0.05798 (0.9743; 1.0635)

EPS-F
2.5 1.0400 0.09042 (0.9705; 1.1095)

0.11333 0.0424.5 0.9267 0.08216 (0.8635; 0.9898)

MW
2.5 1.2389 0.07474 (1.1814; 1.2963)

0.08667 0.3404.5 1.1522 0.08012 (1.0906; 1.2138)

Table 19. Analysis of flexural strength in the freezing test by Student’s t-test.

Mortar Test Average SD Confidence Interval * t p-Value

LM-REF
Not cycles 1.7467 0.10886 (1.6630; 1.8303)

4.083 0.004Cycles 1.5578 0.09365 (1.4858; 1.6298)

LM-EPS-I-2.5
Not cycles 1.4622 0.09897 (1.3861; 1.5383)

5.082 0.001Cycles 1.2689 0.08838 (1.2010; 1.3368)

LM-EPS-I-4.5
Not cycles 1.2489 0.08507 (1.1835; 1.3143)

5.580 0.001Cycles 1.0633 0.08031 (1.0016; 1.1251)

LM-EPS-F-2.5
Not cycles 1.3956 0.16607 (1.2679; 1.5232)

2.221 0.057Cycles 1.1811 0.13923 (1.0741; 1.2881)

LM-EPS-F-4.5
Not cycles 1.1267 0.09695 (1.0521; 1.2012)

9.655 0.000Cycles 0.9722 0.09576 (0.8986; 1.0458)

LM-MW-2.5
Not cycles 2.0467 0.14874 (1.9323; 2.1610)

4.659 0.002Cycles 1.7911 0.09185 (1.7205; 1.8617)

LM-MW-4.5
Not cycles 1.8578 0.13160 (1.7566; 1.9589)

3.461 0.009Cycles 1.6211 0.10325 (1.5417; 1.7005)

* Confidence intervals for the mean have been constructed for α = 0.05.

3.3. Durability Tests

We understand the durability of mortars as their ability to withstand the physicochem-
ical conditions to which they are exposed throughout their useful life, and that in some
way may cause their deterioration. In this sense, durability tests are of vital importance
when it comes to knowing the behavior of mortars over time. For this reason, this section
contains three tests that evaluate the durability of the processed samples: freezing; salt
crystallization; and shrinkage.

3.3.1. Freeze–Thaw Test

The freeze–thaw test evaluates the suitability of the mortars that are going to be used
outdoors in climates that reach temperatures below 0 ◦C, determining the loss of mass and
mechanical resistance that occurs in the samples when subjected to constant dimensional
changes as a consequence of intermittent icing and thawing inside [96]. To carry out this
test, the adopted recommendations of the UNE-EN 12371 standard for natural stone [66]
were followed. The results shown in Figure 11 show the variations produced in flexural
strength and loss of mass after the test.
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Figure 11. Results of the freeze–thaw test. Flexural strength of samples subjected to freezing cycles
(striped stripes) and reference samples (solid stripes), including loss of mass.

As can be seen in Figure 11, lime mortars that incorporated 4.5 g of recycled insulating
material had lower flexural strengths and greater loss of mass after the test than mortars
that contained 2.5 g of insulation in their composition. Furthermore, it can be seen that
the mortars that incorporated polystyrene insulation had a worse performance than the
reference mortars without additions, which resulted in a high loss of mass after the test,
together with a strong decrease in their mechanical resistance to bending. However, it
can be seen that mortars that incorporated mineral wool insulation had greater stability
and experienced less degradation when subjected to freeze–thaw cycles. These results
are in agreement with those obtained by other authors who have studied the beneficial
effect of the incorporation of fibers in the mortar matrix to increase the durability of these
construction materials [97].

Table 19 shows the results derived from the statistical comparison between the flexural
strengths obtained for the samples subjected to durability cycles versus the reference
samples tested at the same age. As they were related samples and complied with the
necessary assumptions, the Student’s t-test was applied for related samples.

In Table 19, it can be seen that in all the cases studied, except in the sample LM-EPS-F-
2.5, the difference in means between the flexural strength in the reference specimens and
the specimens subjected to freeze–thaw cycles were statistically significant. In addition,
it is observed that, in all cases, the mean flexural strength was greater in the specimens
with no cycles, as expected, with the sample LM-MW-2.5 being the one with the highest
flexural strength, and therefore the one with the best performance presented before this
durability test.

3.3.2. Salt Crystallization

The crystallization of salts, of different nature and formation depending on the envi-
ronmental parameters, is one of the most frequent and aggressive deterioration mechanisms
that construction materials can suffer, especially if they are porous [98]. Although there
is no specific standard to carry out this test on mortars, the UNE-EN 12370 standard for
application to the natural stone was adapted [67]. This is a test that generally causes
intense deterioration, since once the water from the solution evaporates and the salt crys-
tallizes, it remains lodged inside the mortar and occupies a volume 17 times greater than
in solution [99]. The results of the flexural test on the mortar samples with and with-
out crystallization cycles are shown in Figure 12, together with the loss of mass of the
cycled specimens.
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Figure 12. Results of the salt crystallization test. Flexural strength of cycled samples (scratched
stripes) and reference samples (solid stripes), including loss of mass.

In Figure 12, it can be seen that the deterioration suffered by the mortar specimens
after having been subjected to the salt crystallization test was greater than that obtained in
the freezing test. It can be seen that there was a strong loss of mass in all the samples sub-
jected to crystallization cycles, the loss of mass being greater in mortars that incorporated
polystyrene insulation materials in their composition. It is also observed that the samples
that contained a higher content of insulating residue (4.5 g) showed worse performance in
this test, and lower bending strengths than the samples with less incorporation of residue
(2.5 g). In addition, as was the case with the freezing test, mortars with the incorporation
of mineral wool residue presented less mass loss than the rest when subjected to crystal-
lization cycles, even reaching mechanical bending strengths close to that of lime mortars
without additions.

Next, Table 20 presents the results derived from the statistical comparison between
the flexural strengths obtained for samples subjected to salt crystallization cycles versus
the reference samples tested at the same age. As was the case for the freezing test, these are
related samples, and met the necessary assumptions to apply the Student’s t-test.

Table 20. Analysis for flexural strength in the salt crystallization test by Student’s t test.

Mortar Test Average SD Confidence Interval * t p-Value

LM-REF
Not cycles 1.5744 0.11126 (1.4889; 1.6600)

8.131 0.000Cycles 1.2856 0.10760 (1.2028; 1.3683)

LM-EPS-I-2.5
Not cycles 1.1900 0.07550 (1.1320; 1.2480)

2.786 0.024Cycles 1.0244 0.11780 (0.9339; 1.1150)

LM-EPS-I-4.5
Not cycles 0.9733 0.11011 (0.8887; 1.0580)

1.900 0.094Cycles 0.8811 0.08950 (0.8123; 0.9499)

LM-EPS-F-2.5
Not cycles 1.1278 0.06140 (1.0806; 1.1750)

4.217 0.003Cycles 0.9133 0.11045 (0.8284; 0.9982)

LM-EPS-F-4.5
Not cycles 0.8411 0.11656 (0.7515; 0.9307)

1.637 0.140Cycles 0.6822 0.26570 (0.4880; 0.8965)

LM-MW-2.5
Not cycles 1.5311 0.09880 (1.4552; 1.6071)

7.197 0.000Cycles 1.1667 0.08818 (1.0989; 1.2344)

LM-MW-4.5
Not cycles 1.3600 0.12550 (1.2635; 1.4565)

3.886 0.005Cycles 1.0700 0.16432 (0.9437; 1.1963)

* Confidence intervals for the mean have been constructed for α = 0.05.
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As can be seen in Table 20, except for the mortars with the incorporation of 4.5 g
of polystyrene, all the tested samples presented a significant mean difference between
the flexural strength of the reference specimens and those subjected to crystallization
cycles. It can be seen that, in all cases, the specimens without cycles that did not suffered
deterioration or loss of mass showed greater resistance to bending and, as was the case
with the freezing test, the LM-MW-2.5 dosage was the sample with the incorporation of
insulation material that had the best performance when subjected to this durability test.
It should be noted that these types of tests are of special relevance for the preparation of
restoration mortars that are to be applied in urban environments, where it has been verified
that run-off water can have a high salt content that is detrimental to the lime mortars
applied outdoors [100].

3.3.3. Shrinkage

Shrinkage is the process of volumetric contraction that mortars undergo during their
setting process [101]. This phenomenon has two distinct origins, which can lead to two
types of shrinkage: thermal or hydraulic. In any case, it is a phenomenon that directly affects
the durability of mortars, generating internal stresses that, depending on the modulus of
elasticity and the deformation capacity of the mortar, can range from volume reduction
to cracking of the samples. [102]. For this reason, it was decided that we would study
the shrinkage produced in the lime mortars made for 180 days, using 25 × 25 × 287 mm
samples. The results derived from this trial are shown in Figure 13.

Figure 13. Shrinkage evolution. Length variation (%) during setting time (days).

The results obtained in Figure 13 show that the incorporation of the different isolates
from CDW used in this investigation reduced the shrinkage of the lime mortars. In the case
of the samples with the incorporation of EPS, it can be seen that the incorporation of an
amount of 4.5 g decreased the shrinkage more than in the case of mortars that contained
2.5 g of this material, with the expanded polystyrene specially indicated for use, presenting
better results on facades. However, and in agreement with other previous studies [103],
the incorporation of mineral wool fibers was the one that reported greater dimensional
stability for mortars.

4. Conclusions

This research delves into the possibility of incorporating waste from three different
types of thermal insulation materials (EPS-F, EPS-I, and MW) as raw material in the
manufacture of lime mortars. In this way, this research is intended to assist in moving
towards a more sustainable management of construction and demolition waste, exploring
the many possibilities offered by this type of waste to improve the technical performance
of the lime mortars traditionally used in restoration and rehabilitation works.
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In the mechanical characterization of mortars, it was possible to observe the beneficial
effects of the incorporation of mineral wool insulation fibers in the production of these
materials. In this way, an increase in the flexural strength of lime mortars was observed
with the incorporation of this residue, compared with the reference mortars, not observing
large differences between the two in compressive strengths. However, the incorporation of
the expanded polystyrene granular residue was detrimental to the mechanical strength of
the mortars, regardless of the residue content and the type of polystyrene. Finally, it was
possible to observe that the best results were obtained in mortars with the incorporation of
2.5 g of residue, compared to mortars with 4.5 g of residue.

Regarding the physical characterization of the prepared mortars, both the Shore D
surface hardness and the adhesion on ceramic surfaces were negatively affected as a result
of the incorporation of these insulating residues. On the other hand, the incorporation of
expanded polystyrene materials made it possible to reduce the final density of the mortars
and their thermal conductivity, with mortars that incorporated 4.5 g of this type of residue
in their composition having a better performance, and the prepared mortars having better
characteristics with EPS-F. Finally, the absorption of water by capillarity was negatively
affected, since in all the analyzed mortars higher absorption coefficients were obtained
than in the reference lime mortars.

Finally, durability tests showed that mortars made with this type of thermal insulation
waste can be designed for use in exterior cladding. Specifically, after freeze–thaw cycles
and salt crystallization, it was possible to verify that lime mortars with the incorporation of
mineral wool residue had good stability and better resistance after accelerated aging tests
than traditional mortars. In all cases, it was observed that the content of 4.5 g of residue
reduced the final mechanical strength of the material and led to a greater loss of mass after
durability tests, compared with samples containing 2.5 g of thermal insulation materials.
Furthermore, both in the freezing test and in the salt crystallization test, the mortars with
the incorporation of EPS residue were the ones that showed the worst results. In the end,
the shrinkage test showed the beneficial effect of incorporating these residues in the lime
mortar matrix to provide them with greater dimensional stability, obtaining the best results
after incorporating mineral wool fiber residues.
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Abstract: Modernist architecture is one of the most significant movements which serve as grounds
for contemporary creations. At the beginning of the 20th century, the impact of new structural and
building technologies allowed designers to find new ways of architectural expression. It is rooted in
thought-out composition and simplicity which serve as a background for the exposition of structure.
The geometrical interplay of a building’s elements highlights the impressively thin structures and
raw surfaces of novel building materials. Nowadays, in selected regions, the architecture of the
Modernist Period is neglected or loosely refurbished. As an effect of this phenomenon, buildings
are demolished or deprived of aesthetical values. Thus, this article aims at showing an overview
of sectional research on good practice. We base the study of on-site design implementations of
several modernist architecture refurbishments and focus on technology and design assumptions
with optimised thermal modernisation. The paper reveals a set of examples for the refurbishment of
modernist architecture, with calculations of heat energy coefficients of the initial and design phase.
The presented thermal modernisations aim at adjusting buildings to new requirements concerning
energy without any loss of initial architectural expression.

Keywords: modernist architecture; thermal refurbishment; monument preservation; energy reduc-
tion; architectural up-cycling

1. Introduction

The need for post-war modernist architecture preservation is a relatively new concept
(especially in Poland, where socialist architecture is still neglected), which arose together
with an increase of awareness on sustainability and appreciation for iconic solutions [1,2].
The Modern Period, based on a separation between past and present or enlightenment
and individualism [3], made a significant impact on European society. The architecture re-
sponding to logical engineering [1] offered more than living and workspace [4]. Nowadays,
we admire the interplay of forms and proportions, intelligent space management, and the
beauty rooted in modesty [5,6]. Though occasionally problematic, modernist buildings
require skillful preservation highlighting their qualities.

As Giulian and Bucchignani [7] indicate, the post-war modernist architecture initially
was not planned for durability in many cases–especially in the socialist countries where the
building techniques, economy and low quality materials and bad craftsmanship lead to
many faults of ready buildings (i.e., problems with insulation, overheating, soundproofing,
structural joints and reinforcement protection). Thus, nowadays these buildings are per-
ceived as badly ageing and easy to demolish [4]. Post-war modern architecture is a fragile
heritage. Most of the buildings in Poland were made of low-quality materials without
precision or proper attention to detail. In the minds of people, they represent the creation
of the faulty political and economic system. The public does not value this heritage, and
some historians and architects neglect it. Architectural values of the Modernist Period in
Poland require a sensitive eye, imagination and knowledge to see the initial ideas due to
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the damages in these buildings–done in the process of careless maintenance and renovation
(most of which took place in the 1990s and the 2000s).

Also, a misconception of initial ideas and the apartment crisis in Europe after WWII
led to building a lot and poorly [8]. There are a lot of issues involved in the preservation of
modernist architecture, starting from novel changes in the lifestyle of users [7], through im-
perfect technology of flat roofs [1], lack of shading [2], to excessive energy consumption [9].
Especially the latter is crucial in terms of European Union policies, like the New European
Bauhaus [10] or Renovation wave [11]. Moreover, the European Green Deal initiative
aims at the reduction of greenhouse gas emissions by 55% by the year 2030, and totally
by 2050 [12]. All recalled documents highlight that refurbishment investment must be
sustainable [9]. According to Sonnleithner [13] and European Union recommendations [10]
of high quality, such an approach is advisable, for it favours architectural recycling, instead
of raising new, and at occasions redundant, buildings [7,14]. Also crucial may be the
economic aspect, bringing substantial savings [14].

The refurbishment issue of modern architecture is present in scientific discourse. Seen
from many angles, it always shows a local reference. A good example is an elaboration of
Mulfarth et al. [2] on tall buildings from Sao Paulo; Urbanik and Tomaszewicz’s [1] article
on flat roof renovation in Wroclaw; and Peters’ [14] publication on housing in Denmark.
Yet, Pikas et al. [9] indicate that lack of knowledge is one of the barriers to the renovation of
modernist (standardised) apartment buildings. The literature insufficiency is understand-
able, for each region (climatic zone) requires different handling the refurbishment design.
Therefore, each published case study provides valuable information for understanding
the complex issues of renovation (whether successful or not) and allows for the exchange
of knowledge. Sonnleithner [13], p. 5 states: “In the search for goal-oriented approaches
to solutions and specific action steps, the development of new concepts and research into
previously unknown facts are essential. The experience and familiarity with previous
activities, experiments, initiatives and projects from history are valuable. Particularly in the
field of building renovation [ . . . ], a look into the past might help to ensure a clear view of
possible solutions for the future.” Thus, in the article, we present a practical (implemented)
approach from Wroclaw (Poland) regarding the renovation of a few modernist buildings.
In this way, we add another portion of practical knowledge into the discourse. The crucial
aspect of the presentation is to propose solutions not interfering with the architectural and
aesthetic values of modernist architecture.

The article aims at presenting designed and implemented solutions for the thermal
renovation of modernist architecture. This aspect is especially valid because 75% of build-
ings in Europe are not energy efficient [11]. Moreover, the literature describes successful
modernist implementations where energy consumption decreased significantly, i.e., Brazil-
ian cases by Mulfarth et al. [2]. In general, our goal was following Boza-Kiss et al. [15], p. 7.
“decarbonizing the European building stock”—at least a part of it.

2. Materials and Methods

The case studies for the article are the works of the architectural office VROA Architekci
co-owned by one of the authors of this publication. Lukasz Wojciechowski is the co-author
of all the presented projects (as listed in each case). There were several criteria for case
studies selection. First of all, these are the examples aiming at keeping the material and
formal integrity of modernist architecture—the main goal of the renovations is not to
interfere with the original modernist expression of the buildings. We call this aspect
architectural criteria. In this respect, the cultural value of the renovated building was
crucial [13]. High aesthetics is as important as sustainability and functionality [10,15,16].
Other selections criteria were affordability [10], availability of materials, and building
solutions that maintain the high quality [13]. The cost issue is crucial for as Nowogońska
and Mielczarek [17], p. 1 state: “Unfortunately, due to the higher costs of renovation and
the need to supervise work in historic buildings, many valuable buildings are damaged.”
To summarise, the criteria are as follows:
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• architectural:

� preservation of the modernist character of a building,
� importance of a building to culture,
� functionality,
� aesthetics,
� high quality;

• sustainable:

� reducing energy use,
� affordable,
� and material availability (local products).

Based on the above, the selected case studies are as listed:

� A housing block section by Nankiera Square [18], original design (1969): Włodzimierz Cz-
erechowski, Ryszard Natusiewicz, Anna and Jerzy Tarnawski; renovation design (2015):
Agnieszka Hałas, Grzegorz Kaczmarowski, Marta Mnich, and Łukasz Wojciechowski.

� The complex of the residential towers with the commercial pavilion at Grunwaldzki
Square [19,20], original design: Jadwiga Grabowska-Hawrylak, Krzysztof Sasiadek
(1968–1978), renovation design (2012): Mnich, Marek Lamber, Natalia Rowińska,
Łukasz Wojciechowski, Agnieszka Hałas, Hubert Rozewicz, consultants: Jadwiga
Grabowska-Hawrylak, Andreas Wolf.

� The restaurant pavilion by the Centennial Hall (UNESCO heritage object) [21], original
design (1913): Max Berg; renovation and extension design: Agnieszka Chrzanowska,
Marta Mnich, Łukasz Wojciechowski, Wojtek Chrzanowski, in collaboration with An-
drzej Chrzanowski, Juliusz Erdman, Grzegorz Kaczmarowski, Danuta Katarasińska,
Agata Kurto, Natalia Rowińska, Sebastian Stanisławski.

All buildings are located in Wroclaw (Poland). Selected projects took place in the
range of the last ten years.

Thermal refurbishments respond to local law regulations based on the local climate.
Citing Climate-data.org [22], conditions in Wroclaw, Poland, are mild and warm, with
average temperatures yearly of 10.0 ◦C, and 700 mm of rainfall. The average temperature
ranges between 20.1 ◦C in July and −0.4 ◦C in January.

First we made a literature and documents review to institute requirements and meth-
ods for modern architecture preservation (see the introduction section). Second, we re-
viewed existing design documentation [19–21]. To make the article universal, we sum-
marised the local climate based on recent data from Climate-data.org [22]. Next, based on
current documents like European Union policies [10–12], commissioned energy audits by
Bilka [23], and Żurawski [24]–external auditors, also our calculations, we have established
the required thermal coefficients for all partitions. Audits were performed by local, licensed
professionals, to provide a high quality of elaboration. In calculations, they included
the initial structure of compartments and afterwards designed solutions. According to
Sonnleithner [13], p. 6, high quality of investment is as important as, following present
law demands. The thermal modernization followed Polish thermal regulations–so-called
Ordinance Minister of Infrastructure from 2002 [25], and standard [26] these regulations
refer to general building solutions. However the renovated heritage-listed buildings are
excluded from energy efficiency requirements.

The law novelty is crucial as Boza-Kiss et al. [15], p. 11 indicate: “the theoretical
consumption of a new building today is about 40% less than for dwellings built before 1990”.

We compared data before and after planned remodeling based on the figures included
in energy audits for each building, done before and after the refurbishment process (first
two examples). For other cases, we made before and after calculations. All values before
and after presented in this article are based on pre-design and post-design calculations. We
plan to evaluate buildings further after compilation of all construction works. Presentation
of each implementation follows the scheme:
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� location,
� authors of original project and refurbishment,
� history,
� renovation assumptions,
� remodeling solutions,
� calculations of energy savings.

There are several factors recalled in the article. Shape factor A/V means, after Lylykan-
gas [27], p. 4: “the ratio between the outside surface area of the thermal insulation in the
building envelope (A) and the heated volume (V).”

In this article, European Standard PN-EN ISO 6946:2017 [26] defines the thermal
transmittance U. Its value should be as low as possible and is the reciprocal of the thermal
resistance of the entire partition [26]:

U =
1

Rtot

[
W
m2 K

]

where:

W—unit: Watt;
m—unit: meter;
K—unit: Kelvin;

U—thermal transmittance
[

W
m2 K

]
;

Rtot—total thermal resistance
[

m2∗K
W

]
;

Thermal total resistance Rtot determines the following formula [26]:

Rtot = Rsi + R1 + R2 + . . . + Rn + Rse

[
m2∗K

W

]

where:

Rsi—is the internal surface resistance
[

m2∗K
W

]
;

R1 + R2 + . . . + Rn—are the design thermal resistance of each layer
[

m2∗K
W

]
;

n—is a total number of the designed layers;

Rse—is the external surface resistance
[

m2∗K
W

]
;

Surface resistance values depend on air convection through the compartment and
are as follows: for Rsi–upwards: 0.1; downwards: 0.17; horisontal: 0.17; for Rse–upwards:
0.04; downwards: 0.04; horizontal: 0.04, and R the design thermal resistance of layer
determines formula:

R =
d
λ

[
m2∗K

W

]

where:

d—thickness of the layer [m];
λ—the design thermal conductivity of material [W/mK];

The internal temperature adopted is equal to or above 16 ◦C. The design did not
contain air layers over 0.3 m. Therefore, we used a simplified method of calculations
according to European Standard PN-EN ISO 6946:2017.

3. Results

3.1. The Block-of-Flats by Nankiera Square-Completed

Włodzimierz Czerechowski, Ryszard Natusiewicz, Anna and Jerzy Tarnawscy were
the authors of the initial design implemented in 1969, which was refurbished by Agnieszka
Hałas, Grzegorz Kaczmarowski, Marta Mnich, and Łukasz Wojciechowski in 2015 [18].
The complex by Nankiera and Nowy Targ (the New Market) squares occupies lines of the
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previous historic buildings (demolished during WWII), typical for this part of Wroclaw
Old Town. Yet, the past urban tissue replaces now late-modern layouts of free-standing
elongated blocks and core buildings (Figure 1). The design was an architectural and
political manifestation of freedom from social realism doctrine. However, it still was an
element of socialist propaganda and social engineering. Hence, the Old Town area was then
occupied by residents of the elite, while blocks were supposed to serve the working class.
The thermal modernization of residential substances is valuable, because over 120 million
buildings of this type exist in the European Union [15], p. 12. Initially, the buildings had an
open plan with movable partition walls. Reinforced structure supplemented brick so-called
‘zreanska’ and aerated concrete blocks, while the ceilings were constructed from hollow
core slabs and slab-on-grade cinder blocks. There were no thermal insulations, and plaster
covered the façades. Glass tiles surfaced the inter-widow stripes, which were reminiscent
of op-art graphics. The plinths at the service points on the first floor finished with pebbles
fixed in mortar, and glass blocks covered the windows in the staircases.

  

Figure 1. The blocks by Nankiera square—original and refurbished with recreated details (photogra-
phy by the curtesy of Patryk Kusz/VROA Architekci).

New development founded the municipal company called ‘Revitalizations of Wroclaw’
(in the Polish language ‘Wrocławskie Rewitalizacje’; no longer existing). The renovation
included one section of the building and serves as an example for other parts governed by
local housing associations. The main goals were thermal modernization and reconstruction
of the original block’s appearance. However, adding layers, i.e., insulation to the façade,
would cause a change in the initial depth of the windows’ mounting and would affect in
disadvantageous ‘puffing’ of the architecture. Therefore, the original depth of openings
was a priority, and the small windows occupy space on the external wall surface (Figure 2).
Other glazed elements mount 15 cm deep into the façade (also according to the original so-
lution). Flashings, balustrades and glass tiles in the strips between the windows are as close
to the original ones as possible. The cladding from pebbles covers the ground floor area as
in the original. The ironwork has a graphite colour, and the gable elevation composition
crowns a newly designed neon above the entrance to the service point (Figure 1).

We gave detailed original and implemented sections for compartments, and the heat
transfer coefficients through partitions—initial and design phase comparison is shown in
the below juxtaposition (Table 1) [18].
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Figure 2. The blocks by Nankiera square—elevation and section. 1. The designed external wall:
silicone plaster 1.5 cm, EPS polystyrene 15.0 cm, aerated concrete blocks 24.0 cm, internal plaster
1.5 cm. 2. The depth of the window fixing changed with insulation to preserve the original ratio.
3. The designed roof slab: 2× roofing felt, levelling layer 2.0 cm, slag concrete slabs in decline 8.0 cm,
ventilation gap 10.0, the blow of mineral wool granules 20.0 cm, prefabricated channel slabs 24.0 cm,
internal plaster 1.5 cm (drawn by the Authors).

3.2. The Façades of Residential Buildings at Grunwaldzki Square–Project, Completed

Jadwiga Grabowska-Hawrylak and Krzysztof Sąsiadek designed the complex of
residential buildings with commercial pavilions, plaza and parking spaces (1968–1978).
Renovation and thermal modernisation was performed by Marta Mnich, Marek Lamber,
Natalia Rowińska, Łukasz Wojciechowski, and Agnieszka Hałas in 2012 with consultations
from Jadwiga Grabowska-Hawrylak and Andreas Wolf [19,28]. The document so-called
‘The Study of the Conditions and Directions of Spatial Development in Wrocław’ protects
the complex as a heritage structure of contemporary culture. Also, the List of Monuments
of the City of Wrocław includes this development, so design documentation was subject to
approval by the Monument Conservator.

The complex consists of six sixteen-story residential towers and service pavilions
partially accessible from a raised platform above the garage. A characteristic element of the
existing urban layout is a modular 6x6m grid, which supports all build substances. The
following distinctive element of the project is the façades of residential high-rise buildings,
made of individually planned, oval, reinforced concrete prefabricated elements. They are
attached to a reinforced concrete skeleton structure of the so-called ‘H-frame’ type. The
space between the prefabricated elements of the façade and the external wall is filled in
with loggias. Pots with greenery were supposed to complete this solution, yet this element
was omitted in the initial stage of construction [29], (Figure 3).
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Table 1. The thermal modernisation building solutions for the block by Nankiera square (elaborated
by the Authors based on [18]).

No Name of the Layer
The Thickness of

the Layer [cm]

The Design Thermal
Conductivity
of a Material

Heat Transfer Coefficients
through Partition [ W

m2 K]

The existing external wall (before the mal modernisation)

1 The external plaster 2.0 0.82

0.392
The existing brick

‘zeranska’/aerated concrete blocks
(porous concrete blocks possible)

24.0 0.105

3 The internal plaster 1.5 0.70

The designed external wall

1 The silicone plaster 1.5 0.7

0.15
2 The EPS polystyrene 15.0 0.038
3 The aerated concrete blocks 24.0 0.105
4 The internal plaster 1.5 0.7
5 The silicone plaster 1.5 0.7

The existing roof slab

1 2× roofing felt (bituminous felt and
tar paper) - -

0.34
2 The levelling layer 2.0 1.4
4 The slag concrete slabs in decline 8.0 1.70
5 The ventilation gap 5.0–30.0 0.16 1

6 The prefabricated channel slabs 24.0 0.18
7 The internal plaster 1.5 1.70

The designed roof slab

1 2× roofing felt (bituminous felt and
tar paper) - -

0.04

2 The levelling layer 2.0 1.4

4 The slag concrete slabs in decline
(existing) 8.0 1.70

5 The ventilation gap (existing) 10.0 0.15

6 The mineral wool granules injected
into the ventilation gap 20.0 0.038

7 The prefabricated channel slabs
(existing) 24.0 0.18

8 The internal plaster 1.5 1.70
1 Averaging 15 cm; value from PN-EN ISO 6946:2017.

  

Figure 3. The renovation concept of the façades of residential buildings at Grunwaldzki square—a
pre-refurbishment condition in 2007 and remodelling visualisation (photograph by the Authors).
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The renovation aimed to improve the functioning of selected elements of the initial
design. This need resulted from new functional requirements not present or predictable
in the 1970s. The complex lacked services on the ground floor, required separation of
pedestrians and traffic, supply zones and utility yards adjacent to apartment houses. The
design included the original proprietary assumptions and consistently used them when
expanding, i.e., all additional cubatures were kept in the original 6x6m grid. They also
adapted to the existing heights of service pavilions and the pedestrian platform [19].

The most complicated task was to improve the thermal parameters of the residen-
tial buildings and their adaptation to the applicable regulations while maintaining the
specific architectural values. The concept assumed the necessity of fully preserving the
character of the façade made of prefabricated reinforced concrete elements. Thus, external
insulation was applied only on the outer walls in the background and gable walls and
ceilings. In the case of other parts of the building, the designers proposed inner thermal
insulation (Figure 4). This approach enabled the preservation of the initial concept. The
façade carvings highlight the colour scheme with white prefabricated elements against a
dark background. This decision comes from in-depth analyses of the initial design and
consultations with the architect Jadwiga Grabowska-Hawrylak [19].

Figure 4. The façades of residential buildings at Grunwaldzki square–elevation and section. 1. The
designed external wall (prefabricated): repaired and painted white prefabricates 6.0 cm, external void,
mineral wool 8.0 cm, internal walls made of asbestos removed and replaced with light concrete blocks
12.0 cm, internal plaster 1.5 cm. 2. Insulation of loggias–mineral wool. 3. The designed external
wall: silicone plaster 1.5 cm, mineral wool 8.0 cm, aerated concrete blocks or reinforced concrete
wall 24.0 cm, internal plaster 1.5 cm (between windows). 4. The designed roof slab: 2x roofing felt,
levelling layer 2.0 cm, slag concrete slabs in decline 8.0 cm, ventilation gap 5.0–30.0 cm, blown-in
mineral wool granules in the air cavity 20.0 cm, prefabricated channel slabs 24.0 cm, internal plaster
1.5 cm (drawn by the Authors).
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The leading assumption of the renovation concept of reinforced concrete facade ele-
ments was to restore them to their original appearance. The architects aimed at repairing
defects and protection against further destruction and corrosion. It was necessary to
strengthen the connections of prefabricated elements with the building structure. The
conceptual design assumed cleaning of the prefabricated concrete elements, e.g., by sand-
blasting, repairing and filling the existing damages. The wall surfaces are painted a
light grey colour (Figure 2). The existing clinker tiles are no longer visible, screened
with insulation and plaster due to the low budget of the renovation. However, Jadwiga
Grabowska-Hawrylak confirmed that she did not plan tiles in the original design of the
towers. This solution restores the shade of the light-ash architectural concrete used in the
original projects and protects the surface from the harmful effects of weather conditions.
However, the assumptions are unfulfilled. The oval prefabricated elements were plastered,
which deprived them of the concrete texture. The background wall was covered with
paint which is too lightly coloured. We present detailed original and implemented sections
for compartments (Table 2) and the changes in their heat transfer coefficients (under the
table), [19].

Table 2. The thermal modernisation building solutions for the residential buildings at Grunwaldzki
square (elaborated by the Authors based on [19]).

No Name of the Layer
The Thickness of

the Layer [cm]

The Design Thermal
Conductivity
of a Material

Heat Transfer Coefficients
through Partition [ W

m2 K]

The existing external wall (between windows)

1 The clinker tile 2.0 0.67

0.39
2 The ventilation gap 2.0 0.00
3 The aerated concrete blocks 24.0 0.105
4 The internal plaster 1.5 0.7

The designed external wall (between windows)

0.21
1 The silicone plaster 1.5 0.7
2 The mineral wool 8.0 0.035
3 The aerated concrete blocks 24.0 0.105
4 The internal plaster 1.5 0.7

The existing roof slab

1 2× roofing felt (bituminous felt and
tar paper) - -

0.34
2 The levelling layer 2.0 1.4
3 The slag concrete slabs in decline 8.0 1.70
4 The ventilation gap 5.0–30.0 0.16
5 The prefabricated channel slabs 24.0 0.18
6 The internal plaster 1.5 1.7

The designed roof slab

1 2× roofing felt (bituminous felt and
tar paper) - -

0.04

2 The levelling layer 2.0 1.4
3 The slag concrete slabs in decline 8.0 1.70
4 The ventilation gap 10 0.15

5 The mineral wool granules injected
into the ventilation gap 20.0 0.038

6 The prefabricated channel slabs 24.0 0.18
7 The internal plaster 1.5 1.70
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3.3. The Commercial Pavillon by Grunwaldzki Square–Project, Not Completed

The building is a part of the mentioned residential complex. Jadwiga Grabowska-
Hawrylak, Krzysztof Sąsiadek (1968–1978) performed the original design, while Marta
Mnich, Łukasz Wojciechowski, Hubert Różycki (2020) drew renovation plans [20]. The
pavilion occupies a plot near Grunwaldzki bridge among several commercial spots elevated
on a pedestrian platform. The two-story building with a basement has a reinforced concrete
structure. Its characteristic spaceship-like façades constitute precast decorative elements
with external spiral stairs. The steps wrap around the cylindrical shaft of mechanical venti-
lation. Glass covers the ground floor façades, divided into three sections with aluminum
frames. Above there is the characteristic ornament of an extended curved precast panel
with openwork. Circular openings form a repetitive rhythm. Other external walls are
opaque and made from aerated concrete, fixed with ceramic tiles and trapezoidal metal
sheets (Figure 5), [20].

  
Figure 5. The commercial pavilion by Grunwaldzki Square—the existing condition (photograph by
the Authors).

To preserve the initial character of the building, the design of thermal modernisation
assumes the internal isolation of opaque walls with mineral boards, the so-called “Multipor”
of 5 cm. Concrete pillars—part of the “H-frame” structure—are isolated externally with a
15 cm layer of Styrofoam boards. The project assumes cleaning of the precast decorative
covers and external walls to the original white colour of the concrete. The pavilion’s flat
roof slab received an additional thermal layer of 20 cm from Styrodur and required sealing.
Architects proposed to keep the original and leaky aluminum frames with glazing by
creating an internal glass wall. The solution provides proper thermal conditions, enabling
the preservation of the modernist character. Old and new façades will divide a gap for
cleaning and the accumulation of passive heat. The aluminum frames on the second floor
replace new ones resembling the original (Table 3), (Figure 6), [20].
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Table 3. The thermal modernisation building solutions for the commercial pavilion at Grunwaldzki
square (elaborated by the Authors based on [20]).

No Name of the Layer
The Thickness of

the Layer [cm]

The Design Thermal
Conductivity
of a Material

Heat Transfer Coefficients
through Partition [ W

m2 K]

The existing prefabricated walls

1
The reinforced concrete

prefabricates with an internal void
of 5.0 cm

15.0 (5 + 5 + 5) 1.7 + 0.11 + 1.7 1.38

The designed walls (decorative)

1

The reinforced concrete
prefabricates with an internal void

of 5.0 cm–cleaning, fulfilling
subsidence

15.0 1.7 + 0.11 + 1.7

0.5
2 The internal isolation of Multipor

type boards 5.0 0.040

3 The Heradesign type boards in
natural color on a wooden grid 2.5 -

The existing roof slab

1 3× jute felt paper (waterproof
insulation) - -

0.045

2 The cement screed 1.0 1.4

3 The sloped roof panels (channelled,
reinforced concrete) 25.0 0.18

4 The ventilation gap 5.0–30.0 0.16
5 The slag wool 6.0 0.045

6
The structural ceiling (reinforced
concrete beams and trough slabs,

reinforced concrete)
30.0 1.7

The designed roof slab

1 The EPDM film - -
2 The Styrodur 20.0 0.035
3 The vapor-permeable foil - -
4 The cement screed 1.0 1.4

5 The sloped roof panels (channelled,
reinforced concrete) 25.0 0.18 0.036

6 The ventilation gap 5.0–30.0
7 The slag wool 6.0 0.045

8
The structural ceiling (reinforced
concrete beams and trough slabs,

reinforced concrete)
30.0 1.7

3.4. Renovation and Extension of the Restaurant Pavilion in the Centennial Hall
Complex–Completed

Max Berg designed the original complex of the Centennial Hall (1913, now under
UNESCO protection), while the remodeling and extension (2007–2010) project had the
following authors: Agnieszka Chrzanowska, Marta Mnich, Łukasz Wojciechowski, Wo-
jtek Chrzanowski, in collaboration with Andrzej Chrzanowski, Juliusz Erdman, Grze-
gorz Kaczmarowski, Danuta Katarasińska, Agata Kurto, Natalia Rowińska, and Sebastian
Stanisławski [21].
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Figure 6. The commercial pavilion by Grunwaldzki Square—section. 1. The designed wall: reinforced
concrete prefabricates with an internal void of 5.0 cm—cleaning, fulfilling subsidence 15.0 cm, internal
isolation of Multipor-type boards 5.0 cm, and Heradesign-type boards in natural color on a wooden
grid 2.5 cm. 2. The designed roof: EPDM film, Styrodur 20.0 cm, vapor-permeable foil, cement screed
1.0 cm, sloped roof panels (channeled, reinforced concrete) 25.0 cm, ventilation gap 5.0–30.0 cm, slag
wool 6.0 cm, and structural ceiling (reinforced concrete beams and trough slabs, reinforced concrete)
30.0 cm (drawn by the Authors).

The pavilion dating to 1913 served as a temporary restaurant and was burnt during
WWII. The surviving structure served as an office building in the late 1940s. In 2009 there
was a competition held to rebuild and create an extension for a new function as a conference
center (Figure 7). The winning concept assumed the preservation of existing and original
pavilion elements. Preservation included:

• decorative structural pillars,
• a central lobby with oval skylight,
• a horizontally composed facade across the Centennial Hall.

  

Figure 7. Renovation and refurbishment of the restaurant pavilion of the Centennial Hall complex in
Wroclaw—windows and glazed curtain wall (photographs by the Authors).
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Two new and fully glazed wings extend the preserved structure. Cubatures accommo-
date an auditorium and multifunctional room, while the central part contains a foyer and
restaurants, and above—on the mezzanine—office rooms. All technical equipment, storage
rooms, service areas, and sanitary areas occupy the underground floor. While the original
structure is part load-bearing brick masonry and partly reinforced concrete. It required
strengthening of both walls and foundations and a partial change of existing slabs. The new
structure was also added, made from steel and founded separately, in the two-story part of
the building. The first floor has a light steel structure suspended from the beams of the slab
over the floor. The skylight occupying the building’s central part is a lightweight structure,
as are the new extensions. Plate girders of variable height crown these parts. They have
cast foundations of monolith reinforced concrete due to the high levels of groundwater.
Opaque walls of existing and new extensions received original materials and colouring. A
light-grey structural plaster covers them, polished into an even surface. Preservation of the
original composition of façades was a key factor—the columns lean against the external
wall. Thus, the remodeling assumed internal insulation. The method also allowed the
original depth of the windows to be kept [21].

Due to the high (then) costs of internal thermal insulation systems, the architects
proposed individual solutions. These consist of internal gypsum–cardboard walls, vapour
barrier foil, mineral wool boards on a steal support sub-structure (8 cm width), a ventilation
gap, and dimpled foil. Mentioned layers cover an external wall plastered from the outside.
The roof slab is insulated transitionally from the exterior (Table 4), (Figure 4), [21].

Table 4. The thermal modernisation building solutions for the restaurant pavilion in the Centennial
Hall complex (elaborated by the Authors based on [21]).

No Name of the Layer
The Thickness of

the Layer [cm]

The Design Thermal
Conductivity
of a Material

Heat Transfer Coefficients
through Partition [ W

m2 K]

The existing external wall

1 The external plaster 2.0 1.70
2 The full brick wall 32.0 0.77 1.38
3 The internal plaster 1.5 1.70

The designed external wall

1 The thin-layer plaster 0.3 1.70
2 The external cement-lime plaster 2.0 1.70
3 The masonry brick wall 32.0 0.77
4 The dimpled foil - - 0.36
5 The ventilation gap 2.0 -
6 The mineral wool 8.0 0.038
7 The vapour barrier foil - -

The existing roof slab

1 The existing wooden structure–for
dismantling - - -

The designed roof slab

1 The SBS modified tar paper - -

0.04

2 The underlay felt paper - -

3 The hardboard of mineral wool–for
inclination 5.0–20.0 (avg. 12.5) 0.038

4 The hardboard of mineral wool 18.0 0.038
5 The vapor barrier - -

6 The trapezoidal sheet T55x18
0.75 cm - -

7 The steel structure 30.0 -
8 The fittings gap 112 -
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4. Discussion

The article focuses on the thermal modernisation of modernist architecture while
preserving its original aesthesis and composition. This heritage deserves upcycling aiming
at the reduction of energy consumption and adjustment to nowadays living standards. We
present and analyse case studies of implemented thermal refurbishment designs, which
preserve the initial aesthetics of buildings. Selected designs come from the portfolio of one
of the article’s authors. Another element of the research is the study of energy audits used
to establish energy savings. They were as follows:

We calculated exemplary (presented in the article) heat transfer coefficients through
construction partitions for the block by Nankiera reduction. We used a simple propor-
tion formula to calculate the thermal transmittance U reduction–between initial and de-
signed values:

initial U − 100%
the designed U − x%

And
x =

the designed U ∗ 100%
initial U

Afterwards, we obtained the final value by subtracting x from 100%. The outcome
was as follows:

• external walls—61.53%
• roof—88.2%.

• Bilka [23] conducted the external energy audit for the initial and design phases.
It concerned modification of possible building compartments, ventilation, change
of form of heating, etc. The Author [23] analyzed different variants and selected
the best one for the investor and the design studio. Based on this document, the
shape factor A/V was (and is) 0.47. Improvements of mentioned parameters
influenced calculated thermal power of the heating system, which initially was
46.66 [kW], and after designed refurbishment achieves 17.52 [kW]. The annual
heat demand index to heat the building (without taking into account the efficient
heating system and heating interruptions) was 224.54 [kWh/(m2 year)] and is
74.57 [kWh/(m2 year)], [23]. The Author shows other savings from decreasing
heat transfer coefficients for windows—avg. 37%, doors and gates—34.6%, the
slab over a passage—91.6%. We expect these parameters once all the construction
works are finished according to the recommendations. Data from our calcu-
lations and external audits show substantial improvement in building energy
performance. At the same time, due to the preservation of the initial structure
and adding heat isolation and new coatings, the cost is low. The heat transfer
coefficients, through construction partitions, were reduced by a range of 34.6% to
91.6% (dependent on the element).

• The calculated thermal power of the heating system was reduced by a range of
26.6–62.4% (dependent on the case study).

• The annual heat demand index to heat the building (without taking into account
the efficient heating system and heating interruptions) reduced by a range of
33.4–66.8% (dependent on the case study).

These numbers prove that a thermal refurbishment of modernist heritage buildings
holds great potential to reduce overall energy consumption in the built environment.
Moreover, we show the building solutions that led to the substantial reductions.

For the commercial pavilion at Grunwaldzki square, the values of the heat transfer
coefficients’ decrease are as listed:

• external walls—46.15%;
• roof—88.2%.

As in the previous case for the residential blocks at Grunwaldzki Square, the energy
audit was conducted by Żurawski [24]. It considered both the pre-design and post-design
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states, including heating and ventilation cases. Initial shape factor A/V was (and is)
0.26, and the heat transfer coefficients through partitions construction (if construction
finishes according to plan), should be reduced by: wooden windows—48.4%; steel doors
(communication)—57.4%; the slab over a passage (boards)—79%.

It will influence the calculated thermal power of the heating system, which initially
was 425.83 [kW] and after refurbishment achieved 313.20 [kW]. The annual heat demand
index to heat the building (without taking into account the efficient heating system and
heating interruptions) was 158.92 [kWh/(m2 year)] and will be 105.90 [kWh/(m2 year)], [24].
The data show improvement in building energy performance.

For the residential buildings at Grunwaldzki Square, values of the heat transfer coeffi-
cients’ decrease are listed:

• external walls—63.78%;
• roof—20%.

For the restaurant pavilion in the Centennial Hall complex the changes are the following:

• external walls—73.91%;
• Roof was re-designed.

5. Conclusions

As stated in the paper, thermal insulation is a crucial issue in the renovation process
of modern façades. For instance, the thickness of the insulation layer can change a depth
ratio of a wall and a window. The incorrect proportion has a damaging effect on the
formal expression of architecture. Some available insulating systems may be more effective
than traditional insulations, but new solutions are usually still too expensive to apply
and therefore are rejected by clients—as was the case in all the analysed examples. The
architects need to consider not only the low budgets offered for the insulation of post-war
buildings, but mainly the reluctance of the public and clients to treat them as a proper
heritage buildings.

We believe that a substantial number of buildings from the Modern Period deserve
renewal. They need inclusion in the architectural and cultural heritage of European cities.
What is more, minding that many of that substance is residential, it can fulfil its purpose for
years to come. We hope that the article can become part of the discussion and an example
of practical solutions in line with sustainable striving and current European Union policies.
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24. Żurawski, J.; (Wrocław, Poland). The Energy Audit for Thermal Modernization Enterprise for Implementation at the Basis of Act
at 11 November 2008. Personal communication, 2012.

25. Ordinance Minister of Infrastructure of April 12, 2002 on the Technical Conditions to Be Met by Buildings and Their Location,
Journal of Laws 2019.1065, i.e of 2019.06.07, Based on Article. 7 sec. 2 point 1 of the Act of July 7, 1994—Construction Law
(Journal of Laws of 2018, item 1202, as Amended); Valid at the Date of the Project. Available online: https://www.gov.pl/web/
infrastruktura/warunki-techniczne2 (accessed on 14 October 2021).

26. PN-EN ISO 6946:2017 Building Components and Building Elements—Thermal Resistance and Thermal Transmittance—
Calculation Methods, European Standard, Available by: Polish Normalisation Committee (Polski Komitet Normalizacyjny).
Available online: https://sklep.pkn.pl/pn-en-iso-6946-2017-10e.html (accessed on 15 January 2022).

27. Lylykangas, K. Shape Factor as an Indicator of Heating Energy Demand, 15. Internationales Holzbau-Forum 09. 2009. Available
online: https://www.forum-holzbau.com/pdf/ihf09_Lylykangas.pdf (accessed on 10 November 2021).

28. Wolf, A. Post-war Modernism 2.0 von VROA-Architekten Wrocław. I. Sonntag (Hr. sgb); Sächsische Akademie der Künste: Dresden,
Germany, 2014; pp. 202–207.

29. Duda, M. Patchwork. Architektura Jadwigi Grabowskiej-Hawrylak (Patchwork, The Architecture of Jadwiga Grabowska-Hawrylak);
Museum of Architecture in Wroclaw: Wrocław, Poland, 2016.

399



buildings

Article

Evaluation of Non-Autoclaved Aerated Concrete for Energy
Behaviors of a Residential House in Nur-Sultan, Kazakhstan

Chang-Seon Shon, Inzhu Mukangali, Dichuan Zhang *, Anuar Ulykbanov and Jong Kim

Citation: Shon, C.-S.; Mukangali, I.;

Zhang, D.; Ulykbanov, A.; Kim, J.

Evaluation of Non-Autoclaved

Aerated Concrete for Energy

Behaviors of a Residential House in

Nur-Sultan, Kazakhstan. Buildings

2021, 11, 610. https://doi.org/

10.3390/buildings11120610

Academic Editors: Paulo Santos and

Mark Bomberg

Received: 11 November 2021

Accepted: 25 November 2021

Published: 4 December 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

Department of Civil and Environmental Engineering, School of Engineering and Digital Sciences,
Nazarbayev University, Nur-Sultan 020000, Kazakhstan; chang.shon@nu.edu.kz (C.-S.S.);
inzhu.mukangali@alumni.nu.edu.kz (I.M.); aulykbanov@nu.edu.kz (A.U.); jong.kim@nu.edu.kz (J.K.)
* Correspondence: dichuan.zhang@nu.edu.kz

Abstract: Autoclaved aerated concrete (AAC) is commonly used as a modern, energy-efficient con-
struction material in Nur-Sultan, Kazakhstan—the second-coldest national capital in the world after
Ulaanbaatar, Mongolia. The autoclave curing method used to manufacture the AAC has poten-
tial risks and is environmentally costly because of its high-pressure and -temperature operation.
Therefore, for phase I and II studies, non-autoclaved aerated concrete (NAAC) was cast, and its prop-
erties were evaluated in terms of compressive strength, density, porosity, and thermal conductivity.
Moreover, the thermal conductivity prediction model of NAAC was successfully developed. In this
Phase III study, the energy behavior of the NAAC was evaluated by energy simulation for a typical
two-story residential house model in Kazakhstan. Different wall materials, such as fired brick and
normal concrete, were adapted to compare the energy performance of NAAC. Finally, the annual heat
loss and amount of heat transferred through the wall of the house were calculated to cross-check the
energy-saving effect of NAAC. It was found that the NAAC conserved energy, because the heating
and cooling loads, annual heat loss, and amount of heat transfer of NACC were lower than those of
fired brick and normal concrete.

Keywords: non-autoclaved aerated concrete; thermal conductivity; heating and cooling loads; annual
heat loss; heat transfer

1. Introduction

In the past decade, sustainable or green building technology in the construction
industry has been adapted and has grown continuously. Green building is defined as the
practice of creating structures and using environmentally responsible and resource-efficient
processes throughout a building’s life cycle, from the planning stage to the demolition of
the building. This practice includes not only the classical building design criteria such as
economy, utility, durability, and comfort, but also the efficient use of land, water, resources,
and energy in and around the building, with a low environmental impact [1–3].

The demand for constructing energy-efficient residential houses and buildings is
gradually rising, especially in Nur-Sultan, the capital city of Kazakhstan. Nur-Sultan has a
significant temperature difference between seasons, with long, harsh winters and short,
hot summers. While summer temperatures occasionally reach +35 ◦C, the temperature
between mid-December and early March usually ranges from −20 to −35 ◦C, along with
an average wind velocity of 5.2 m/s, reaching as high as 31 m/s [1,4]. Because of such
severe weather conditions, heating and cooling costs of residential houses and buildings
form the bulk of operating expenses in the residential houses and buildings in Nur-Sultan.
For example, more than 30% of total energy is consumed by residential buildings, and the
heat energy consumption in Nur-Sultan increased from 4963 MW to 6401 MW between
2010 and 2014 [5,6]. Moreover, up to 35% of heat loss is induced through the walls in the
existing conventional houses built in the 1990s. Therefore, designing an energy-efficient
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building with the proper construction materials can significantly save homeowners in
terms of energy-related operations and maintenance costs.

Aerated concrete (AC) is a modern energy-efficient construction material classified as
lightweight concrete due to its low density and strength [7]. According to the production
method, the AC can be divided into cellular concrete (CC) and autoclaved aerated concrete
(AAC). CC is produced using an organic or synthetic foaming agent and a normal curing
method. In contrast, AAC is manufactured using an expansion agent such as aluminum
(Al) powder and an autoclaved curing process [8,9]. As a building material, AAC is typi-
cally used in concrete masonry units, such as blocks. The typical mixture composition of
AAC includes binders (cement and lime), silica-rich supplementary cementitious mate-
rial, fine aggregates (silica and quartz mineral aggregates), an expansion agent (Al), and
water [10,11]. The unique property of AAC is its low thermal conductivity coefficient.
The λ of AAC is attributed to the millions of evenly distributed, uniformly sized, and
entrapped air voids caused by the chemical reaction between Al powder and alkalis in
the cementitious mixtures, producing hydrogen gas [12,13]. Despite depending on the
mixture proportions, the typical porosity of AC ranges from 75 to 90% [14]. This unique
property gives AAC a thermal conductivity (λ) as low as 0.085–0.30 W/(m·K), depending
on density, curing method, moisture content, mixture proportions, and ingredients [13,15].
For example, Walczak et al. [13] reported that the λ value of sand-based AAC is approx-
imately 0.15 W/(m·K), while the λ value of fly-ash-based AAC is 0.085 W/(m·K) at the
same density (400 kg/m3).

For energy conservation, Walczak et al. [13] reported that the λ value of materials used
for the construction of buildings should be lower than 0.23 W/(m·K) in order to reduce
energy consumption and utility bills; AAC can fulfill this condition. Several researchers
have studied the energy efficiency quality of AC materials. Radhi [16] reported that the
use of AC materials in the wall layer of buildings reduced energy use by 7%. Narayanan
and Ramamurthy [7] described how AAC provides better thermal insulation than con-
ventional concrete blocks, and is considered to be an energy-efficient material, conserving
temperature and reducing energy consumption. From the viewpoint of sustainability, ap-
proximately 350 kg of CO2 emissions could be saved by each 1 m2 of AAC wall throughout
the life cycle of a building [17]. According to the research survey conducted by the Portland
Cement Association (PCA), 77% of design professionals assert that AAC can be considered
a sustainable material that corresponds to all sustainability requirements [18].

Several researchers have compared different building materials, including AAC, in
terms of energy consumption. For example, Kaşka and Yumrutaş [19] examined various
multilayer building walls consisting of materials commonly used in Turkey, which include
briquettes, bricks, blokbims, and AAC. They found that AAC is a more suitable wall
material than the other materials because it has a lower temperature at the inner surface,
and heat flows through the wall when the external air temperature is high. Heathcote [20]
determined the internal temperature of a building without an air conditioner during the
summer days, which was constructed with brick veneer, mud bricks, and AAC wall panels;
his results indicated that the internal temperature of the building constructed with AAC
was 25.0 ◦C, while the those constructed with brick veneer and mud bricks were 25.4 ◦C and
26.6 ◦C, respectively; he concluded that using walls with AAC leads to a more comfortable
room than the other materials. Aybek [18] also conducted building energy simulations
with AAC, wooden frames, and metal frames; he found that the building model made
with AAC consumed 14% and 11.6% less energy than the wood-framed and metal-framed
models, respectively.

As previously stated, AC produced using an expansion agent, such as Al powder,
typically uses an autoclaved curing method. The autoclave curing used for the AC has
potential risks and is environmentally costly because of its high-pressure and -temperature
operation. Therefore, a non-autoclaved aerated concrete (NAAC) cured in the air, or in a
moist room at 100% RH, was developed. The authors’ previous work successfully assessed
the properties of NAAC in terms of compressive strength, porosity, and λ, and found that
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NAAC could have enough strength and a similar λ to AAC [10]. However, when NAAC
is used as a building wall material in a residential house in Nur-Sultan, Kazakhstan, it is
interesting how much the NAAC contributes to energy conservation. Therefore, in this
research, the energy-saving potential of NAAC to improve the energy performance of a
residential house was assessed throughout the simulation with DesignBuilder software
tools. Finally, both simple annual heat loss and heat transfer through the walls of the
building were calculated.

2. Research Scope and Summary of Phases I and II Work

2.1. Research Scope

This research aims to evaluate how much NAAC contributes to the energy conser-
vation of a residential house in Nur-Sultan, Kazakhstan. As presented in Figure 1, this
goal was accomplished by three principal works: (1) the manufacture of NAAC, (2) the
development of a performance-based model to predict the thermal conductivity of NAAC,
and (3) evaluation of the energy conservation of a residential house containing NAAC walls.

 
Figure 1. Diagram of research scope and experimental program.

In phases I and II studies, manufacturing of NAAC and development of a prediction
model of NAAC’s thermal conductivity were successfully conducted and reported [9,20].
The mix design formulation(s) was accomplished by determining density, porosity, com-
pressive strength, and λ under various curing conditions and different water-to-binder
ratios (w/b). Furthermore, based on the linear relationship between λ and test parame-
ters and the normalized curves for each parameter, the performance-based mathematical
model to predict the λ of NAAC was developed. The advantage of this modeling is that it
considers all mixture design parameters and curing conditions. However, there is room
to improve the performance-based model to predict the λ of NACC. For example, taking
the moisture content of the NAAC mixture as an input parameter for the prediction model
may increase the model’s reliability.

As a phase III work, this paper mainly focuses on evaluating the contribution of
NAAC to energy conservation. The obtained λ values of NAAC mixtures from phase I
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and II studies were used to calculate the heat loss and transfer for a typical residential
house with NAAC walls. Finally, the energy-saving potential of building walls consisting
of NAAC was compared to that of the brick and regular concrete commonly used in
Kazakhstan throughout the simulation, using DesignBuilder software (V7, DesignBuilder
Software Ltd., Stroud, UK).

2.2. Summary of Phase I and II Work
2.2.1. Mixture Proportions and Levels of Test Parameters

Nine NAAC mixtures were cast to evaluate key parameters influencing the λ of NAAC
in the phase I study. Test parameters included the w/b, curing age, curing temperature,
and moisture condition of the cured specimen. Compressive strength, porosity, density, and
λ value of NAAC were obtained from the tests. The NAAC was produced with 42.0% sand,
12.9% cement, 9.0% lime, 0.06% aluminum powder, and 36.04% water. Mixture proportions
and levels of test parameters are presented in Tables 1 and 2, respectively.

Table 1. Mixture proportions of non-autoclaved aerated concrete.

Mixture

Unit Weight (kg/m3)

Sand 1 Sand 2 Sand 3 Cement Lime Water
Aluminum

Powder

M1_w/b = 0.6_T20_D 336 379 339 405 198 360 1.62
M2_w/b = 0.6_T40_D 336 379 339 405 198 360 1.62
M3_w/b = 0.6_T60_D 336 379 339 405 198 360 1.62
M4_w/b = 0.6_T20_S 336 379 339 405 198 360 1.62
M5_w/b = 0.6_T40_S 336 379 339 405 198 360 1.62
M6_w/b = 0.6_T60_S 336 379 339 405 198 360 1.62
M7_w/b = 0.5_T20_D 336 379 339 440 229 335 1.62
M8_w/b = 0.7_T20_D 336 379 339 318 220 378 1.62
M9_w/b = 0.8_T20_D 336 379 339 320 176 397 1.62

Note: M#: mixture number; w/b: water-to-binder ratio; T: curing temperature; D: dried condition; S: saturated
condition.

Table 2. Test parameter variables.

Test Parameter Levels

Curing age 3, 7, 14, or 28 days
Curing temperature 20 ◦C, 40 ◦C, or 60 ◦C
Humidity conditions Dry or moist (saturated)
Water-to-binder ratio 0.5, 0.6, 0.7, or 0.8

2.2.2. Materials and Test Methods

Ordinary Portland cement (OPC-ASTM Type I), lime, three types of sand with different
Al2O3 and SiO2 contents, and aluminum (Al) powder were used to cast NAAC. The Al2O3
and SiO2 contents were equal to 11.27% and 56.54%, respectively, in Sand 1; 0.64% and
78.83%, respectively, in Sand 2; and 16.57% and 72.92%, respectively, in Sand 3. Al powder
with a medium size of 44–53.5 μm was used as an expansion agent, producing the volume-
increased portion of the concrete as a result of many hydrogen–air holes caused by a
chemical reaction between the water, Al powder, and alkalis released from cementitious
materials (binders). The OPC with specific gravity of 3.14 had the following chemical
composition: 18.20% SiO2, 4.01% Al2O3, 11.79% Fe2O3, 53.8% CaO, 0.79% K2O, 0.16%
Na2O, 0.58% MgO, 0.20% TiO2, 0.46% MnO, and 4.32% SO3.

Cubic specimens with dimensions of 50 mm × 50 mm × 50 mm were cast for the compressive
strength tests, while prismatic-shaped samples with dimensions of 150 mm × 150 mm × 30 mm
were cast for the thermal conductivity measurements. During the casting process for the thermal
conductivity samples, the concrete mixture was placed into a mold with two layers, and 25 strokes
of the tamping rod per layer were applied by a metal rod. Surplus concrete from the mold was
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removed, and then the mold containing concrete was put into an oven maintained at 40 ◦C and
40 ± 5% relative humidity (RH), and then covered with plastic sheets for 2 h. After 24 h oven curing,
the NAAC specimens were demolded and placed under various curing conditions, as described in
Table 2. Three samples per mixture were made in order to increase the reliability of the test results.

The λ of NAAC was measured using a thermal conductivity measuring equipment based
on stationary heat flow. This device can measure three thermal properties—thermal conduc-
tivity (W/mK), thermal insulance (m2·K/W), and heat flux (W/m2)—using the specimen,
which had dimensions of 150 mm × 150 mm and thickness ranging from 3 mm to 40 mm.

Based on the ASTM C642-13 Standard Test Method for Density, Absorption, and Voids
in Hardened Concrete, the density and porosity of the NAAC sample were determined.

2.2.3. Test Results

Figure 2 presents the development of compressive strength over time for each mixture.
Regardless of mixture type, the compressive strength increased as curing age increased.
Moreover, the comparison of strength development in mixtures 7–9 clearly shows that the
increase in w/b led to lower compressive strength.

Figure 2. Compressive strength development of each mixture.

In moist curing, the compressive strength generally increased as the curing tempera-
ture increased. Interestingly, the compressive strength decreased as the curing temperature
increased for the mixtures cured in dry conditions. This result was due to the loss of water
from the drying surface of the concrete, which did not contain enough water for further
continuation of the hydration process.

Figure 3 shows the relationship between the λ and porosity-to-density ratio (P/D) of
NAAC mixtures at 14 and 28 days. In general, the concrete mixtures with higher porosity
and lower density have a low λ value, regardless of curing age; in other words, the higher
the P/D, the lower the λ [1].
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(a) 14-day test results 

(b) 28-day test results 

Figure 3. Relationship between thermal conductivity and porosity-to-density ratio.

As expected, the λ values of the NAAC mixture increased as the P/D increased,
except for the moist-cured (saturated) specimens. For example, the λ value of mixture 9,
with a P/D of 0.055, was 0.233, while the λ value of mixture 7, with a P/D of 0.039, was
0.426; 28-day-cured specimens followed the same trend. Interestingly, the moist-cured
sample followed the opposite trend: the higher the P/D, the higher the λ. This result
may be attributed to the curing temperature, which affects the formation of large and
open-connected pores in the NAAC. Machrafi and Lebon [21] reported that the λ was
considerably increased when pore size increased from nano- to macro-pores. Bhattacharjee
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and Krishnamoorthy [22] reported that concrete with open-pore cells had higher λ than
that with enclosed pores, because open-cell concrete has more chance of being saturated.
It should be noted that a higher curing temperature at an early age produces coarse and
open-cell pores that are filled with free water, consequently resulting in larger λ values.

Phase I research has also investigated how different parameters—such as the w/b,
curing age, curing temperature, and moisture condition of the cured specimen—influence
the λ of the NAAC mixture. In summary, the λ of the NAAC mixture decreased with the
increase in w/b, curing age, and air-dried curing temperature, whereas the λ increased with
the rise in the curing temperature under saturated conditions. For example, Figure 4 presents
the effect of w/b on the λ of NAAC specimens cured for 14 and 28 days. As previously
stated, the λ of the NAAC mixture decreased as the w/b increased. This result can be
attributed to the fact that higher water content increases the intensity of pore formation,
which creates more pores in the NAAC and, eventually, leads to a lower value of λ.

Figure 4. Effect of water-to-binder ratio (w/b) on thermal conductivity at 14 days and 28 days.

Based on the phase I study results, a performance-based model to predict the λ of
NAAC mixture was successfully developed (phase II work). The model showed good
reliability to predict 28-day λ of NAAC mixtures, along with an R2 value of 0.875 [10].
This model was based on the relationship between λ and each test parameter, as described
above and in Table 2.

3. Evaluation of Energy Behavior in a Residential House (Phase III Study)

3.1. Building Characteristics, Material Properties, and Simulation Software

To determine the contribution of NAAC to the energy conservation of a residential house
in Nur-Sultan, Kazakhstan, the geometry of the house was first established. As presented
in Figure 5a,c,d, a typical two-story conventional house with a total area of 191.5 m2 was
used as the simulation model. The first floor of the house consisted of a hall, kitchen/dining
room, bathroom, guest room, and family room, with areas of 19 m2, 24 m2, 8.75 m2, 20 m2,
and 24 m2, respectively. The second floor comprised a hall, master bedroom (including a
bathroom), 2 bedrooms, and 2 bathrooms, with areas of 16 m2, 20 m2, 36 m2, and 16.1 m2,
respectively. House geometry components for the simulation are given in Table 3.
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(a) A 3-dimensional view (b) Wall structures 

 

(c) First floor plan (d) Second floor plan 

Figure 5. A typical 2-story residential house model in Nur-Sultan for energy simulation.

Table 3. House geometry components for the simulation.

Component Value

Floor height 7 m (22.97 ft)
Perimeter of house 40 m (131.23 ft)
Total area of house 280 m2 (3013.89 ft2)

Thickness of wall layer 300 mm (11.81 in.)
Thermal conductivity of mixture 3 0.2315 W/m·K (1.605 Btu·in/h·ft2·F)

Materials for six wall layers consisted of 10 mm decorative Munich stucco, 2 mm
reinforcing mesh, 10 mm stucco, 150 mm mineral wool, 300 mm NAAC, and 10 mm
gypsum plastering, as shown in Figure 5b. As previously stated, the other two sets of wall
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structures, with brick and normal concrete—the most common materials for constructing
conventional houses in Kazakhstan—instead of NAAC, were also selected in order to
evaluate the differences in energy-saving performance between different materials. The
properties of each material in the wall structure—such as density, specific heat, and thermal
conductivity—are given in Table 4.

Table 4. Properties of wall structure materials.

Materials Thickness (mm)
Thermal

Conductivity
(W/m·K)

Specific Heat
(J/kg·K)

Density (kg/m3) Cost (GBP/kg)

Decorative stucco 10 0.6918 840 1858 5.26
Reinforcing mesh 2 0.3 1000 1000 0.68

Stucco 10 0.6918 840 1858 2.02
Mineral wool 150 0.0550 840 140 37.90

NAAC 300 0.2315 600 1113 32.16
Brick 300 0.72 840 1920 31.01

Normal concrete 300 1.8 1000 2400 28.31
Gypsum plastering 10 0.16 830 785 0.081

The software simulation used these geometric models and material properties to
evaluate how much energy could be saved for the residential house with different ma-
terials. While the DesignBuilder software with a cross-platform use of EnergyPlus (V9,
U.S. Department of Energy, Washington DC, USA) as the main simulation engine was used
for whole-house energy simulation, the Autodesk Revit software (Revit 2021, Autodesk,
San Rafael, CA, USA) was used to quickly create the geometry and floor plans needed for
simulating the house.

3.2. Calculation of Annual Heat Loss

To cross-check the energy-saving effect of NAAC, the annual heat loss (AHL) through
the wall of the house was calculated using the American Society of Heating, Refrigerating,
and Air-Conditioning Engineers (ASHRAE) method [23], considering the same house ge-
ometry mentioned above. In the ASHRAE method, it is necessary to know the terminology
of heating degree days (HDD), cooling degree days (CDD), and degree days. Whereas
HDD is the amount of energy that is required to heat the building during the cold season,
CDD is the amount of air conditioning required during the hot season. The degree day
is the index of fuel consumption demonstrating how many ◦F the mean temperature fell
below 65 ◦F for the day. Because Nur-Sultan is located in the seventh climate zone, with
9000 < HDD65 ◦F ≤ 12,600, the annual HDD65 value of 10,291 was used. In order to calcu-
late the AHL, this value was multiplied by the heat loss per degree day (HLPDD), which is
the heat loss per day with one degree between the internal and external temperatures. The
HLPDD can be obtained from Equation (1):

HLPDD =
A × (Tinside − Toutside)

R
× 24

h
day

(1)

where HPLDD = heat loss per degree day; A = total wall area (ft2); (Tinside − Toutside) = 1 ◦F;
and R = thermal resistance (h·ft2·F/Btu).

Thermal resistance was calculated using Equation (2):

R =
Δx
λ

(2)

where Δx = the thickness of the wall layer (ft); and λ = thermal conductivity (Btu·in/h·ft2·F).
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3.3. Estimation of Heat Transfer

To further validate the effect of NAAC on energy saving, heat transfer through the wall
of the house was estimated based on a one-dimensional heat transfer method developed
by Thomas [24]. Figure 6 shows a steady-state one-dimensional heat transfer model; it is
assumed that the wall is a homogeneous material with constant thickness and constant
thermal conductivity, and that each face of the wall is held at a continuous uniform
temperature. The wall heat transfer system consists of two convection elements on the
outside and inside of the wall, and one heat conduction element inside the wall.

  

(a) Concept of the NAAC wall insulator (b) Heat transfer of NAAC wall loads structures 

Figure 6. One-dimensional steady-state model.

In general, the one-dimensional heat transfer model uses the following concept: rate
of heat convection into the wall = rate of heat conduction through the wall = rate of heat
convection from the wall. Table 5 presents the elements used to calculate the heat transfer
through the wall, including the air conditioner and inner surface temperature. Therefore,
the heat transfer of the wall was calculated using Equation (3).

Qw = h1 × A × (T∞1 − T1) =
λ × A × (T1 − T2)

Δx
= h2 × A × (T2 − T∞2) (3)

where Qw = heat transfer of wall; A = area of the wall (m2); T∞1 = outdoor temperature;
T1 = outer wall surface temperature; T2 = inner wall surface temperature; T∞2 = indoor
temperature; λ = thermal conductivity (W/(m·K)); Δx = wall thickness (m); h = heat
transfer coefficient (W/m2·K).

Table 5. Conditions of one-dimensional heat transfer model.

Element Condition

Outdoor temperature, T∞1 (◦C) 35
Indoor temperature, T∞2 (◦C) 23

Outer wall surface temperature, T1 (◦C) 32
Length of the wall (1 room), L (m) 4

Height of the wall, h (m) 3.5
Thickness of the wall, Δx (m) 0.3

Thermal conductivity, λ (W/(m·K))
NAAC 0.2315
Brick 0.72

Normal concrete 1.8
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4. Results and Discussion

4.1. Evaluation of Energy Conservation from DesignBuilder Simulation
4.1.1. Energy Consumption of 9 NAAC Mixtures

Figure 7 shows the simulation results of monthly heating and cooling loads for nine
different NAAC mixtures. It was observed that NAAC mixture 3, with the lowest λ value,
had a significant reduction in heating and cooling loads for each month. For example, the
heating and cooling loads in January and July for mixture 3 were 5346 kWh and 2253 kWh,
respectively, when these months recorded the lowest and highest outdoor temperatures
of the year, respectively. These values were 1.6% and 6.3% lower than the heating and
cooling loads in the same months, respectively, for mixture 6, which had the highest λ value.
Therefore, it can be concluded that NAAC with a lower λ value leads to lower heating and
cooling energy needs, depending on the mixture parameters used in the NAAC mixture.

(a) Heating loads 

(b) Cooling loads 

Figure 7. Monthly heating and cooling loads of 9 NAAC mixtures.
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In the meantime, Table 6 indicates the energy consumption for heating and cooling
of the individual rooms when mixture 3, with the lowest λ value, was used. The annual
total energy consumption of heating and cooling for both the first and second floors was
22,515.2 kWh and 6760.8 kWh, respectively. The kitchen, dining room, and hall space
recorded the maximum heating (1204.5 kWh) and cooling (445.7 kWh) consumption because
of its having the largest area (43 m3). This area also had the most significant 12-month aver-
age heating and cooling energy consumption, with 419.0 kWh and 109.5 kWh, respectively.

Table 6. Heating and cooling energy consumption for each room using mixture 3.

Floor Room
Heating Energy (kWh) Cooling Energy (kWh)

Annual Maximum Average Annual Maximum Average

First floor

Guest room 3142 691.1 261.8 403.0 157.1 33.6
Bathroom/WC 831.7 177.2 69.3 77.0 33.8 6.4
Kitchen, dining
room, and hall 6026.8 1495.1 502.2 826.5 387.3 68.9

Family room 3595.3 788.8 299.6 405.5 169 33.8

Second floor

Master bedroom
(MB) 3081.3 696.4 256.8 380.4 156.2 31.7

Bathroom/WC 1 1060.0 225.5 88.3 122.7 51.8 10.2
Bedroom 1 2711.1 594.9 225.9 345.5 145.5 28.8
Wardrobe 686.7 143.2 57.2 79.5 35.8 6.6
Bedroom 2 2374.9 550.9 197.9 511.7 194.6 42.6

Bathroom/WC 2 773.9 167.2 64.5 104.3 45.7 8.7
Open space 3353.6 800.6 279.5 601.2 254.7 50.1

Total energy consumption 27,637.7 6330.7 2303.1 3857.4 1631.5 321.5

4.1.2. Energy Consumption of Three Different Wall Materials

The monthly heating and cooling loads for NAAC (mixture 3), brick, and normal
concrete are shown in Figure 8. The heating and cooling loads of NAAC were lower than
those of brick and normal concrete for the entire year. For example, the heating load of
NAAC in January was 5346 kWh, while the heating loads of brick and normal concrete
were 5421 kWh and 5445 kWh, respectively. This result indicates that the use of NAAC
in wall structure layers leads to a 1.4% and 1.8% reduction in heating load in January
compared to brick and normal concrete, respectively. However, the heating load from May
to August presents almost zero reading because of higher seasonal temperature, regardless
of wall materials.

On the other hand, the maximum cooling load—irrespective of the type of wall
material—was recorded in July, which has the highest outdoor temperature. In July, the
energy consumption for cooling with NAAC was 2253 kWh, whereas brick and normal
concrete had energy demands for cooling of 2379 kWh and 2381 kWh, respectively. Again,
this result indicates that the NAAC reduces the cooling load by 5.3% and 5.4% compared
to brick and normal concrete, respectively. Therefore, these results clearly indicate that the
NAAC has higher energy conservation than brick and normal concrete.
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(a) Heating loads 

(b) Cooling loads 

Figure 8. Comparison of monthly heating and cooling loads of NAAC, brick, and normal concrete.

4.1.3. Analyses of Cost, Site Energy, and Source Energy

Table 7 compares the cost, site energy, and source energy between three different wall
materials. The site energy is the energy consumed at the final destination of the power
generation cycle to maintain the desired conditions; in other words, it is all of the energy
consumed by the house (building), and is typically expressed in utility bills. The source
energy contains site energy as well as all energies that are produced; this includes the raw
materials (e.g., coal) that are consumed to create the power that is distributed to consumers,
as well as the power (e.g., electricity) that enters the distribution system [25].

Table 7. Cost, total site energy, and total source energy.

Materials Cost (GBP) Site Energy (kWh)
Site Energy
Saving (%)

Source Energy
(kWh)

Source Energy
Saving (%)

NAAC 27813 36210.21 118553.77
Brick 41440 37402.73 3.29 123273 3.98

Normal concrete 41160 38103.0 5.23 125338 5.72

Both site energy and source energy of two-story houses using NAAC are lower than
those of brick and normal concrete materials. In fact, a building made with NAAC, which
has lower a material cost than brick or normal concrete, leads to 1.08% and 1.38% lower
source energy savings than similar houses constructed with brick and normal concrete,
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respectively. In addition, the use of NAAC walls can lead to site energy savings of of 0.67%
and 0.91% compared to brick and normal concrete, respectively. Overall, the simulation
results of DesignBuilder demonstrate that NAAC is a more effective material than con-
ventional brick and normal concrete in terms of heating load, cooling load, site energy,
and source energy. This result is consistent with previous research finding that autoclaved
aerated concrete can be the most efficient material in terms of operational energy for any
building, and can reduce heating and cooling losses if the material’s thermal properties are
used appropriately [26].

4.2. Evaluation of Annual Heat Loss

To check the energy-saving effect of NAAC, the annual heat loss (AHL) through a
wall of the house was calculated as described in Section 3.2. The following is an example of
AHL calculation using mixture 3 and the house geometry listed in Table 3.

Using Equation (2), thermal resistance was first calculated:

R =
11.811 in

1.605 Btu · in
h · ft2 · F

= 7.358 h · ft2 · F
Btu

(4)

Next, heat loss per degree day was calculated by substituting all of the values into
Equation (1):

Q =
3013.89 ft2 × 1◦F
7.358 h · ft2 · F

Btu
× 24

h
day

= 9830
Btu

degree day
(5)

Finally, the AHL was calculated by multiplying HLPDD and annual degree days in
Nur-Sultan city:

AHL = Q = 9830
Btu

degree day
× 10, 291 degree day = 101.16

MBtu
year

(6)

The same procedure was used to identify the AHL for the other NAAC mixtures,
brick, and normal concrete. As shown in Figure 9, the AHL was proportionally reduced
as the λ value in each mixture was reduced. Moreover, the NAAC mixture produced a
significant energy saving in heat loss for a conventional house in Nur-Sultan. For instance,
the AHL of mixture 3 has the lowest λ value of 101.2 MBtu, while brick and normal
concrete are 314.6 MBtu and 559.3 MBtu, respectively. This means that the NAAC mixture
has approximately 3 and 5 times less heat loss than brick and normal concrete, respectively.
In other words, this result indicates that the NAAC reduces the AHL by 67.8% and 81.9%
compared to brick and normal concrete, respectively. This result follows the same trend as
the heating load obtained from the DesignBuilder simulation, but presents more energy
conservation. It should be noted that the different energy-saving results between the
DesignBuilder simulation and the simple AHL calculation are due to the fact that the
building simulated on DesignBuilder comprises six layers of material, while the hand
calculation considers only a single material layer.

4.3. Evaluation of Heat Transfer

The DesignBuilder simulation results and annual heat loss calculations clearly indicate
that NAAC has a better energy conservation effect than brick or normal concrete, due to
thermal conductivity reduction. To support these results, the heat transfer through a wall of
the house was obtained from Equation (3). Figure 10 shows the amounts of heat transferred
by convection inside the wall, and by the air conditioner and the temperature of the inner
surface of the wall, for each mixture. NAAC mixture 3, with the lowest λ value, had the
lowest amount of heat transferred inside the wall by convection, as well as the lowest inner
surface temperature. For instance, at a given room temperature of 23 ◦C, 7.51 W of heat
was transferred by convection, and the calculated inner surface temperature was 23.4 ◦C,
when mixture 3 was used. In this case, the air conditioner transferred very little heat to
maintain its steady state.
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Figure 9. Annual heat loss of NAAC mixtures, brick, and normal concrete.

On the other hand, the results of heat transfer to the wall by convection (Q1), heat
transfer inside the wall by convection (Q2), heat transfer by the air conditioner ΔQ (W),
and inner surface temperature (T2) are summarized in Table 8. The heat transferred to the
wall by convection was constant, because the conditions for external and outer-wall surface
temperature were the same. Moreover, NAAC mixture 3, which has the lowest thermal
conductivity value, demonstrated the lowest amount of heat transferred inside the wall by
convection, along with the lowest inner surface temperature. For example, at a given room
temperature of 23 ◦C, 7.5 W of heat was transferred inside the wall by convection when
NAAC mixture 3 was used. Therefore, the air conditioner should transfer 84.9 W of heat in
order to maintain the steady-state conditions in the room.

Figure 10. Heat transfer results through a house wall.
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Table 8. Heat transfer results.

Mixture λ (W/(m·K)) Q1 (W) Q2 (W) ΔQ (W) T2 (◦C)

M1_w/b = 0.6_T20_D 0.3891 92.4 134.3 41.9 26.9
M2_w/b = 0.6_T40_D 0.2524 92.4 26.5 65.9 24.2
M3_w/b = 0.6_T60_D 0.2315 92.4 7.5 84.9 23.4
M4_w/b = 0.6_T20_S 0.3941 92.4 137.2 44.8 27.0
M5_w/b = 0.6_T40_S 0.6532 92.4 235.4 143.0 29.0
M6_w/b = 0.6_T60_S 0.7234 92.4 250.9 158.5 29.3
M7_w/b = 0.5_T20_D 0.4287 92.4 156.1 63.7 27.4
M8_w/b = 0.7_T20_D 0.3524 92.4 110.6 18.3 26.4
M9_w/b = 0.8_T20_D 0.3197 92.4 86.4 6.0 25.8

Brick 0.7200 92.4 250.2 157.8 29.3
Normal concrete 1.800 92.4 341.83 249.44 30.9

Note: M#: mixture number; w/b: water-to-binder ratio; T: curing temperature; D: dried condition; S: saturated condition.

On the other hand, 250.2 W and 341.8 W of heat were transferred inside the wall by
convection when brick and normal concrete were used, respectively. This means that air
conditioners should transfer 157.8 W and 249.4 W of heat, respectively, in order to maintain
the steady-state conditions in the room. According to the calculation results, it is clear that
the use of air-dried NAAC mixture 3 with curing temperature = 60 ◦C and 0.2315 W/(m*K),
w/c = 0.6, results in 97.0% and 97.8% energy cost reduction compared to brick and normal
concrete, respectively.

In addition, the inner surface temperature was lower when NAAC mixture 3 was used.
For example, the inner surface temperatures of NAAC mixture 3, brick, and normal concrete
were 23.4 ◦C, 29.3 ◦C, and 30.9 ◦C, respectively. According to Nicol and Humphreys [27],
the most likely comfort thermal temperature can be identified using Equation (7):

Tc = 13.5 + 0.54T0 (7)

where Tc = comfort temperature (◦C) and T0 = monthly average outdoor temperature (◦C).
For example, since the average outdoor temperature in Nur-Sultan in July 2020 was 21 ◦C,
Tc was estimated as 24.8 ◦C. The inner surface temperature of normal concrete and brick
walls is much higher than this value, whereas that of NAAC walls is roughly the same.

5. Conclusions

The paper presents how much NAAC contributes to the energy conservation of a
typical residential two-story house in Kazakhstan. The energy conservation potential of
NAAC was evaluated throughout the study in comparison to brick and normal concrete,
via simulation using DesignBuilder software, the calculation of annual heat loss, and as-
sessment of the amount of heat transferred through the walls of the house. After comparing
the results of NAAC, brick, and normal concrete, the following conclusions can be drawn:

(1) The compressive strength of NAAC generally increased with moist curing conditions,
the increase in curing temperature, and the decrease in the water-to-binder ratio;

(2) The concrete mixtures with higher porosity and lower density had low λ values,
regardless of curing age;

(3) DesignBuilder simulation results indicate that NAAC with lower λ values led to lower
heating and cooling energy needs;

(4) The largest area in the house consumed more heating and cooling energy, regardless
of mixture type;

(5) Because the heating and cooling loads of NACC were lower than those of brick and
normal concrete, the house with NACC walls was more efficient in saving source
energy and site energy, as well as in reducing material costs;

(6) Evaluation results of annual heat loss and heat transfer were consistent with Design-
Builder simulation results, showing that the use of NAAC conserves more energy
than brick or normal concrete.
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The thermal properties of NAAC are remarkably affected by various ingredients of
concrete and hardened properties of concrete, such as density and porosity. The NAAC in
this study was made from conventional materials such as cement, lime, silica-rich sand, and
aluminum powder. Therefore, a more sustainable approach could be adopted if the NAAC
was made of industrial byproducts such as fly ash and ground granulated blast-furnace
slag (GGBFS), or solid municipal waste materials such as waste glass bottles.
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Abstract: The duo of better insulated and more air-tight envelopes without appropriate consideration
of water vapour diffusion and envelope moisture management has often demonstrated an increased
potential of moisture accumulation, interstitial condensation, and mould growth within the building
envelope. To inform a resilient, energy efficient, and healthy building design, long-term transient
hygrothermal modelling are required. Since 2008, concern has been raised to the Australian building
regulators regarding the need to establish the vapour diffusion properties of construction materials,
in order to develop a hygrothermal regulatory framework. This paper discusses the results from
laboratory testing of the vapour diffusion properties of two common reflective pliable membranes,
and one smart pliable membrane. The two reflective pliable membranes are often used within the
exterior walls of Australian buildings. The smart pliable membrane is a relatively new, internationally
available product. The three membranes were tested as per ISO 12,572 at 23 ◦C and 50% RH.
To establish if the vapour resistivity properties were constant, under different relative humidity
conditions, the membranes were further tested at 23 ◦C and relative humidity values of 35%, 65%,
and 80%. The results of the three pliable membranes show that the vapour resistivity properties
varied in a non-linear (dynamic) manner subject to relative humidity. In conclusion, this research
demonstrates that regardless of the class, each of the tested membrane types behaved differently
under varying relative humidity and pressure gradients within the testing laboratory.

Keywords: vapour resistivity; hygrothermal modelling; energy efficient; airtightness; condensation;
hygrothermal boundary curve; moisture management; impermeable membrane; diffusion; smart
membrane; relative humidity

1. Introduction

The aim of this research was to investigate whether the single point vapour resistivity
test method as described in ISO 12572 and ASTM E 96m provides adequate data to inform
building envelope hygrothermal simulation. The current standard only requires a single
point measurement for materials tested at 23 ◦C and 50% relative humidity (RH). The
incorporation of high-quality material property inputs in the hygrothermal simulation has
been identified by many as critical, which may significantly impact the moisture and mould
risk calculations. This article reports on the observed water vapour resistivity properties of
two impermeable pliable membranes, and one smart pliable membrane, when tested under
different relative humidity conditions (humidity-dependent), in order to plot multiple
point, rather than single point, hygrothermal boundary curves for each of these materials.

The combination of thermal insulation and airtightness without appropriate consider-
ation of the external envelope’s ability to manage water vapour diffusion and moisture
have been identified as key contributors to moisture, moisture accumulation, and mould
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growth within internal and interstitial spaces in energy efficient buildings [1–4]. Since
the 1990s, design processes have increasingly included complex hygrothermal simulation
methods, which calculate moisture accumulation and mould growth. In 2019, Australia’s
national building regulations, the National Construction Code (NCC), included the first
performance requirement regarding condensation. These regulations were the result of
significant market-based concerns about the visible presence of condensation and mould
prevalent in many Australian new buildings. The performance requirement states, “Risks
associated with water vapour and condensation must be managed to minimise their impact on
the health of occupants” [5]. Reflecting the universal acceptance that mould spores affect
human health, the new clauses were included within the Health and Amenity section [6–8].
In Australia, the development of guidelines, policy, and the regulatory framework re-
garding material data and bio-hygrothermal simulation methods is of importance due to
the increased requirements for highly energy-efficient buildings and the corresponding
development of condensation-related regulations for 2019, 2022, and 2025.

In this research, the water vapour resistivity properties of two types of impermeable
membrane, and one type of smart pliable membrane were measured under different rela-
tive humidity conditions. Following international methods, the data was then modified to
obtain variable hygrothermal boundary curves for inclusion in hygrothermal simulation.
The effect of the differences between hygrothermal simulations completed using a single
point, or a multi-point hygrothermal boundary curve will be reported in a future article.
Within this context, the research collaboration between the University of Tasmania and
Fraunhofer Institute of Building Physics (IBP) Germany, also addressed the matter of how
to establish the hygrothermal boundary curves for materials tested via the gravimetric cup
method and under different relative humidity conditions. This boundary curve is of great
importance, especially if it is identified that construction materials have variable character-
istics subject to different relative humidity conditions [9–11]. This is because the vapour
resistivity properties of construction materials is not constant across the boundary curve
but varies continuously along the cross-section of such materials. Previous publications
about this research project have described the advanced method for construction material
water vapour resistivity testing that has been completed to assist in providing high quality
data for hygrothermal simulation.

There has been a growing concern that the standard testing method normally adopted
in North America and Europe may provide insufficient hygrothermal guidance for the
design guidance of building envelopes [2,12–15]. The current methods were developed at
a time of limited computer processing capacity and for non-transient simulation methods.
This method has been critiqued internationally, due to its focus on a single environmental
condition, namely, 23 ◦C and 50% RH, which may not adequately represent the condi-
tions within the external envelope [2,13,16]. Currently, Australia has adopted the North
American Testing Method, ASTM E 96m, to obtain water vapour diffusion properties, as
referenced in Australia Standard, AS4200:1, which deals with the application of pliable
membranes in buildings [17,18]. As Australia seeks a more detailed climatically- based
approach to address surface and interstitial moisture problems in buildings, it has been
acknowledged that there is a need to quantify construction material’s hygrothermal diffu-
sion characteristics under different relative humidity conditions that may better represent
the boundary conditions within external walls [13]. Relative humidity considerations are
important, as the normal level of relative humidity varies significantly between climate
types, whether they be desert, cool/temperate, maritime, or hot and humid climates.
ASHRAE Standard 160 recommends interior relative humidity (RH) conditions be main-
tained between 30 and 60% [19]. Several researchers have identified internal relative
humidity levels within occupied, conditioned, and unconditioned housing well above
the 50% RH level prescribed in the single point vapour resistivity test method [16]. To
adequately complete hygrothermal simulations requires appropriately detailed interior
and exterior climatic data and precise water vapour diffusion properties for each material
in the external envelope. A common standpoint for any simulation-based decision making
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is: garbage in—garbage out. Similarly, as buildings become more complex, apply increased
air tightness and insulation levels, increase the use of sustainable/renewable construction
materials, and include many materials within an envelope system, the sensitivity of the
hygrothermal model to any change may significantly impact on the simulation result [20].
To enhance and give confidence to the accuracy of hygrothermal simulations, which predict
the wetting, drying, and mould growth potential, a more comprehensive understanding of
the vapour resistivity properties of all materials used in the external envelope of buildings
is required under different temperate and relative humidity conditions.

The application of pliable membranes has a long history and is common in many
sectors. Increasingly, the advancement of pliable membranes will continue to usher new
opportunities within the construction sector [21–23]. However, in the building design and
construction industry, pliable membranes used to assist building energy efficiency have
gone through many stages of product development, and manufacturers have used many
terminologies to drive the marketing values of different products. These terms include
vapour retarder, thermal barrier, vapour barrier, water resistive barrier, air barrier, damp
proof membrane, weather barrier, and breathable building wrap. In Australia, these terms
are often misunderstood and confused when considering the selection for building design
and construction. The most acceptable way to define and classify different types of pliable
membranes is according to their degree of resistance to gas or vapour transport, which is
either permeable, semi permeable, semi-impermeable, and impermeable [13,21]. Further-
more, climate change is driving national demand for more airtight and energy-efficient
buildings, progressively requiring manufacturers to create more innovative products. This
is expected to allow new buildings to be more resilient, supportive, and responsive to
changing interior and exterior climates, and improve the building envelope thermal per-
formance and indoor air quality. Depending on the polymer, or other technology, of these
products, manufacturers are now shifting towards the use of the terms such as smart
or variable vapour diffusion/resistivity membranes to describe these new generations
of product lines. An impermeable membrane is usually referred to as a vapour barrier
because they do not allow water vapour diffusion to occur through the membrane. On the
other hand, semi-impermeable membranes do allow moderate vapour diffusion through
the membrane. However, their vapour resistance factor and air layer equivalent thickness
values are moderate, but still high in comparison to a permeable membrane, which is very
open to the vapour diffusion process [24].

Previously, this research program has measured and reported the vapour diffusion
properties of other types of pliable building membranes. Like the research reported in this
article, the water vapour diffusion properties were measured under different relative hu-
midity conditions. This research revealed that vapour permeable pliable membranes which
were identified as Class 3 and Class 4, within the Australian Standards (AS4200), behaved
differently and in a non-linear manner under different relative humidity conditions [13].

Therefore, this paper reports on the results obtained from laboratory gravimetric
cup measurements and the method employed to plot the hygrothermal boundary curves
of two types of vapour impermeable, and reflective, pliable membranes, and one type
of semi-impermeable (commonly called variable) pliable membrane. The reflective and
vapour impermeable pliable membrane products are often used within the exterior timber
and steel-framed walls of Australian buildings, and classified as a class 1 vapour control
membrane (0.0 to 0.0022 μg/N/s) in AS4200 [17]. Similarly, the smart pliable membrane
is a relatively new, internationally available product and is classified as a class 2 vapour
control membrane (0.022 to 0.1429 μg/N/s) in AS4200:1.

2. Materials and Methods

The methodology involved undertaking gravimetric testing of the water vapour re-
sistivity characteristics of two types of impermeable membranes and one type of smart
membrane in a laboratory environment. For easy identification purposes in this paper, the
sample from the smart membrane is tagged as specimen C, while samples from the two im-

420



Buildings 2021, 11, 509

permeable reflective pliable membranes are tagged specimen D and E, respectively. These
membranes are commonly applied to the external face of the timber or steel frame (outside
the insulation layer), of low-rise buildings, to improve air tightness (thermal performance),
as a water barrier (façade durability), and as a vapour control layer (condensation and
mould) in walls and roofs of buildings. The two types of impermeable membrane were
reflective foil products from different manufacturers. They both had similar polymer
characteristics and were coated with aluminium foil on the surface of one side. The smart
membrane, which is commonly used in walls and roofs is a polyethylene copolymer prod-
uct with varying water vapour diffusion properties, subject to the air moisture content. The
total measurement period for all pliable membrane testing took fourteen months, which
involved four experiments during which the temperature was maintained at 23 ◦C and the
relative humidity conditions of the hygrothermally-controlled room were maintained at
35%, 50%, 65%, and 80%, respectively. Since the three membrane types discussed here are
not readily open to the water vapour diffusion process, it took an average of three and a
half months to establish a moisture equilibrium state for each specimen for each period of
relative humidity conditioning.

2.1. Boundary Conditions

The experiments are based on the principle of diffusion of water vapour from an area
with higher partial pressure of water vapour to an area with lower partial pressure. In
these experiments, the vapour drive was established as a result of the pressure differences
between the relative humidity within the internal air space of the test dish and the relative
humidity within the internal condition of the hygrothermal testing room. This creates
partial vapour pressure differences which cause water vapour diffusion to occur, which
is similar to what the external building envelope may be experiencing in real life. The
production and control of the testing room for these experiments has been discussed in
previous publications. To avoid both air temperature and humidity stratification within
the test room, a fan was in operation throughout the entire measurement period. This fan
generated an air velocity of approximately 0.2 m/s which stabilised the pressure within the
room. The average air temperature of the room was maintained at 23 ◦C throughout the
four periods of measurement with ±1 ◦C variation. The relative humidity and their vapour
pressure differences, which represent the targeted boundary condition for the four periods
of the experiment, are shown in Table 1. This table was adapted from ISO 12,572 with
additional testing points that were identified based on common climatic condition adopted
for the four testing periods in this research. This table is important as it provides input data
for the calculation and tabulation of the vapour resistivity properties of materials involving
multiple moisture-dependent variables, which are needed to plot the hygrothermal curves
that reflect different boundary conditions. In each of the experiments, the relative humidity
in the hygrothermally-controlled room was carefully controlled. The relative humidity was
maintained between 35.0% to 36.9%, with an average of 36% in the first test period. In the
second test period, the relative humidity was maintained between 49.8% to 50.8%, with
the average humidity of 50.4%. The relative humidity was maintained between 64.5% to
65.2%, with an average relative humidity of 65.12% in the third test period. During the
fourth test period, the relative humidity was maintained between 77.84% to 83.2% with
an average relative humidity of 80.29%. The details about the temperature and relative
humidity performance of the chamber with respective variation has been reported in the
previous publication [13].
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Table 1. ΔP values for each of the test conditions.

Experimental Period Temperature (◦C)
Relative Humidity

(Dry Side) (%)
Relative Humidity

(Wet Side) (%)
Water Vapour Pressure

Difference ΔP (Pa)

1 dry test 23 3 35 898

1 wet test 23 35 93 1628

2 dry test 23 3 50 1319.8

2 wet test 23 50 93 1207.25

3 dry test 23 3 65 1740.74

3 wet test 23 65 93 786.12

4 dry test 23 3 80 2161.83

4 wet test 23 80 93 364.99

2.2. Experimenal Procedure

The gravimetric procedure employed in this research followed the guidelines of the
international standard ISO 12,572 [25]. The procedure involved completing both wet cup
and dry cup gravimetric water vapour transmission measurement for samples from the
three membranes. In each testing period, ten specimens were cut from the smart membrane
(C), and another ten specimens from each of the two types of impermeable membrane (D).
For each of the pliable membranes, five of these specimens were for wet cup testing and
five specimens were for dry cup testing. Due to the amount of sample material provided,
only six specimens were prepared for the second type of impermeable membrane (E),
representing three specimens for wet cup and three specimens for the dry cup test. The
test dishes comprised a round glass dish with 200 mm diameter and a 60 mm depth. The
thickness of each specimen was measured by a digital micrometre screw gauge over ten
different points on the surface of each specimen and the mean value was determined
and recorded for later use during the water vapour diffusion calculation process. The
specimens were precisely cut to the dish size (200 mm) such that they fit to the edge of
the mouth of the dishes. The desired relative humidity within the cups were achieved by
the use of dry and wet substrates. This research adopted silica gel as dry cup substrate
because it was very stable at 3% relative humidity. The wet cup test achieved the desired
relative humidity of 93% through the use of anhydrous ammonium dihydrogen phosphate
solution at 23 ◦C. The substrates were gently poured into the dishes until an airspace of
20 mm was established between the top of the substrate and the top of the test dish. The
specimens were then sealed to the edge of the test dishes with glue, followed by tightly
wrapping the edge of the dishes with paper tape. To achieve adequate vapour seal, paraffin
wax of 6:4 ratio and melting at 58–60 ◦C was gently applied around the paper tape with an
artist’s brush until the paper tape was no longer visible and the molten wax was allowed to
harden. The gravimetric measurement began once a set of five specimens were completed
for a particular test. Given that the temperatures inside the cup and outside the cup are
the same, partial vapour pressure differential was achieved by the difference between
the conditioned room’s relative humidity and the wet or dry substrate within each dish,
causing water vapour diffusion through the test specimen. The amount of water vapour
diffusion was established by periodically measuring the weight of the cup assembly. The
measurement of the dish weight continued until a steady state was reached. However,
due to these membranes being vapour impermeable, after an initial period of regular
measurements, the time between measurements was expanded to once a week, for a period
of three months, and the diffusion properties of the specimens were determined through
mathematical calculations.
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3. Results

The result for the water vapour resistivity properties for each specimen tested was
calculated from the mathematical equations provided by the ISO 12,572 [25]. The mathe-
matical calculation and procedure for obtaining various iterative resistivity properties using
specimen C 1 as an example is presented in the Appendix A. This calculation procedure
was repeated for all the specimens, for all the boundary conditions (35%, 50%, 65%, and
80%). The detail results for the properties of each membrane tested and the statistical anal-
ysis for all the four testing periods are tabulated in Appendix C Tables A2–A13. Table 2,
below, shows the average barometric pressure and the calculated vapour permeability of
air for the four testing periods. Table 3 shows the summary of results for the water vapour
permeability and permeance, in dry cup and wet cup scenarios, from the 26 tested materials.
Similarly, the summary of the average water vapour resistance factor μ and diffusion air
layer thickness SD for all the tested specimens is tabulated in Appendix B. The air gap
resistance used for calculating the water vapour resistance factor for each of these mem-
branes was calculated by multiplying the initial resistance factor by the mean thickness of
each membrane to get the initial equivalent air layer thickness SD. This is then followed
by deducting 20 mm air gap from the initial equivalent air layer thickness to obtain the
final SD values. This final SD value is in turn divided by the mean thickness resulting
into the final vapour resistance factor (also see Appendix A for details). Tables 4 and 5
shows the summary of hygrothermal water vapour resistance factor and equivalent air
layer thickness across the boundary conditions over the average relative humidity for the
three tested materials respectively, which were used to plot the hygrothermal boundary
curves for specimen C, D, and E after harmonic adjustment.

Table 2. Average barometric pressure (Pa) and water vapour permeability of air for each experiment.

Method Test Period 1 (35%) Test Period 2 (50%) Test Period 3 (65%) Test Period 4 (80%)

Material 1 (C)

Dry test 1017.92 1018.04 1009.79 1010.85

Wet test 1017.92 1018.04 1009.79 1026.31

Calculated water vapour
permeability of air

1.95 × 10−10

kg/(m. s. Pa)
1.944× 10−10

kg/(m. s. Pa)
1.96 × 10−10

kg/(m. s. Pa)
1.9579 × 10−10

kg/(m. s. Pa)

Material 2 (D)

Dry test 1013.38 1023.31 1015.45 1017.85

Wet test 1013.38 1023.31 1015.45 1017.85

Calculated water vapour
permeability of air

1.9533 × 10−10

kg/(m. s. Pa)
1.933 × 10−10

kg/(m. s. Pa)
1.9492 × 10−10

kg/(m. s. Pa)
1.9492 × 10−10

kg/(m. s. Pa)

Material 3 (E)

Dry test 1017.92 1023.07 1013.06 1014.52

Wet test 1017.92 1023.07 1013.06 1014.52

Calculated water vapour
permeability of air

1.950 × 10−10

kg/(m. s. Pa)
1.9348 × 10−10

kg/(m. s. Pa)
1.9539 × 10−10

kg/(m. s. Pa)
1.9512 × 10−10

kg/(m. s. Pa)
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Table 3. Summary of average water vapour permeance and water vapour permeability of samples.

RH%
Dry Test Water Vapour

Permeance kg/(s·m2·Pa)
Wet Test Water Vapour

Permeance kg/(s·m2·Pa)
Dry Test Water Vapour

Permeability kg/(s·m·Pa)
Wet Test Water Vapour

Permeability kg/(s·m·Pa)

Sample C

35 4.2 × 10−9 5.8 × 10−11 1.0 × 10−15 1.5 × 10−14

50 8.4 × 10−12 1.0 × 10−10 2.0 × 10−15 2.7 × 10−14

65 1.2 × 10−11 8.2 × 10−11 3.0 × 10−15 2.2 × 10−14

80 7.1 × 10−11 1.0 × 10−10 1.9 × 10−15 2.8 × 10−14

Sample D

35 3.95 × 10−12 7.32 × 10−12 8.79 × 10−16 1.62 × 10−15

50 6.15 × 10−12 4.17 × 10−12 1.39 × 10−15 9.23 × 10−16

65 3.25 × 10−12 3.94 × 10−12 7.35 × 10−16 8.73 × 10−16

80 2.22 × 10−12 9.63 × 10−12 5.02 × 10−16 2.14 × 10−15

Sample E

35 1.71 × 10−12 2.00 × 10−12 5.20 × 10−16 6.41 × 10−16

50 1.20 × 10−12 8.32 × 10−12 3.64 × 10−16 2.67 × 10−15

65 1.35 × 10−12 6.76 × 10−12 4.13 × 10−16 2.15 × 10−15

80 1.70 × 10−12 1.28 × 10−11 5.15 × 10−16 4.06 × 10−15

Table 4. Water vapour resistance factor with different boundary conditions.

Temperature
Dry Side RH

(%)
Wet Side RH

(%)
Average RH

(%)

Specimen C
Resistance
Factor (μ)

Specimen D
Resistance
Factor (μ)

Specimen E
Resistance
Factor (μ)

23 3 35 19 189,398 222,099 383,221

23 3 50 26.5 94,895 139,160 530,781

23 3 65 34 64,499 265,273 472,951

23 3 80 41.5 10,005 388,586 378,743

23 35 93 64 13,043 120,265 304,191

23 50 93 71.5 7180 210,033 71,909

23 65 93 79 7640 223,063 90,899

23 80 93 81.5 6918 91,312 47,612

Table 5. Equivalent air layer thickness with different boundary conditions.

Temperature
Dry Side RH

(%)
Wet Side RH

(%)
Average RH

(%)
Specimen C Sd

(m)
Specimen D Sd

(m)
Specimen E Sd

(m)

23 3 35 19 46.21 49.5 116.4

23 3 50 26.5 23.25 31.4 160.8

23 3 65 34 16.04 59.9 144.6

23 3 80 41.5 2.72 87.7 114.9

23 35 93 64 3.4 26.6 97.5

23 50 93 71.5 2.5 46.5 23.07

23 65 93 79 2.37 40.19 30.9

23 80 93 81.5 1.98 20.3 15.2
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4. Discussion

The aim of this research was to investigate the diffusion behaviour of water vapour
impermeable, semi-impermeable, and permeable pliable membranes under different rela-
tive humidity boundary (moisture-dependent). This article focusses on the measured and
calculated water vapour permeability values from two types of water vapour impermeable
and one type of semi-impermeable membrane. A previous article reported the results from
the measured and calculated water vapour diffusion properties of tested water vapour per-
meable membranes [13]. Firstly, it is important to state that this research successfully kept
the temperature in the hygrothermal chamber stable at 23 ◦C with ±1 ◦C variation through-
out all the four testing periods. Therefore, the shape of all the samples from the three tested
pliable membranes observed was flat throughout the four testing periods, suggesting that
there were no significant impact caused by temperature variation. Variation in temperature
may alter the shape of membrane, which would affect the surface area calculations, which
is very important when considering temperature-dependent measurement.

In Figure 1, the blue colour in the plot show the values for the water vapour resistance
factor against the hygrothermal boundary conditions established from the average relative
humidity conditions from the four laboratory measuring periods for Specimen C, which is
classified as a class 2 (semi-impermeable membrane). In these measurements, the results
indicate that the specimen was exposed to different relative humidities on both dry and wet
sides. This difference in vapour pressure normally generates water vapour flow through
the specimens, and as the humidity varies along the cross-section of the specimens, say
from wet side to the dry, the vapour resistance also varies. Figure 1 shows that specimen C
has different μ-values. From approximately 20% RH to 40% RH, the rate of water vapour
diffusion varies significantly. Whilst from 40% RH to 80% RH, the water vapour diffusion
rate is relatively constant. The vapour flow thus contains information about all the μ-
values corresponding to the applied humidity interval as shown in Figure 2. This indicates
that the water vapour diffusion resistivity properties of specimen C are non-linear as the
amount of water vapour diffusion which passed through the specimen encounters different
resistances, subject to the level of humidity. The graph also shows that the μ-values indicate
an inverse relationship as the strength of the resistance factor decreased with increases in
relative humidity.

Similar behaviour is observed from Figure 2, the blue colour is the plot of values of
the equivalent air layer thickness against the established boundary conditions of the four
experiment testing periods for specimen C. This also indicates that the water vapour flow
across the cross-section of the specimen causes the equivalent air layer thickness to decrease
in higher relative humidity, as the SD value is high at lower relative humidity and lower in
higher relative humidity in an inverse and dynamic pattern. Even though this dynamic
behaviour is consistent with previous findings, it further supports the suggestion that the
hygrothermal properties of construction materials should be considered under different
relative humidity conditions. In Australia, hygrothermal diffusion function of pliable mem-
brane is not yet defined under the current AS4200:1, and determining the appropriateness
of pliable membranes according to their diffusion properties in different relative humidity
conditions has become contestable among design professionals and researchers. Moreover,
there are no appropriate and recent hygrothermal data for construction materials, typically
used in Australia. Therefore, the ability to determine the hygrothermal boundary condi-
tions of specimen C, with the resistance factor and equivalent layer thickness, is essential
for accurately fulfilling the hygrothermal modelling pathway for moisture management
introduced to NCC in 2019.
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Figure 1. Plot of resistance factor against relative humidity prior harmonic curve adjustment for the
three specimens.

 

Figure 2. Plot of equivalent air layer thickness against relative humidity prior to harmonic curve
adjustment for the three specimens.
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Similarly, the plot of the vapour resistance values against the relative humidity bound-
ary condition for specimen D and E were indicated by the red colour and green, respectively,
in Figure 1. The red and the green colour in Figure 2 also show the plot of equivalent air
layer thickness against the humidity boundary conditions of specimen D and E respectively.
Generally, impermeable pliable membranes usually have a very high vapour resistance
factor and air layer equivalent thickness values as observed in Figure 2. However, it is
essential to point out that even these graphs further document dynamic behaviour, similar
to what this research has observed with other pliable membranes under varying relative
humidity boundary conditions. The expectation was that these reflective impermeable
pliable membranes would have a constant high resistance to water vapour diffusion. On
the contrary, this did not occur as these reflective foil products have a rather unusual
water vapour diffusion behaviour as the relative humidity conditions increased. The rea-
son for the dynamic patterns observed in these graphs has resulted from the changes in
air permeability and vapour pressure that has occurred under the four different relative
humidity conditions. This level of water vapour diffusion resistance will cause these im-
permeable pliable membranes to have narrow usability potential for moisture-permeable
construction systems.

As previously mentioned, measurements were usually taken weekly because of high
water vapour diffusion resistance of these specimens. In this scenario, this research ob-
served that when the specimens from the two types of reflective membranes were tested
at 80% RH, the specimen were swelling within a week. Additionally, by the second week
of weighing, there was a visible formation of mould growth on the reflective surface of
all the specimens (see Figures 3 and 4). The program for this research involved testing
specimens from all the classes of pliable membranes at 80% RH during the same period.
The yellow-brownish colouration of mould formation on these reflective materials was not
observed on any of the other materials tested.

Comparing the result of these three membranes with each other, specimen C, which is
semi-impermeable and belongs to Class 2, appears to be more open to vapour diffusion
process with higher vapour resistance values when the humidity was less than 40%.
Specimen D and E, which are classified as Class 1, impermeable pliable membranes, have
very high vapour resistance factors and equivalent air layer thickness despite the increase
in relative humidity conditions.

 

Figure 3. Mould formation on specimen D.
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Figure 4. Mould growth on specimen E.

Harmonic Adjusment of Hygrothermal Boundary Curve

The cup measurements are used to determine the boundary condition of the water
vapour diffusion characteristics of a material by plotting a curve after harmonic adjustment
of the data from dry and wet cup gravimetric measurement. This is because there is the
need to establish the different values of vapour diffusion at any given specified relative
humidity φ, as the cup measurements do not directly provide these values. During the
gravimetric measurement, the specimen is exposed to different relative humidities on
both sides, for example, 50% on one side and 80% on the other side. The humidity varies
continuously along the cross-section of the specimen, from 50% RH on one side to 80% RH
on the other side, with all intermediate values also occurring somewhere in the specimen.
Furthermore, the material in different parts of the specimen also has different μ-values,
and all μ-values from μ (50%) to μ (80%) occur simultaneously somewhere in the specimen.
However, the cup measurement can only tell us the strength of the vapour flow which
diffused through the specimen. The vapour flow thus contains information about all the
μ-values corresponding to the applied humidity interval, which are encoded in a single
number. The task now is to determine μ-values for individual humidities. This can be done
by combining the results of cup measurements using different humidity ranges. Hence,
analysing gravimetric cup measurements as if the material had a constant μ-value, provides
the effective μ-value of the specimen in such states of moisture. Therefore, the effective
μ-value for a given humidity range is the harmonic mean of the μ(φ)-curve, taken over the
humidity range. This is why it may be misleading to draw a μ(φ)-curve by simply plotting
the effective μ-values against the mean applied humidity ranges from purely gravimetric
measurement.

Figure 5 shows a μ(φ)-curve (grey) and a series of mean values (orange bars) of this
curve, taken over humidity ranges with the same midpoint but with increasing widths.
First, due to the curvature of the μ-curve, all those mean values are lower than the curve
itself at the midpoint. The curve point is the desired μ-value corresponding to the midpoint
humidity. The mean values correspond to the results of cup measurements performed
by applying the respective humidity ranges. The results of all cup measurements are
lower than the μ-curve point corresponding to the midpoint humidity, so it would be
inappropriate to simply substitute a cup measurement result for this μ-value. Secondly, the
mean values for humidity ranges with the same midpoint are lower for wider ranges. This
means that when cup measurements with different wide humidity ranges are combined
into one diagram (plotting them against the midpoint humidity), a misleading zigzag-
shape of the diagram may result, even though the underlying true μ(φ)-curve may be
continuously falling for increasing humidity.

428



Buildings 2021, 11, 509

Figure 5. Plotting mean of values with the same midpoint from cup measurements.

A better approach than plotting the cup results against the midpoints of the applied
humidity ranges is to determine a curve which has the properties that the harmonic mean
values provide, taken over the humidity ranges which were used for the cup measurements,
and are identical with the cup results. Figure 6 illustrates the procedure using data from
WUFI for an adaptive vapour retarder, with the green bars representing a set of cup
measurements, the grey curve being the adjusted test curve, and the thin orange bars
being the mean values of the test curve, taken over the indicated ranges. The test curve is
adjusted until the orange bars coincide as well as possible with the green bars.

 

Figure 6. Example of plotted hygrothermal curve boundary of an adaptive vapour retarder
from WUFI.

The above principle was applied to the three materials measured in this research,
to plot the final hygrothermal boundary curve for the equivalent air layer thickness for
specimen C, D, and E (see Figure 7) after the harmonic adjustment. These harmonically bal-
anced values could be applied to the material properties within the transient hygrothermal
simulation software to provide a more accurate simulation of the water vapour diffusion
through an external envelope.
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Figure 7. Final plot of the resistance factor μ against boundary conditions after harmonic curve adjustment for specimen C.

5. Conclusions

This research has investigated through laboratory measurement the water vapour
diffusion characteristics of two types of water vapour impermeable reflective pliable
membranes and one type of smart membrane. The research included measuring their water
vapour diffusion behaviour under varying boundary conditions, with specific attention to
different relative humidity conditions.

The results from the cup measurements show that the two vapour impermeable pliable
membrane products are not open to vapour diffusion even at higher relative humidity
conditions, as their resistance factor and air layer thickness are too high to allow for vapour
diffusion. On the other hand, the result from the smart pliable membrane product indicates
that vapour diffusion is possible at higher relative humidity, as the resistance factor and air
layer thickness decreases with increases in relative humidity. Contrary to the single point
test method applied typically to construction materials, the graphs for all the three types of
pliable membrane material show that they behave in a dynamic non-linear manner subject
to the relative humidity conditions. This finding is similar in nature to the previously
published findings which reported on the non-linear vapour diffusion properties for tested
vapour permeable pliable membranes [13]. Alarmingly, the composite materials that make
up the vapour impermeable pliable foil-faced membranes supported mould growth during
the test period, whilst the non-foil polyethylene copolymer products did not support
mould growth. Further analysis based on the harmonic adjustment approach was then
employed to plot the hygrothermal boundary curves for each of these pliable membranes.
This is because the results from the gravimetric cup measurement may not be enough to
determine the effectiveness of a materials’ moisture behaviour along the cross-section of
these materials, which is needed for hygrothermal modelling.
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In conclusion, this research demonstrates that regardless of the water vapour diffusion
class, each of the tested pliable membrane types behaved differently under different relative
humidity conditions and vapour pressure gradients within the testing laboratory. This
may indicate that the current single point value for construction material vapour diffusion
properties used in hygrothermal simulation may be inadequate and may provide inaccurate
guidance regarding moisture, moisture accumulation, and mould growth.
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Appendix A

Calculation procedure for various water vapour resistivity properties for Specimen C1.
The mass change G for specimen C1 is calculated as:

G =
change in mass

total time(S)
kg

Therefore, for specimen C1:

1743.45−1743.24
1,735,200(S)

= 2.1×10−4

1,735,200(S)
kg

= 1.21 × 10−10 kg/s

The vapour flux g is calculated = G
A kg/s.m2.

Where A is the arithmetic mean of the exposed area of the test specimen in m2, for
specimen C1, the diameter of the specimen after sealing is 190 mm:

∴ A = πr2 where r = d
2 = 190

2 = 95 mm
r = 0.095 m

∴ A = 3.14 × 0.0952 = 0.0283

∴ g = G
A =

1.21×10−10 kg/s
0.0283 m2 = 4.28 × 10−9 kg/s.m2

The water vapour permeance is then calculated as:

W =
g

ΔPV
in kg/(s·m2·Pa),

To calculate ΔPV = Psatwetside − Psatdryside
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Considering the relative humidity at 35% (0.35) for wet side and 3% (0.03) for dry side:

∅wetside = 0.35 × 610 e1.5258 = 982.65 Pa

∅dryside = 0.03 × 610.5 e1.5258

= 0.03 × 2807.58 = 84.19 Pa

ΔPV = 982.65 − 84 = 898.46 Pa

W =
g

ΔPV
=

4.28 × 10−9 kg/s.m2

898.46
= 4.74 × 10−12 kg/s·m2·Pa

The water vapour resistance is calculated as follows:

Z =
1

W
=

1
4.74 × 10−12 kg/s.m2.Pa

Z = 2.11 × 1011 s.m2.Pa/kg

If the thickness of the specimen is d = 2.13 × 10−4 m, permeability of the specimen is
calculated as δ = W.d:

δ = W.d = 2.13 × 10−4 m × 4.72 × 10−12 kg/s.m2.Pa

δ = 1.00536 × 10−15 kg/s·m·Pa

Therefore, the resistance factor μ = δa
δ where δa is the vapour permeability of air

around the laboratory site at 23 ◦C. This can either be calculated from Schirmer equation or
extrapolated from Figure 2 in ISO 12,572.

Therefore, δa = 1.95 × 10−10 kg/s·m·Pa:

∴ μ =
δa

δ
=

1.95 × 10−10 kg/s·m·Pa
1.00536 × 10−15 kg/s·m·Pa

= 193, 960.37

SD (equivalent air layer thickness) = μ × d:

SD = 193, 960.37 × 2.13 × 10−4 = 41.31 m

Recall that air gap is 20 mm = 0.02 m. Final SD = 41.31 − 0.02 = 41.29 m:

∴ Final μ =
41.29

2.13 × 10−4 = 193, 666

Appendix B

Table A1. Summary of average resistance factor μ and diffusion air layer thickness Sd of samples.

RH% Dry Test Resistance Factor μ Wet Test Resistance Factor μ Dry Test SD (m) Wet Test SD (m)

Sample C

35 189,398 13,043 46.21 3.4

50 94,895 7180 23.25 2.5

65 64,499 7640 16.04 2.37

80 10,005 6918 2.72 1.98
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Table A1. Cont.

RH% Dry Test Resistance Factor μ Wet Test Resistance Factor μ Dry Test SD (m) Wet Test SD (m)

Sample D

35 222,099 120,265 49.5 26.82

50 139,160 210,033 31.4 48.99

65 265,273 223,063 59.9 50.44

80 388,586 91,312 87.7 20.27

Sample E

35 383,221 304,191 116.4 97.5

50 530,781 71,909 160.8 23.07

65 472,951 90,899 144.6 30.9

80 378,743 47,612 114.9 15.2
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Abstract: One strategy to increase energy efficiency of buildings could be the reduction of undesirable
heat losses by mitigating the heat transfer mechanisms across the building envelope. The use of
thermal insulation is the simplest and most straightforward way to promote thermal resistance of
building elements by reducing the heat transfer by conduction. However, whenever there is an air
cavity, radiation heat transfer could be also very relevant. The use of thermal reflective insulation
materials inside the air gaps of building elements is likewise an effective way to increase thermal
resistance without increasing weight and wall thickness. Some additional advantages are its low-
cost and easy installation. In this work, the performance of a thermal reflective insulation system,
constituted by an aluminium foil placed inside an air cavity between a double pane lightweight
steel framed (LSF) partition, is experimentally evaluated for different air gap thicknesses, ranging
from 0 mm up to 50 mm, with a step increment of 10 mm. We found a maximum thermal resistance
improvement of the double pane LSF walls due to the reflective foil of around +0.529 m2·◦C/W
(+21%). The measurements of the R-values were compared with predictions provided by simplified
models (CEN and NFRC 100). Both models were able to predict with reasonable accuracy (around
±5%) the thermal behaviour of the air cavities within the evaluated double pane LSF walls.

Keywords: thermal performance; experimental assessment; simplified models; double-pane; lightweight
steel frame (LSF); partition walls; aluminium reflective foil

1. Introduction

Buildings are a major key sector regarding energy consumption. In the European
Union (EU), almost 50% of final energy consumption is used for heating and cooling,
of which 80% is used in buildings [1]. Moreover, the building stock is responsible for
approximately 36% of all CO2 emissions in the EU. Consequently, in order to achieve
highly energy efficient and decarbonised buildings, European countries have established
ambitious climate and energy targets, guaranteeing the conversion of existing building
stock into nearly zero-energy buildings (NZEB’s) [1], and developing the use of renewable
energy sources (e.g., solar) [2], thus implementing long-term refurbishment strategies.

One possible strategy to improve energy efficiency of buildings is the reduction of
undesirable heat losses, by mitigating each heat transfer mechanism across the building
envelope [3]: conduction, convection and radiation. The simplest and most straightforward
way to promote thermal resistance of building elements is the use of thermal insulation,
which significantly reduces heat transfer by conduction, although its effectiveness depends
also on their position within the building element [4]. Moreover, this thermal insulation
material also promotes sound insulation, mainly when fibrous insulation materials are
used inside the air gaps [5].

Nowadays, highly efficient insulation materials are emerging with very low thermal
conductivities, which are designated as super insulating materials (SIMs) [6]. Two common
examples are vacuum insulating panels (VIPs) [7] and aerogels [8]. Nevertheless, the
inadequate building design and use of these SIMs may contribute to increasing thermal

Buildings 2021, 11, 301. https://doi.org/10.3390/buildings11070301 https://www.mdpi.com/journal/buildings
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bridges’ importance. In fact, thermal bridges are very relevant for thermal behaviour and
energy efficiency of buildings, and could be responsible for up to almost one third of the
heating energy needs [9]. As such, when using structural solutions containing materials
with high thermal conductivity, such as steel, the significance of thermal bridges could be
even greater [10].

Over recent years, the lightweight steel frame (LSF) construction system has attracted
attention from buildings’ stockholders, mainly for low-rise residential houses, due to
their inherent advantages [11]. Among these benefits are low weight, high mechanical
strength, fast construction, reduced on-site disruption, high potential for recycling and
reuse, high architectural flexibility, suitability for retrofitting, easy prefabrication, economi-
cal transportation and handling, superior quality, precise tolerances, high quality standards,
humidity stability shape, and insect damage resistance.

Currently, there are several strategies to mitigate thermal bridges in LSF buildings’
components, such as thermal break strips [12–14], slotted steel studs [12,15,16] and contin-
uous external thermal insulation composite system (ETICS) [17,18]. Notice that even slight
modifications in the steel frame, such as in the stud flanges size and shape, may have a
significative influence on LSF elements [19].

As mentioned before, another important heat transfer mechanism is convection. There-
fore, another strategy to retain heat inside buildings, particularly in cold climates, is ensur-
ing good airtightness of the building envelope [20], as well as inside the building elements,
by using a continuous air barrier. Notice that besides thermal bridging, thermal bypass of
cavities (convective heat flows through air leakage) could be also a weakness of LSF walls.

Moreover, regarding radiation thermal transfer, the use of thermal reflective insulation
materials, such as a reflective low-emissivity foil or paint inside the air gaps of building
elements (e.g., roofs and facade walls) is also an effective way to increase thermal resistance
without increasing weight and wall thickness of these components, with the additional ad-
vantages of low cost and easy installation [21]. Jelle et al. [22] performed a very interesting
state-of-the-art review about low emissivity materials for building applications for both
opaque and transparent envelopes, such as windows, walls, roofs and floors.

Regarding the opaque building envelope, there are several strategies to take advantage
of the radiation heat transfer mitigation, with the use of reflective foils [23] and paints [21]
being the most established. In fact, the use of double pane elements (e.g., walls) with an
air cavity, besides the extra thermal resistance provided by the air enclosure and a better
humidity infiltration control, also allows to reduce the heat transfer by radiation whenever
a low-emissivity surface is provided inside.

Bruno et al. [23] investigated the use of reflective thermal insulation in non-ventilated
air gaps for refurbishment purposes, making use of exterior insulation panels. They mea-
sured an increase of the air gap thermal resistance up to seven times when commercial
reflective panels were placed inside a non-ventilated air gap for the same wall sample thick-
ness. Additionally, their numerical simulation results showed, for real-scale air cavities,
that thermo-reflective panels can produce the same effect of at least 6 cm of traditional insu-
lating materials (thermal conductivity of 0.030 W/(m·K)), with the advantage of avoiding
the need of additional space. Moreover, they found an optimal air gap thickness of 4–5 cm
when using low-emissivity reflective foils.

Fantucci and Serra [21] presented several solutions regarding the use of low-emissivity
paints in opaque building envelopes, with the purpose of improving their thermal perfor-
mance by reducing heat losses, given the smaller radiation heat exchange; this research
work was mainly experimental. In this work, several case studies were presented, such
as: (i) hollow bricks coated with low-emissivity paint; (ii) low-emissivity paint coating
below roof tiles, and; (iii) low-emissivity paint on the walls behind radiators. Regarding
these case studies, their experimental results allowed the following conclusions: (i) the
equivalent thermal conductivity of the hollow bricks was reduced by 18%; (ii) the summer
heat loads across a roof component were reduced by 19%, and; (iii) the heat loss from the
wall behind radiators was reduced by 25%.

448



Buildings 2021, 11, 301

As recently stated by Bruno et al. [23], there is a lack of investigations about heat
transfer inside enclosures equipped with low-emissivity materials. This lack is even more
noticeable in LSF double pane elements containing an air cavity with a reflective foil; no
research work addressing this issue was found in the literature.

In this work, the performance of a thermal reflective insulation system, constituted
by an aluminium foil placed inside an air cavity between a double pane LSF partition,
is experimentally evaluated for different air gap thicknesses, ranging from 0 mm up to
50 mm, with a step increment of 10 mm. First, the description of materials and methods
are performed, including the LSF walls description and materials characterization. In
this section, the experimental lab tests are also presented, together with the experimental
setup, set points, test procedures and verifications. Moreover, the description of the
numerical simulations used to verify and compare with the measurement results are carried
out, namely the geometry, domain discretization, boundary conditions and unventilated
airspaces models. Next, the obtained results are presented and discussed, and related to
both lab measurements (thermal resistances and infrared thermography) and numerical
simulations. Finally, the key conclusions of the present work are listed.

2. Materials and Methods

The aim of this section is to describe the tested LSF double pane walls and characterize
the used materials. Moreover, the experimental setup is explained, and the test procedures
described. Finally, a numerical simulation verification is performed to ensure the accuracy
and reliability of the achieved experimental results.

2.1. Walls Description

Figure 1 displays a horizontal cross-section of the double pane LSF wall internal
partitions evaluated in the lab experiments. Each LSF wall pane has steel studs (C48 ×
37 × 4 × 0.6 mm) with 400 mm spacing, filled between with mineral wool (MW) (48 mm
thick). On the outer surface there are two gypsum plasterboard (GPB) panels with a total
thickness of 25 mm. The air cavity thickness is variable and changes from 50 mm down to
0 mm, with 10 mm step. Moreover, another variable parameter was the use of a reflective
aluminium foil (emissivity of 0.05) on the outer surface of the air cavity.

Figure 1. Ideal geometry and materials for a double pane LSF wall with different air cavity thicknesses, with and without a
reflective aluminium foil.
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2.2. Materials Characterization

Table 1 shows the thickness and the materials’ thermal conductivities considered in
the double pane LSF wall internal partitions tested in this research work. Notice that
aluminium reflective foil thickness is very reduced (around 0.1 mm) and, therefore, its
thermal conductive resistance was neglected. The emissivity of this aluminium reflective
foil is 0.05 [23], the cold-formed galvanized steel is 0.23 [19], while for the remaining
materials it is 0.90 [21].

Table 1. Double pane LSF wall materials, thickness (d) and thermal conductivities (λ).

Material (Outer to Inner Layer) d [mm] λ [W/(m·K)] Reference

GPB 1 (2 × 12.5 mm) 25.0 0.175 [24]
MW 2 48.0 0.035 [25]

Steel stud (C48 × 37 × 4 × 0.6 mm) - 50.000 [26]
Air cavity 0, 10, 20, 30, 40, 50 - -

MW 2 48.0 0.035 [25]
Steel stud (C48 × 37 × 4 × 0.6 mm) - 50.000 [26]

GPB 1 (2 × 12.5 mm) 25.0 0.175 [24]

Total Thickness 146.0–196.0 - -
1 GPB—Gypsum Plaster Board; 2 MW—Mineral Wool.

2.3. Experimental Lab Tests
2.3.1. Experimental Setup

To perform the lab measurements, a mini hot box apparatus was used, as illustrated
in Figure 2a. The heating of the hot box and the cooling of the cold box were carried out
using an electrical resistance and a refrigerator, respectively. The double pane LSF wall test
sample (Figure 2b) was placed between these two chambers. The heat loss that occurred
through the lateral surfaces of the test sample was minimized by covering the perimeter
with polyurethane foam insulation (80 mm thick), as showed in Figure 2a. The two LSF
wall panes were separated by an EPS frame as illustrated in Figures 2a and 3b. Notice that
the perimeter thickness of this EPS frame (Figure 3b) is equal to the thermal insulation
thickness of the cold/hot box walls and slab envelopes.

Figure 2. Mini hot box apparatus used in the lab measurements. (a) Lateral view with sample perimeter insulation; (b) LSF
wall test sample.
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Figure 3. Double pane LSF wall test sample. (a) Hot LSF wall pane; (b) EPS perimeter frame; (c) Aluminium reflective foil;
(d) Sensors (cold surface).

Figure 3a displays a frontal view of the LSF wall pane (hot side), where the vertical
steel studs spacing is visible (400 mm), which is filled with mineral wool. Notice that among
the three vertical steel studs, only the central one is visible (Figure 3b) and exposed to the
temperature gradient established by the hot and cold boxes. The aluminium reflective foil
was placed on the exterior (cold) side of the air cavity, as illustrated in Figure 3c. To promote
internal air circulation and minimize the probability of air temperature stratification inside
the cold and hot boxes, small interior fans were used. Moreover, two black radiation shields
were used, one each side of the LSF wall test sample (10 cm apart).

Regarding the monitoring system, the heat flux through the test sample was measured
using four heat flux meters (Hukseflux model HFP01, precision: ±3%), of which two
were placed on the hot wall surface and the another two were placed on the cold wall
surface (Figure 3d). On the hot and cold wall surface, to measure the two distinct thermal
behaviour zones that exist on the LSF wall sample, two locations for the application of the
HFMs were considered: (1) in the central vertical steel stud zone (HFM1); and (2) midway
through the insulation cavity (HFM2). To measure temperatures, twelve type K (1/0.315)
PFA insulated thermocouples (TCs) were used, presenting class one precision certification.
Furthermore, the calibration of these TCs was set in the temperature range [5 ◦C; 45 ◦C],
with a 5 ◦C increment, by immerging the TCs in a thermostatic stirring water bath (Heto
CB 208).
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For each side of the experiment, six TCs were used to perform the measurements,
and the following configuration has been defined: two measured the environment air
temperature inside each box (TC5 and TC6), another two measured the air temperature
between the radiation shield and the wall surface (TC3 and TC4), and the remaining two
measured the wall surface temperatures (TC1 and TC2), as illustrated in Figure 3d. For
each side of the wall test sample (hot and cold), one PICO TC-08 data logger (precision:
±0.5 ◦C) was used to record the temperature and heat flux data measured during the tests.
The two data loggers were connected to a laptop and the data were managed using the
PicoLog version 6.1.10 software. The main features of the measurement equipment used in
the lab experiments are listed in Table 2.

Table 2. Features of the measurement equipment used in the lab experiments.

Equipment Brand Model Measurement Range Precision

Heat Flux Meter Hukseflux HFP01 −2 to +2 kW/m2 ±3%
Thermocouples LabFacility Type K * (1/0.315) −75 to +260 ◦C ±1.5 ◦C

Data-logger PICO TC-08 −270 to +1820 ◦C ±0.5 ◦C
* Tolerance Class 1 certified.

Given the expansible behaviour of the MW batt insulation and since there was no
confinement on the air cavity side, an increased thickness of this insulation layer was
observed. As illustrated in Figure 4a, this increment in the MW insulation thickness was
around 7.5 mm on each wall pane. Moreover, it was also observed that when there is no
air cavity, the steel studs were not perfectly joined because the space is occupied by the
heads of the connecting screws, as illustrated in Figure 4b. Therefore, it was assumed that
the two contiguous steel studs were separated by 4 mm, when theoretically there is no air
cavity between the LSF wall panes.

Figure 4. Geometry details of the measured double pane LSF wall test sample. (a) Expansible MW
around steel stud; (b) Steel track distance.

2.3.2. Set-Points and Test Procedures

The measurement of the thermal performance of the LSF test samples was performed
using the heat flow meter (HFM) method [27]. However, in order to increase the precision
and reduce the test duration, instead of measuring on only one side (as prescribed by
ISO 9869-1 [27]), the measurements were performed, simultaneously, at both wall sur-
faces (cold and hot), implementing the improvement suggested by Rasooli and Itard [28].
The hot and cold boxes were programmed to maintain set point temperatures of 40 ◦C
and 5 ◦C, respectively, being the measurements performed in a quasi-steady-state heat
transfer condition.

The convergence criteria prescribed in ASTM C1155–95 [29] were adopted for the
“summation technique”, i.e., assuming a maximum admissible convergence factor equal to
10%. Thus, only the estimated hourly R-values with an absolute difference, in relation to
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the previous time obtained R-value, lower than 10% were considered in the measurements.
Each measurement test was carried out for a minimum of 24 h.

To ensure the repeatability of the experimental measurements, for each wall three
tests were performed corresponding to three high locations, as illustrated in Figure 3d, that
is: (1) top, (2) middle, and (3) bottom. Furthermore, the average of these three tests were
considered the measured overall conductive R-value of the LSF wall. From the heat fluxes
and temperatures recorded for each test and applying the HFM method [27], two distinct
conductive local R-values were obtained, corresponding to the two locations considered for
the HFMs (Figure 3d): (1) a lower value in the central vertical steel stud zone (Rstud), and
(2) a higher value in a midway through the insulation cavity (Rcav). To obtain the overall
surface-to-surface -value of the wall (Rglobal), an area-weighted average of both measured
conductive R-values were considered. Following the ASHRAE zone method [30], the steel
stud influence area (Astud), was defined considering a zone factor (z f ) value of 2.0 [31].
More details about these measurements can be found in reference [14].

2.3.3. Test Procedures Verification

With the aim of ensuring the accuracy of the experimental apparatus (e.g., data-loggers
and sensors) used in this work, a homogeneous XPS panel (Topox® Cuber SL), with a
thickness of 60 mm and a thermal conductivity of 0.034 W/(m·K), were tested under the
same conditions. The thermal conductive resistance measured (1.784 m2·K/W) indicates
that the thermal conductivity value calculated experimentally is equal to the provided by
the XPS manufacturer (0.034 W/(m·K)), confirming the good working conditions of the
sensors and data acquisition system.

2.4. Numerical Simulation Verification

The finite element method (FEM) software THERM® (version 7.6.1) [32] was used
to perform another verification of the measured R-value results, as explained next. This
software is a well-known state-of-the-art freeware computer program for a two-dimensional
heat-transfer analysis. It was developed in the United States of America (USA) by the
Department of Energy (DoE), through the Lawrence Berkeley National Laboratory (LBNL).

2.4.1. Geometry and Domain Discretization

Since it is a bi-dimensional FEM numerical simulation due to the existence of only
vertical steel studs (Figure 3a), only a 2D representative part of the double-pane LSF
wall cross-section (400 mm width) was modelled, as previously illustrated in Figure 1.
Nevertheless, in a previous research work [19] a similar 2D THERM model were compared
with a 3D ANSYS model and, as expected, the thermal resistance difference between both
models was very small, i.e., only 0.002 m2 K/W. Therefore, in this work it was decided not
to present a similar redundant comparison.

As previously mentioned in Section 2.3.1 and illustrated in Figure 4a, the MW in-
sulation naturally expands. Since there was no confinement on the air cavity side, the
ideal geometry model (Figure 1) was discarded. A new and more realistic model was
adopted, as illustrated in Figure 5a, for a nominal 50 mm air cavity thickness, assuming
a MW expansion of 7.5 mm for each insulation layer. Similarly, as previously illustrated
in Figure 4b, the real steel studs are not perfectly united even for a nominal 0 mm air
cavity thickness. Therefore, the correspondent THERM model assumes a 4 mm separation
between the vertical steel studs and the consequent MW expansion, as showed in Figure 5b.
Notice that all other LSF wall models for nominal air cavities of 10, 20, 30 and 40 mm are
derived from the previous two, making use of similar geometric rules (not illustrated here
for sake of brevity).
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Figure 5. Modelled geometry and used materials for the double pane LSF walls. (a) Nominal 50 mm air cavity thicknesses;
(b) Nominal 0 mm air cavity thicknesses.

Notice that the self-drilling screws used to assemble the steel frame (Figure 4b) and
to fix the sheathing GPB to the studs were not modelled here. However, as demonstrated
in previous research works [4], its relevance in the obtained thermal resistance value
is neglectable.

The thermal properties of the materials used in these simulations were previously
presented in Section 2.2. Additionally, the FEM mesh was refined to achieve a maximum
error of 3% in these computations. The used quad tree mesh parameter was set to 6 and the
maximum number of iterations was 100, the convergence tolerance was equal to 1 × 10−6,
and the mesh void tolerance was 1 mm2. Using this mesh configuration, the maximum
number of finite elements was 15,429.

2.4.2. Boundary Conditions

Regarding the boundary conditions, the air temperature was set to 40 ◦C and 5 ◦C, for
the inner and outer environments, respectively. Notice that these values are equal to the set
points defined for hot and cold boxes, as previously described in Section 2.3.2. Moreover,
the surface thermal resistances were modelled using the average values measured for each
LSF wall surface and for each test, considering the air and surface temperature differences
and the surface heat fluxes. The measured surface thermal resistances vary within the
interval [0.06; 0.13] m2·K/W, thereby respecting the range defined by EN ISO 6946 [33] for
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horizontal heat flow, i.e., between 0.04 m2·K/W for external surface resistance (Rse) and
0.13 m2·K/W for internal surface resistance (Rsi).

In this work, since only the surface-to-surface (or conductive) R-values are considered
to evaluate the thermal performance of the test samples, the surface thermal resistances are
not included. However, they should be defined in the numerical simulations performed by
THERM software, considering a film coefficient (1/Rs) being later deducted.

2.4.3. Unventilated Airspaces Models

The airspaces between the two LSF wall panes were modelled as unventilated making
use of two different approaches available in the THERM software: CEN simplified and
NFRC 100. Both methods make use of a solid-equivalent effective thermal conductivity of
the airspace and incorporates the convective and radiative heat transfer effects by taking
into account the geometry, heat flow direction, surface emissivity and temperature of
the surrounding surfaces of the cavity area. The CEN simplified method is based on the
calculation procedures defined in the standard EN ISO 6946 [33] for unventilated airspaces,
while the NFRC 100 method is based on the simplified radiation model defined in the
standard ISO 15099 [34].

3. Results and Discussion

3.1. Lab Measurements

In this subsection, the lab-measured values are presented and discussed, including
thermal resistances and the infrared thermography images.

3.1.1. Thermal Resistance Values

Figure 6 displays the measured conductive R-values of double pane LSF walls with
different air cavity thicknesses (0–50 mm with an increment of 10 mm), with and without
an aluminium reflective foil. Looking first to the -values without a reflective foil (black
line), it is visible that the increment in the air cavity thickness is useful up to 30 mm, with
the measured thermal resistance being nearly constant from there, i.e., for 40 and 50 mm.
Adding a reflective aluminium foil (red line), there is a significant increase in the achieved
R-value, particularly for higher thicknesses of the air cavity.

Figure 6. Measured conductive thermal resistances of a double pane LSF wall, with different air
cavity thicknesses, with and without a reflective aluminium foil.
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As also displayed in Figure 6, this thermal resistance increase ranges from only
+0.001 m2·◦C/W for a null air cavity thickness, up to + 0.529 m2·◦C/W (+21%) for 50 mm
air cavity thickness. When there is a reflective aluminium foil (red plot), the increment of
the measured R-values with the increase in the air cavity thickness is almost linear until
30 mm, where it is nearly constant after 40 mm thick. Thus, it can be concluded that 30 mm
is the recommended air cavity thickness when there is no reflective foil, while when using
an aluminium reflective foil, the suggested thickness is increased to 40 mm. These results
are in line with the conclusions achieved by Bruno et al. [23], which reported a maximum
air gap thermal resistance, when using a reflective foil, for an air cavity thickness of 4 cm.

Notice that the maximum increased R-value measured (+0.529 m2·◦C/W), when us-
ing an aluminium reflective foil, is equivalent to an 18.5 mm mineral wool layer (thermal
conductivity equal to 0.035 W/(m·K)), but without the need of an increased wall thickness,
whenever an air gap exists before the application of the foil. Additionally, the reflective
aluminium foil thermal resistance increment (+0.529 m2·◦C/W) is higher than the -value
increase due to a 50 mm air gap when there is no reflective foil (+0.420 m2·◦C/W), high-
lighting the importance of the radiative heat transfer. Furthermore, filling the cavity with
mineral wool appears to have a comparable effect to the aluminium foil for small cavities.
However, the existence of an air gap has several advantages, mainly related with humidity
control in case of water infiltration.

3.1.2. InfraRed Thermography

Figure 7 shows the infrared (IR) images captured on the cold surface of the double
pane LSF walls with and without a reflective aluminium foil, when using two extreme air
cavity thicknesses: 0 and 50 mm. In these IR images, the central vertical steel stud is quite
well visible, and it is more evident in the two LSF walls with null air cavity thicknesses.
This is due to an increased localised heat transfer near the vertical steel stud, originating an
augmented temperature in the cold surface of the wall.

Figure 7. Infrared images of the double pane LSF walls, with and without reflective aluminium foil, for two air cavity’s
thicknesses (0 and 50 mm), on the cold surface. (a) 0 mm without reflective foil; (b) 0 mm with reflective foil; (c) 50 mm
without reflective foil; (d) 50 mm with reflective foil.
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To better visualize this steel stud thermal bridge effect, Figure 8 illustrates the surface
temperatures recorded along horizontal lines in the IR images plotted in Figure 7. The
highest peak temperatures were recorded near the steel stud for a null air cavity thickness,
10.6 ◦C and 10.0 ◦C, with and without an aluminium reflective foil, respectively. Another
interesting feature visible in Figures 7 and 8 is that impact or influence of the thermal
bridge originated by the vertical steel studs is well beyond the measurement circular area
of the HFM1, which is only 8 × 10−4 m2 (diameter equal to 32 mm).

Figure 8. Horizontal temperature lines from infrared images of the double pane LSF walls, with and
without reflective aluminium foil, for two air cavity’s thicknesses (0 and 50 mm), on the cold surface.

Figure 9 shows the relative steel stud surface temperature increase along the horizontal
lines on the cold surface of these four double pane LSF walls. Now, the higher surface
temperature increase for the null air cavity thickness LSF walls is even better visualized
due to the thermal bridge effect. In this case, the surface temperature increase near the
vertical steel studs is +2.6 ◦C and +2.5 ◦C, with and without an aluminium reflective foil,
respectively. As expected, for a 50 mm air cavity thickness the steel stud thermal bridge
effect is quite smaller, exhibiting a surface temperature increase of only +1.6 ◦C and 1.3 ◦C,
with and without aluminium reflective foil, respectively.

Figure 9. Steel stud surface temperature increase along horizontal lines on the cold surface of the
double pane LSF walls, with and without reflective aluminium foil, for two air cavity’s thicknesses (0
and 50 mm).

3.2. Numerical Simulations

As previously mentioned in Section 2.4, the experimental lab measurements were also
compared with finite element numerical simulations predicted values making use of two
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different approaches to model the air cavities: CEN simplified and NFRC 100. Table 3
displays the predicted R-values for both methodologies, with and without an aluminium
reflective foil, for the evaluated air cavity thicknesses (0–50 mm), as well as the differences
to the measured values. To better visualise this info, Figure 10 graphically illustrates the
measured and the predicted CEN and NFRC R-values. The first remark is that both models
can reproduce with quite good accuracy a similar trend to the measured R-values, by
predicting for some air cavities higher and for others smaller R-values.

Table 3. Predicted conductive thermal resistances (R-values) of a double pane LSF wall, with different
air cavity thicknesses, with and without a reflective aluminium foil, and the thermal resistance
difference to the measured values.

Air Cavity Without Aluminium Foil With Aluminium Foil

Thickness R-Value Difference R-Value Difference

[mm] [m2·◦C/W] [m2·◦C/W] [%] [m2·◦C/W] [m2·◦C/W] [%]

C
E

N
S

im
p

li
fi

e
d 0 2.109 +0.048 +2% 2.132 +0.070 +3%

10 2.242 −0.011 0% 2.424 +0.064 +3%
20 2.391 +0.003 0% 2.840 +0.155 +5%
30 2.391 −0.072 −3% 2.993 +0.059 +2%
40 2.367 −0.113 −5% 2.973 −0.036 −1%
50 2.354 −0.127 −5% 2.960 −0.050 −2%

N
F

R
C

1
0

0

0 2.105 +0.044 +2% 2.125 +0.063 −3%
10 2.229 −0.024 −1% 2.375 +0.015 −1%
20 2.388 0.000 0% 2.826 +0.141 −5%
30 2.376 −0.087 −4% 2.904 −0.030 −1%
40 2.350 −0.130 −6% 2.881 −0.128 −4%
50 2.337 −0.144 −6% 2.863 −0.147 −5%

Figure 10. Measured and predicted conductive thermal resistances of a double pane LSF wall, with
different air cavity thicknesses, with and without a reflective aluminium foil.

Without a reflective foil, both models predict very similar values, which are smaller
than the measured ones for air cavities higher or equal to 30 mm. In this case, the major
difference occurs for a 50 mm air gap, which is −0.127 m2·◦C/W (−5%) and 0.144 m2·◦C/W
(−6%) for the CEN simplified and NFRC 100 models, respectively.

When there is an aluminium reflective foil, the differences between both models
enlarge, particularly for higher thicknesses of the air cavity (30–50 mm). In this thickness
range, the CEN simplified methodology provides results closer to the measured R-values.
For instance, for 50 mm the predictions are −0.050 m2·◦C/W (−2%) and − 0.147 m2·◦C/W
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(−5%) for CEN and NFRC, respectively. Moreover, for smaller air gaps (0–20 mm), these
models exhibit a trend to slightly overestimate the R-values, ranging between +1% up
to +5%.

4. Conclusions

In this work, the thermal performance of double-pane LSF walls with and without an
aluminium reflective foil was assessed. This assessment was based in lab measurements
and the recorded conductive R-values were compared with two different approaches to
model the air cavities: “CEN simplified” [33] and “NFRC 100” [34], which were imple-
mented in a 2D Finite Element software [32]. The thicknesses of these air gaps varied from
0 mm up to 50 mm, with an increment of 10 mm.

The major conclusions of this study could be summarized as follows:

• The use of a reflective foil is a very effective way to increase the thermal resistance
of double pane LSF walls, without increasing the wall thickness and weight; the
maximum improvement is around +0.529 m2·◦C/W (+21%) in the achieved conductive
R-value.

• It is not worthy to increase the air gap to values higher than 30 mm or 40 mm with
and without a reflective foil, respectively.

• The R-value increase due to the reflective aluminium foil (+0.529 m2·◦C/W), is
higher than the R-value raise due to a 50 mm air gap when there is no reflective
foil (+0.420 m2·◦C/W).

• Besides the thermal resistance increase, the use of an aluminium reflective foil is also
favourable to reduce the thermal bridge effect due to the steel studs’ high thermal
conductivity, whenever there are both a continuous air cavity and an aluminium foil.

• Both “CEN simplified” and “NFRC 100” models were able to predict with reasonable
accuracy the thermal behaviour of the air cavities within the evaluated double pane
LSF walls, ranging the obtained differences around ±5%.

• The major differences between both air cavity models arises for bigger air gaps
(30–50 mm) when an aluminium reflective foil (0.05 emissivity) is used.

Notice that in this study the air cavity evaluated was continuous. Therefore, any
decrease in thermal resistance due to wall ties, connectors or other bridging elements inside
the cavity was not considered.
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Abstract: Buildings are responsible for several negative impacts on the environment, most of them
related to nonrenewable energy consumption, increasing the concern regarding buildings energy
efficiency. In this context, computer software has been used to estimate the energy needs of the
built environment, and the Building Information Modelling (BIM) methodology can be used to
simplify this process. This study aims to validate a BIM-based framework to streamline the energy
analysis of Portuguese buildings, based on the method of the national regulation for the thermal
performance of residential buildings. Currently, designers need to spend considerable time assessing
all the building characteristics and performing the mandatory calculations for energy performance
analysis. It is also intended to link the results of the energy simulation with a Building Sustainability
Assessment method—SBToolPT-H. The purpose is to demonstrate how it is possible to benefit from
this approach to simultaneously improve building sustainability during the design stage. To do so,
different case studies were modelled in Autodesk Revit and exported to a BIM energy tool to perform
energy simulation analysis. The results were validated against the official assessment method of the
Portuguese thermal regulation and were successfully used to assess the SBToolPT-H energy efficiency
category. The research outcomes provide design teams with a reliable BIM-based framework to
improve building energy performance and to develop thermal projects while enhancing building
sustainability. It also increases the knowledge about the integration of sustainability assessment in
the BIM environment, providing new insights for complete integration.

Keywords: Building Information Modelling (BIM); Building Energy Modelling (BEM); energy effi-
ciency; Building Sustainability Assessment (BSA); sustainability

1. Introduction

As society is growing, there is an increasing concern about building occupants’ com-
fort demand and energy consumption. The main reasons are directly related to weak
buildings energy performance and irrational energy use [1]. Energy efficiency is an es-
sential factor to achieve sustainable development. It is necessary to optimise energy use
without compromising the indoor environmental quality, using efficient technologies and
passive and active construction solutions [1,2]. Energy efficiency is related to the building’s
performance in the three sustainability dimensions:

• Environment—due to resources use and carbon emissions;
• Society—due to indoor environmental comfort;
• Economy—due to energy cost and its impact on household income.

Hence, Building Sustainability Assessment (BSA) schemes usually evaluate a set of
building energy-related characteristics and performance. Such schemes can provide a
decision support framework for designers to improve the sustainability of buildings, as
well as to evaluate them according to local standards and regulations. Effectively acting
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on energy use and building sustainability is an essential path to achieve better, ecological,
comfortable and cost-effective buildings.

Facing the increasing capabilities of Building Information Modelling (BIM) for the
construction industry, designers and researchers are extensively applying it to manage
building data and improve efficiency and global quality [3]. During the last five years, the
use of BIM for sustainable construction purposes has also witnessed exponential growth [4].
BIM allows storing multi-disciplinarily information into a single model, promoting a real-
time collaboration environment among stakeholders through the building life cycle [5].
Between BIM most known applications, its connection with Building Energy Modelling
(BEM) has been used to improve buildings energy performance. BEM is a powerful tool
to analyse and enhance building energy performance and thermal comfort, providing
project teams with concise data to evaluate the performance and environmental impacts
of different design solutions [6,7]. Despite the recognised advantages during the design
phase, there is still a great scalability potential, as several designers still do not use BIM for
energy analysis due to the required knowledge and time to prepare the energy model and
interpret the results [8].

Regardless of the benefits and different BIM approaches to perform energy analysis,
BIM is not being used in the Portuguese context to develop mandatory thermal projects.
Major BIM energy tools are usually region-oriented, and calculation engines are not, accord-
ing to the Portuguese energy regulations. Furthermore, Portuguese building technologies
and indoor environmental quality standards are quite different from most European coun-
tries [9]. Portuguese designers can only benefit from those tools in the optimisation of the
building design. Additionally, Portuguese legislation requires a thermal project for every
building to issue construction permits. Nowadays, designers are required to manually
fill a set of calculation spreadsheets with the building’s characteristics, requiring in-depth
knowledge about the building and the energy calculation method, as well as substantial
time to carry out the analysis.

Facing the knowledge gap, this study primarily aims to define and apply a BIM pro-
cess that can support and optimise the thermal project of Portuguese buildings. Thus, the
first Research Question (RQ) of this research arises—”Can BIM support and optimise Por-
tuguese buildings thermal project?”. To provide an answer, a suitable BIM-based method
will be identified and applied to Portuguese residential buildings case studies. The BIM
software results will face a conventional approach to prove the reliability of the method
and answer the second RQ—”Is the BIM-based method reliable and according to the Por-
tuguese standards?”. Since energy efficiency is a standard sustainability indicator in BSA
methods [10,11], the development of a new BIM-based approach creates the opportunity to
link energy simulation results with a local BSA method, leading to the last RQ—”Can the
results be used for a sustainability assessment scheme?”. Therefore, it will be possible to
effectively demonstrate how it is feasible to benefit from this approach in the process of
improving the sustainability of a building during the design stage. Additionally, it will
also enhance the integration of BSA in the BIM collaborative process and promote the use
of BSA methods by the Portuguese designers.

2. Literature Review

2.1. Buildings Energy Performance

The European Union (EU) authorities and the society have raised awareness about the
negative impacts of buildings on the environment. The relation between the construction
industry and environmental problems has already been proven by the scientific commu-
nity [12–14]. The European building stock is still responsible for 40% of the total energy
use and 36% of CO2 emissions [15]. To improve buildings efficiency and reduce the energy
demand, the EU has approved a set of standards. In this context, the most important is the
Energy Performance of Buildings Directive (EPBD), updated in 2010 [16]. The principal
goal was to create a main legal instrument to improve EU buildings energy performance.

463



Buildings 2021, 11, 246

In Portugal, the EPBD and other Directives were transposed to the Portuguese legal
framework by the Decree Law 118/2013 in 2013, composed by the Buildings Energy
Certification System (SCE), by the Residential Buildings Energy Performance Regulation
(REH) and by the Services and Commercial Buildings Energy Performance Regulation
(RECS) [17]. In 2018, Portugal was the seventh European country with more dependence on
energy imports, with 75.9% of the consumed energy being imported [18]. The Portuguese
building sector (residential and service buildings) was responsible for 31.9% of the country
energy demand, exceeded by the industry and transportation sectors. According to the
SCE, in 2019, almost 61% of the 1.78 million Portuguese energy classified buildings were
rated less than B- (minimum requirement for new buildings). This was justified, since the
majority of the Portuguese buildings were built before the first national thermal regulation
in 1990. A 2020 energy report [18] highlighted the potential savings of 60% on the building
energy demand by adopting energy efficiency measures. More than half of them are related
to interventions on the building envelope, i.e., in external walls (24.7%), roofs (13.3%),
ground floors (4.4%) and windows (10.4%).

2.2. BIM and BEM

Construction projects are becoming more difficult and complicated. New approaches,
like BIM, have been introduced in construction companies to support designers in manag-
ing all the project information [4,19,20]. BIM can be defined as a working methodology that
makes it possible to manage the 3D drawing and the project data in a digital format during
the entire building life cycle [21]. BIM can improve design and management processes
productivity, with stakeholders working in real-time collaboration [4,22]. BIM implies a
building information model, which is an object-oriented parametric model, with all the
project data. The model Level of Development (LOD), which ranges from 100 to 500,
specifies and articulates the content and reliability of the BIM model [23].

BIM creates an excellent opportunity to incorporate sustainable measures throughout
the design process [24]. Some authors have already identified the preconstruction and
project phases as the critical ones, where the main decisions regarding building sustain-
ability must be taken [20,25,26]. Since that is also the phase when projects can most benefit
from BIM, the influence that it can have in enhancing buildings sustainability becomes
clear [27]. BIM can provide information about the estimated building performance even in
the very early design stages [8].

In 2008, Krygiel and Nies [28] recognised seven aspects where BIM can be used
to support sustainable design. Five of those—Building Orientation, Building massing,
Daylight Analysis, Renewable Energy and Energy Modelling—were directly energy-related
criteria. Therefore, an energy analysis can significantly benefit from BIM [10], leading to
several BIM-based energy-related research—BEM [6,7]. BIM and BEM allow designers to
evaluate different design options during the project early stages, creating the opportunity
to develop optimised buildings with higher energy efficiency and comfort. However,
such application is frequently performed in an isolated manner, empowered by the use
of energy simulations in the early phases of the project. Furthermore, BEM integration
in BIM collaborative workflow is also not sufficiently developed and synchronised, and
energy-efficient design strategies are often not well-implemented [7].

Within the context of BIM, model interoperability between software is usually made
with Industry Foundation Classes (IFC), Green Building XML (gbXML) or direct plug-ins.
These are the most common open standard data schemas, which are commonly used for
information exchange between BIM and BEM tools [6,29,30]. Kamel and Memari [31] high-
lighted the differences between both when used for energy simulation purposes. Despite
the use of the Green Building XML schema (gbXML) mainly for the energy simulation do-
main, only rectangular geometry is readable, and it does not allow the targeting of specific
areas of a project. The IFC is commonly used for different domains of application (a more
comprehensive type of data), and it is capable of reading any geometry. Nevertheless, some
data is still not transferred appropriately, leading to the development of corrective add-ins.
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Depending on the energy analysis type and intended accuracy, the model must have a
certain LOD [32]. Farzaneh et al. [33] suggested that the LOD should be defined according
to the information requirements. However, the design process must also be “user-friendly”,
with a LOD that allows quick modelling and provides reliable results [5]. An accurate
energy assessment requires, at least, a LOD of 300, while a simpler analysis, such as, i.e.,
solar exposure, only requires a LOD 200, without materials and spaces characteristics [34].

On the application field, several reviews have been made comparing the analysis ca-
pabilities and end-users of energy analysis tools, highlighting the capabilities of Autodesk
Green Building Studio (GBS) and Integrated Environmental Solutions Virtual Environment
(IESVE) [35,36]. Regarding the modulation software, Autodesk Revit is one of the most
used, capable, and embracing BIM platforms [37–39]. Existing reviews pointed out Au-
todesk Revit as the most used BIM platform by researchers when concerning producing
sustainable and efficient buildings.

Using Autodesk Revit and GBS, Abanda and Byres [40] concluded that a building’s
orientation can have a considerable impact on the building energy consumption. Gourlis
and Kovacic [39] applied BIM to analyse the energy efficiency of industrial buildings using
EnergyPlus. They highlighted that the BIM and BEM approach is still not mature enough,
requiring a significant amount of time, assumptions and remodelling. Ryu et al. [11]
presented a simulation process based on Autodesk Revit to assess energy-related BSA
credits. They concluded that BIM could produce significant time savings, but considerable
time was wasted in double-checking and geometry correction. Montiel-Santiago et al. [19]
submitted a hospital BIM model to a set of analyses on Insight 360, suggesting an energy
renovation package able to save 47% of the actual building energy demand. Carvalho
et al. [41] conducted an energy renovation of a Portuguese dwelling using GBS and De-
signBuilder. The main benefit of BIM in the Portuguese context was the decision support
provided to designers in the early project stages, as none of the BIM tools considered the
Portuguese thermal regulation (REH).

Despite the advantages, most researchers have reached a common conclusion about
BIM for energy purposes—there is still an interoperability gap between BIM modulation
platforms and BIM energy tools [26,42,43]. BEM is not integrated correctly into the BIM
environment, and often, a continuous information flow in the digital modelling is not
possible. The lack of interoperability between BIM and BEM makes it challenging to create
projects that are seeking sustainable and efficient energy performances [30]. Gao et al. [7]
argued that BIM models usually contain high-level data that is too complicated for the BIM
energy tools to understand. Designers are also required to assume a set of parameters for
the simulations, and human behaviour is usually treated as robots [44]. Furthermore, the
existence of several BIM energy tools, parameters and approaches [45] makes it difficult to
establish a common procedure, usually making unfeasible comparisons between buildings.
There is a need to establish common procedures and standards to perform an energy
analysis and to characterise the information exchanges between BIM platforms and energy
tools [10,31,45].

2.3. Building Sustainability Assessment
2.3.1. Overview

In the last two decades, several worldwide entities have developed BSA methods.
These methods aim at implementing and spreading sustainable principles and evaluating
and monitoring buildings performance and gathering information to support decision-
making [46–48]. Some of their benefits include environmental conservation; improved
building performance and occupants’ comfort, health and safety [49].

BSA methods are usually characterised by assessing some partial building features and
aggregating the results into a sustainability score. They provide an opportunity for projects
to demonstrate their ecological, economic and social benefits to the local community [50].
The most known BSA methods, which provide a basis to all the other approaches, are
the Building Research Establishment Environmental Assessment Methodology (BREEAM)
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from the Building Research Establishment (BRE), Leadership in Energy and Environmental
Design (LEED) from the United States Green Building Council (USGBC) and Sustainable
Building Tool (SBTool) from the international initiative for a Sustainable Built Environment
(iiSBE) [51,52].

Nowadays, BSA methods are usually applied after the design is completed (or even
after the building construction), turning possible modifications to improve the building
sustainability unbearable or too expensive [53]. This can be justified due to the amount
and complexity of data and documentation required for the evaluation. The application of
BSA methods is also a voluntary approach worldwide, with the absence of mandatory leg-
islation. Additionally, the assessment procedure is a time-consuming process—particularly
in performance-based methods—which is usually incompatible with project companies’
short deadlines [54,55], making it necessary to search for more efficient and expeditious
approaches. For instance, Zhang et al. [53] suggested a real-time green building rating
method that can identify potential ways to optimise the final rating during the design
process. Some other constraints were also identified by researchers, such as errors from
manual and traditional measuring tools or through calculations or even during data collec-
tion [56,57]. These types of errors can have great impact on the environment, since these
methods are the main source of shaping sustainable decisions in projects [8]. User-friendly
restrictions, the complex credit structure and the required user knowledge are also common
issues that hinder the use of BSA methods [49].

The Portuguese scenario for BSA methods still has a long run. Portuguese designers
often neglect sustainability assessment schemes, since there is not any mandatory sustain-
able evaluation for buildings. Additionally, performing a BSA is a time-consuming and
complex process. To date, Portugal has not had an official BSA method, and only a couple
of building sustainability rating schemes have been explicitly developed for the country
conditions, such as the SBToolPT-H, LiderA and Domus Natura [58,59]. According to
Pires and Fidélis [60], the development of sustainable indicators in Portugal lacks political
commitment and vision, as well as poor stakeholder involvement. Nevertheless, existing
methods have already been adapted to embrace different Portuguese building types, such
as residential houses, hospitals, schools, offices, or even urban areas [48,61,62].

2.3.2. BIM Integration

Despite the recent trend on the use of BIM for sustainability purposes, there is still a
lack of research considering all the sustainability dimensions [4]. Regardless of the potential
benefits, so far, BIM has not been used comprehensively to obtain the required information
for a sustainability assessment [27]. The existing BIM software stills lacks sustainability
issues, and exchange format files are still in need of further developments [52,63]. Thus,
the opportunity for the BSA methods to benefit from BIM capabilities has emerged, as well
as the possibility of integrating the different BSA methods in the BIM collaborative process.
Beyond the direct benefits for project teams and buildings occupants, significant advantages
are expected to the construction industry, such as more sustainable and ecological buildings
and a reduction in the potential environmental impacts. With the increasing maturity of
BIM, a higher integration of building sustainability is also expected [4].

Currently, BIM is most commonly used to support the assessment of LEED, mainly in
the categories of energy and atmosphere and materials and resources [29,37]. Nevertheless,
several authors [63–67] focused their research on assessing different credits from all LEED
categories. BREEAM has also attracted researchers’ attentions. BIM has been used to
support the assessment of BREEAM credits on the Materials, Energy, Water, Land use and
Ecology, Health and Wellbeing and Waste and Pollution categories [8,66,68,69]. Edwards
et al. [8] identified which criteria from BREEAM and LEED can be assessed with some
recognised BIM tools. Most of them can often provide data to assess energy-related and
indoor comfort-related categories of both schemes.

Other attempts for different BSA schemes have also been made, with Wong and
Kuan [24] assessing 26 out of 56 criteria of BEAM Plus method with BIM in a faster
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and more accurate way. On the Australian Green Star Building Certification, Gandhi
and Jupp [70] used BIM to evaluate 66% of the office building scheme credits. Hoseini
et al. [71] suggested that BIM can also support the assessment of 75% of New Zeeland
Green Star Certification with the development of proper guidelines. Concerning SBTool,
Carvalho et al. [27,72] developed a conceptual framework for the integration of BIM
with the Portuguese BSA method for residential buildings—SBToolPT-H. The assessment
procedure of almost all the SBToolPT-H criteria can significantly benefit from the use of
BIM. They also compared the feasibility of using BIM in SBToolPT-H with its use in other
BSA methods, such as LEED and BREEAM [37].

Despite the benefits, a common conclusion is that BIM is not properly oriented and
has not achieved its full potential to sustainable building design [8,27,73]. There are also
frequent interoperability issues between BIM platforms and tools, with some information
lost, requiring additional time for model checking and corrections. The common stan-
dards for data exchange must also be further developed to include more sustainability
issues [4,74,75]. Chong et al. [74] argued that future BIM standards should consider a
requirement for sustainability assessment, while Gandhi and Jupp [70] asked for specific
BIM coordination and execution plans.

2.3.3. SBToolPT-H

The BSA method SBTool is considered the most comprehensive of all the methods
due to its flexibility to be adjusted to the region local context [48,52]. SBTool has already
influenced Austria’s, Spain’s, Japan’s and Korea’s national rating systems, and custom
versions are in use in Italy, the Czech Republic and Portugal [76,77]. The transposition
of the SBTool to the Portuguese residential scenario (SBToolPT-H) was done to create a
generic method to assess the sustainability of existing, new and renovated Portuguese
buildings. This method aims at supporting design teams since the early design stages
and raising awareness to adopt more sustainable construction solutions. In SBToolPT-H,
there are a total of 25 parameters, sorted by nine categories, which are divided into three
sustainability dimensions: Environment, Society and Economy. The scheme structure is
presented in Appendix A. Each parameter has a different weight according to the national
standards and practices, and it is classified with a quantitative “score” that results from the
comparison between the performance of the analysed building and two benchmarks: best
and conventional sustainable practice. Each “score” is normalised to establish a dimension-
less value that expresses the building performance in comparison to the benchmarks [78].
In this dimensionless scale, 0 corresponds to the conventional practice and 1 to the best
practice. The normalised value is then converted into a qualitative scale that ranges from E
to A+, where D corresponds to the conventional practice and A to the best practice.

Since the aim of this research is to use BIM-based energy simulation results to support
the assessment of BSA methods, it is required to further investigate SBToolPT-H energy
efficiency-related criteria.

The energy efficiency category (C3) from SBToolPT-H gathers two sustainability pa-
rameters related to building energy efficiency: P7—Primary Energy and P8—On-site energy
production from renewables. To obtain high scores in these parameters, it is essential to
optimise the building energy efficiency and on-site energy production from renewable
sources by improving the building envelope and energy systems. Both parameters are
based on calculation methods defined in the Portuguese regulation REH, forcing designers
to perform different and time-consuming calculations to achieve the required data for the
assessment.

The assessment of the energy efficiency category follows the general pattern of the
remaining categories, where the building performance is compared with the national
benchmarks. Thus, for the assessment of P7, the primary energy needs of the case study
(PENR = Ntc) are compared with two benchmarks: the Portuguese conventional practice
(PENR∗ = Nt) and best practice (PENR* = 0.25 × Nt); according to the current thermal
regulation, the national best practice corresponds to a building that consumes 25% or less
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energy than a conventional building. The comparison is carried out using a quantitative
normalised value, which results from the application of Equation (1). Then, the final result
(PENR) is reached by converting the normalised value into a qualitative scale, according to
Table 1.

PENR =
PENR − PENR∗

PENR ∗ − PENR∗
(1)

where:

PENR—case study normalised result for P7;
PENR—case study result for P7;
PENR*—national best practice for P7;
PENR∗—national conventional practice for P7.

Table 1. Conversion from the quantitative to the qualitative performance scales in SBToolPT-H.

Qualitative Level Quantitative Value

A+ p > 1.00
A 0.70 < p ≤ 1.00
B 0.40 < p ≤ 0.70
C 0.10 < p ≤ 0.40
D 0.00 ≤ p ≤ 0.10
E p < 0.00

For the assessment of P8, the renewable energy production (PER) of the case study is
compared again with two benchmarks: the Portuguese conventional practice
(PER∗ = production from renewables of 50% of the energy needs for Domestic Hot Water—
DHW) and best practice (PER* = production from renewables of 90% of the total pri-
mary energy needs). Once again, the comparison is made using the normalised value
(Equation (2)), and the final result (PER) is according to the qualitative scale of Table 1.

PER =
PER − PER∗

PER ∗ − PER∗
(2)

where:

PER—case study normalised result for P8;
PER—case study result for P8;
PER*—national best practice for P8;
PER∗—national conventional practice for P8.

3. Materials and Methods

The primary purpose of this study is to define and apply a BIM process that can
support and optimise the mandatory energy performance analysis of Portuguese buildings.
To date, despite the several studies about using BIM to assess the energy performance
of buildings, none of those has defined and identified a suitable method for Portuguese
dwellings that is according to the Portuguese legislation. Furthermore, the process should
also provide data for a sustainability assessment since energy performance simulation
results are usually valuable insights for the energy performance category of BSA meth-
ods. Nowadays, the application of BSA methods is not a standard procedure between
Portuguese construction companies, due to the required time, knowledge and resources
for the assessment. It is then necessary to take essential steps for the integration of BIM
and BSA methods to effectively improve building sustainability. To guide the research, the
following RQ were defined:

• RQ1: Can BIM enhance and optimise Portuguese buildings energy efficiency and
buildings thermal project?

• RQ2: Is the BIM-based method reliable and according to the Portuguese standards?
• RQ3: Can the results be used for sustainability assessments?
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As a first step, it necessary to identify a suitable process and software to perform an
energy analysis according to the Portuguese regulations. Additionally, the process should
consider Autodesk Revit as a BIM platform, since it was identified as the most commonly
used software.

A study from Carvalho et al. [27] developed a conceptual framework for the integra-
tion of BIM in SBTool and suggested BIM approaches for each criteria assessment. For
the energy-related criteria (P7—Primary Energy and P8—On-site energy production from
renewables), they identified Cypetherm REH as the most suitable tool to estimate the en-
ergy performance of Portuguese residential buildings. In this tool, the calculation method
is based on the Portuguese thermal regulation (REH), and it automatically produces the
necessary information for the mandatory analysis of the building energy performance and
national energy label. Cypetherm REH is one of the several software from CYPE Inge-
nieros, a Spanish company that develops computer software to support the AEC industry
stakeholders. This software is adequately adapted to the national standards, and it is the
most used among the Portuguese building design offices. Furthermore, Cype software has
an add-in for BIM platform Autodesk Revit that allows exporting BIM models using IFC
format. This process uses the BIMServer.center (https://bimserver.center) cloud, which
acts as an intermediary platform between the selected software.

Following the previous goals, Cypetherm REH (version 2020d, Cype, Portugal) was
selected to carry out the energy analysis for this research. However, the method of the
Portuguese energy regulation requires as the input the amount of on-site renewable energy
production, and the Cypetherm REH does not allow to perform this simulation. Therefore,
the user must perform the simulation in an external software tool and input it into the
software. To avoid the use of different climate databases, an official spreadsheet from the
Portuguese Directorate-General for Energy and Geology (DGEG) was used to assess the
case study’s minimum requirements for renewable energy production. The simulation
results from Cypetherm REH will be validated against the official Portuguese assessment
method, i.e., using the official REH Excel spreadsheet (version V3.15 of 23 July 2020) for the
evaluation of the building’s thermal performance, which was developed by IteCons and
University of Coimbra [79]. Currently, the method commonly used by designers requires
considerable time to assess the building envelope characteristics, to select the calculation
parameters and to perform a set of calculations. From the results of this stage, it will be
possible to answer both RQ1 and RQ2.

After the simulation procedure, the results will be used to evaluate the two parameters
of the SBToolPT-H energy efficiency category: P7 and P8. Cypetherm REH provides enough
data for a comprehensive evaluation of both energy-related parameters. The assessment is
made by linking the results from Cypetherm REH with SBToolPT-H evaluation spreadsheet,
without performing any other calculations. Here, it will be possible to provide an answer
for RQ3. The research procedure is summarised in Figure 1.

To apply the suggested procedure a case study is required. It must be framed under the
scope of both REH and SBToolPT-H, i.e., must be a residential building. Thus, two different
case studies were selected for the analysis: an existing building and a new building project
(Figure 2).

The existing building is a 3-bedroom single-family house located in Porto, Portugal.
It is representative of most of the common characteristics from Portuguese residential
buildings built during the 1970s [80,81] in terms of: thermal resistance of the envelope
elements (no insulation); construction materials (brick wall, sloped roof with ceramic
tile, prestressed slab and wooden frame windows); typology (3-bedroom) and floor area
(less than 100 m2). Since the first Portuguese thermal regulation was only introduced
in 1990 [82], the dwelling has no insulation materials, creating a need for improving the
thermal behaviour of the building envelope. The dwelling total net floor area is 74.92 m2,
the interior floor to ceiling height is 3.05 m and the glazed area is 6.3 m2. The building is at
an altitude of 155 m and located 5 km from the coastline. This case study will be submitted
to an energy analysis as it is—the reference Model—and then, the building envelope will
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be optimised—the optimised Model. After, another simulation is going to be carried out
to demonstrate how the simulation tool can support the designer’s decision-making in
comparing the performance of different design scenarios. The optimisation is made by only
improving the building envelope thermal resistance, and the aim is to reduce at least 70%
of the building energy demand and meet the current national standards. The optimised
model concerns an energy renovation scenario, and it was defined according to the actual
thermal requirements.

Figure 1. Simulation procedure.

The new building project case study is also a 3-bedroom single-family house located
in Porto, Portugal (altitude of 155 m and located 5 km from the coastline). The building
has not yet been built and is representative of almost all characteristics of the Portuguese
dwellings nowadays [81]: construction materials (double-brick wall, flat roof, lightweight
block and beam slab and aluminium window frame with thermal break); typology (3-
bedroom); windows area (window-to-floor ratio of 15–20%) and floor area (average of
150 m2). The building total net area is 143.53 m2, the interior floor-to-ceiling height is
2.60 m and the glazed area is 39.66 m2. Since, in this case study, it is necessary to fulfil the
REH minimum energy requirements, only one virtual model was made and analysed. This
design scenario was already defined to match the regulation best practices.

Figure 2. Floor plan of the case studies: existing model and new building model.
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The thermal characteristics of both case studies scenarios are presented in Table 2. The
surface albedo for walls, doors and roofs was defined as a bright colour (D = 0.4), which
influenced the building summer gains (more gains with darker colours and fewer with
brighter colours). The efficiencies of all the systems (heating, cooling, DHW and solar)
were kept constant for all the simulations. The simulations also considered gains and
losses by natural ventilation, and the adopted ventilation renovation rates (air changes
per hour—ach) were according to the recommendations of the Portuguese regulation REH
(winter = 0.4 ach, summer = 0.6 ach).

Table 2. Construction solutions and systems.

Element
Existing Building

New Building
Reference Model Optimised Model

Exterior walls Simple brick wall (15 cm)
U = 1.69 W/(m2K)

Double brick wall (15 + 11)
with XPS insulation (6 cm) in

the middle
U = 0.40 W/(m2K)

Double brick wall (15 + 11)
with XPS insulation (5 cm) in

the air cavity (2 cm)
U = 0.38 W/(m2K)

Interior walls Simple brick wall (11 cm)
U = 1.78 W/(m2K)

Floor slab
Lightweight block and beam slab (20 cm)

and wooden floor finishing (3 cm)
U = 1.60 W/(m2K)

Lightweight block and beam
slab (20 cm), with interior XPS
insulation (7 cm) and wooden

floor finishing (3 cm)
U = 0.34 W/(m2K)

Lightweight block and beam
slab (25 cm), with interior XPS
insulation (4 cm) and wooden

floor finishing (3 cm)
U = 0.30 W/(m2K)

Roof slab Lightweight block and beam slab (25 cm)
U = 2.02 W/(m2K)

Lightweight block and beam
slab (25 cm), with exterior XPS

insulation (8.5 cm) and
waterproof membrane

U = 0.35 W/(m2K)

Lightweight block and beam
slab (25 cm), with exterior XPS

insulation (8.5 cm),
waterproof membrane and

gravel (5 cm)
U = 0.35 W/(m2K)

Sloped roof
Lightweight block and beam slab (25 cm)

with ceramic tile
U = 2.02 W/(m2K)

Lightweight block and beam
slab (25 cm) with ceramic tile

U = 2.02 W/(m2K)
-

Windows–glass Single glass 6 mm (Solar factor 0.85)
U = 2.50 W/(m2K)

Double-glass 6 mm + 4 mm (Solar factor 0.78)
U = 1.50 W/(m2K)

Windows–frame Wooden frame (w/ exterior shutter)
U = 2.50 W/(m2K)

Aluminium frame with thermal break (w/ exterior shutter)
U = 1.50 W/(m2K)

Exterior doors French wooden door
U = 1.50 W/(m2K)

Interior doors Wooden light door
U = 2.50 W/(m2K)

4. BIM Model for Energy Simulation

4.1. Building Modelling

The first research step consisted of creating the BIM models in the BIM platform
Autodesk Revit (version 2019, Autodesk, United States of America). By allowing a para-
metric modulation, building elements automatically recognise each other, and the related
parameters are established between them. After setting the building location and ori-
entation, it was necessary to define the thermal characteristics of the building. For this
purpose, the materials Heat Transfer Coefficients (U) and density were set, according to ITE
50 from the Portuguese national civil engineering laboratory (LNEC) [83], so they could
be representative of the Portuguese context. Then, the simulation tool recognises every
building compartment; the function of each element was set (interior or exterior) for walls,
floors, doors and roofs and the “room” function applied to every compartment. At this
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step, the compartment-specific properties such as name, dimensions and boundaries were
organised. Finally, the model energy settings, interferences and errors were also rapidly
checked by using the integrated functions of Autodesk Revit. Overall, the models can be
classified as a LOD 300—they contain data about the building form, openings/windows,
interior spaces and partitions, floors, walls, dimensions and material properties [34]. Note
that the model creation may be performed in another BIM platform, such as ArchiCAD or
Bentley, since the only requirement is the capacity to export the model in the IFC format.

4.2. IFC Upload Using Open BIM Collaboration Add-In

Then, BIM models were uploaded into the BIMServer.center account (through IFC).
For this specific case, this step was made using the Open BIM collaboration add-in for
Autodesk Revit, avoiding the need to save the model in IFC and uploading it to the
web page of BIMServer.center. Note that the add-in requires the use of Autodesk Revit.
However, it is still possible to directly upload IFC models to the platform. After that, a new
project was created in Cypetherm REH and the IFC file imported from the BIMServer.center
account. The software allows to import materials libraries from the user’s directory, and
therefore, it was linked to the materials library from Autodesk Revit.

4.3. Building Envelope, Systems and Thermal Bridges

When the BIM models were uploaded into Cypetherm REH, a couple of setbacks
were faced. First, it was noticed that the materials library was not successfully linked.
According to Cype technical support, it only allows linking materials libraries from other
Cype software. The materials were defined again according to ITE 50, which are available
on the Cype database. The building’s location was also not accurately transmitted, and
it was necessary to define it again. Since the software considers REH parameters, the
climatic zones are automatically defined (which are used for the determination of the
building envelope thermal quality requirements). Despite the general interoperability
quality of the building’s geometries and compartment identities, in these specific case
studies, it was possible to notice slight differences in the compartment’s floor-to-ceiling
heights. This may be caused in Autodesk Revit upon the creation of the energy analytical
model. The compartment volumes were adjusted according to the case studies models. A
synthesis of the interoperability is presented in Table 3. To avoid some of these issues, it is
recommended to double-check the BIM models first in IFC Builder software, which is used
to create and adapt BIM models for Cype software use. Thus, geometry and identity errors
can be easily corrected before importing the model into the energy analysis tool.

Table 3. Interoperability synthesis.

Successfully Transmitted Not Transmitted

Building geometry Building location

Building orientation Material characteristics

Walls and floors thickness Compartment’s height

Opening’s identity, size and location Building energy system

Compartment’s area

Compartment’s identity

Next, it was necessary to complete the information regarding the building envelope.
For every building element, i.e., external and internal walls, ground floor and roof, it
was essential to confirm if all the imported data was in accordance with the BIM model
and specify the absorption coefficient and the case study’s typology (number of rooms).
Cypetherm REH will then automatically calculate the thermal capacity and the U-values
of the building elements, according to the selected materials. Regarding the interior and
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exterior doors, only the U-value (if not correctly transmitted) and the absorption coefficient
must be defined.

Concerning the windows, some more adjustments were necessary. Since Autodesk
Revit does not allow designers to define all the parameters that influence the simulation,
some actions are required in Cypetherm REH. The glazing type must be correctly defined
according to ITE 50 from LNEC, such as the thickness of the air cavity, the glass solar factor
and the glazed fraction (0.7 for all the simulations). The window frame characteristics
must also be completed in terms of typology and U-value. Finally, the accessories, such as
shading devices, must be defined in terms of colour, position and solar reduction factor
(0.07 for all the simulations).

At last, it was necessary to define the systems for the dwellings—namely, the heating,
cooling, DHW and the on-site systems—to produce energy from the renewables (e.g.,
solar thermal collectors). Since Autodesk Revit does not allow designers to set all this
information, it must be directly defined in Cypetherm REH. For the heating, cooling and
DHW systems, it is necessary to select the energy source (e.g., electricity or fuel) and the
equipment type (e.g., split, multi-split, chiller or boiler). The natural ventilation renovation
rates are also defined here. Additionally, the system wattage and efficiency must be
stated, as well as the heated floor area. Concerning the renewable energy source, which is
mandatory for new buildings and major renovations, Cypetherm REH allows choosing
between solar and photovoltaic (PV) panels. For these case studies, solar panels were
selected and the panel area, production, efficiency and losses defined.

Regarding the thermal bridges, since Autodesk Revit performs parametric modelling,
Cypetherm REH recognises the connections between different elements and automat-
ically defines the existing linear thermal bridges. The user must only define how to
calculate the correspondent transmittances according to the selected standard. For these
case studies, REH-simplified values were used, according to Table 7, from Despacho n◦
15793-K/2013 [84].

5. Results and Discussion

5.1. BIM-Based Energy Simulation

Before performing any simulation in Cypetherm REH, it was necessary to estimate the
amount of energy produced on-site from renewables. The use of on-site renewable energy is
mandatory according to the Portuguese thermal regulation, and, therefore, Cypetherm REH
does not allow performing any simulation without defining a renewable energy system.
According to the Portuguese thermal regulation, the minimum amount of renewable energy
to be produced on-site must be equivalent to half of the building DHW needs. In this study,
it was assumed the introduction of a solar thermal collector with an area of 2 m2 in each of
the building’s roofs, with a 35◦ slope and oriented to the south quadrant. The amount of
renewable energy that can be produced was defined according to the national minimum
requirements. By selecting the building location, altitude and main obstructions in the
official spreadsheet from the DGEG, the minimum requirements calculated for the location
were 1366 kWh per year. This value will be used for all the case studies simulations, both
in Cypetherm REH and in the official REH Excel spreadsheet (version V3.15). Within the
BIM environment, it would be easy to export the model to other energy simulation tool to
assess renewable energy production. However, energy simulation software usually has
different climatic databases, and using both would result in inaccurate outcomes.

With all the required data, it is possible to conduct energy performance simulations.
First, the existing reference model was simulated in Cypetherm REH. Then, the existing
optimised model was created in Autodesk Revit by introducing insulation layers into the
building envelope and by replacing the windows with more efficient ones. The model was
quickly updated into BIMServer.center using the Autodesk Revit Open BIM add-in, which
automatically updates it in Cypetherm REH. The new building project model was also
created in Autodesk Revit and simulated once in Cypetherm REH. Only one scenario was
considered, as the goal was to demonstrate the method applicability for new buildings.
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The simulation results—heating needs (Nic), cooling needs (Nvc), primary energy
needs (Ntc) and DHW needs (Qa and Nac), as well as the regulation (REH) limit values—
are presented in Table 4. The existing reference model (without insulation) achieved
heating, cooling and total needs far above the national limits. The results were as expected,
due to the inexistence of any insulation material in the building. The scenario of the
energy renovation—optimised model—accomplished the REH requirements and reached a
reduction of 78.5% on the building total primary energy needs. This was mainly achieved
by reducing the heating needs in over 80%. For the new building project, the current
construction techniques and materials were used, reaching primary energy needs below
the existing model (despite its larger area). This difference was mainly due to the building
heating needs, which were almost 30% lower than the existing optimised model. The
primary energy consumption (Ntc) results from the application of Equation (3) are

Ntc =
1 ∗ Nic

ηi
∗ fpui +

1 ∗ Nvc

ηv
∗ fpuv +

1 ∗ Nac

ηa
∗ fpua − Eren + Esolar

Ap
(3)

where:

Ntc—building primary energy (PE) needs (kWhPE/(m2.year));
Nic—building heating needs (kWh/(m2.year));
Nvc—building cooling needs (kWh/(m2.year));
Nac—building DHW needs (kWh/(m2.year));
fpui—conversion factor to convert the final heating energy into PE;
fpuv—conversion factor to convert the final cooling energy into PE;
fpua—conversion factor to convert the final DHW energy into PE;
ηi—heating system effieicny;
ηv—cooling sysrem efficiency;
ηa—DHW system efficiency;
Eren—renewable energy produced for electric use (kWh/year);
Esolar—renewable energy produced for DHW use (kWh/year);
Ap—total net floor area (m2).

Table 4. Cypetherm REH results.

Energy Needs
Existing Building

New Building
Reference Model Optimised Model

Nic
kWh/(m2·year) 201.21 38.61 27.12

Limit value Ni
kWh/(m2·year) 49.00 68.07

Nvc
kWh/(m2·year) 4.98 4.35 7.91

Limit value Nv
kWh/(m2·year) 9.15 9.15

Ntc
kWhPE/(m2·year) 518.29 111.26 80.17

Limit value Nt
kWhPE/(m2·year) 165.79 195.61

Qa
(kWh/year) 2139.85

Nac
kWh/(m2·year) 28.56

The conversion factors fpui, fpuv and fpua take the value of 2.5 if the energy source is
electricity and the value of 1 for the fuel sources. The efficiency of the systems is represented
by ηi for the heating system (with a value of 1), ηv for the cooling system (with a value of
3) and ηa for the DHW system (with a value of 0.93). Eren and Esolar concern the amount of
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renewable energy proceeded by the building (1366 kWh/year). All these values were used
for all the simulations with both models.

According to the REH calculation procedure, the existing reference model achieved
an F mark on the energy label resulting from the relation between Ntc and Nt, while the
existing optimised model achieved a B mark. The new building project model reached an
A level for the national energy label.

With this BIM-based method, the process to perform and compare energy perfor-
mance simulations is enhanced. The requested amount of time is considerably reduced,
and designers can quickly understand the impact of the rehabilitation scenario or other
construction solutions on the building energy demand. Furthermore, Cypetherm REH
automatically creates all the documentation and drawings for the building thermal project.
Users can select documents such as “Energy performance label”, “Compliance with REH
requirements”, “Thermal inertia”, “Thermal bridges description”, “Obstruction factors”
and “Elements and material description”, as well as personalise their own drawings. This
is mandatory data to deliver within the building thermal project to obtain a construction
permit. Regarding the comparison of scenarios, Cypetherm REH also allows introducing
improvement measures directly. However, the BIM model in Autodesk Revit must be
manually updated later.

5.2. BIM-Based Energy Simulation Validation

At this stage, with the performance of such analysis, it was feasible to assume that
RQ1 can be positively answered. Nevertheless, it is essential to validate this tool and
process against a conventional and official method—RQ2. Thus, the Cypetherm REH
simulation results were compared with the ones obtained from an official REH spreadsheet
(conventional calculation process).

The simulation parameters for the REH spreadsheet were set equal to the ones of
Cypetherm REH, namely: Building location, building typology, interior height, altitude,
orientation, compartments and elements area, elements characteristics, systems efficiency
and type, as well as thermal bridges (which were obtained from Cype’s “thermal bridges
description” and later defined in the REH spreadsheet). Overall, all the input data in both
methods were kept constant. During the validation simulation with the REH spreadsheet,
the conventional procedure was adopted, but the BIM model was used to quickly assess
the building envelope characteristics, such as the dimensions and U-values. The achieved
results and comparison of both the energy performance simulation tools are presented in
Tables 5 and 6 for the existing building and new building, respectively.

Table 5. Comparison between the Cypetherm REH results and REH spreadsheet results—existing
building.

Reference Model
Difference

(%)

Optimised Model
Difference

(%)Cypetherm
REH

REH
Spreadsheet

Cypetherm
REH

REH
Spreadsheet

Nic 201.21 200.68 0.26 38.61 38.54 0.18
Ni 49.00 45.97 6.18 49.00 45.97 6.18

Nvc 4.98 4.61 7.43 4.35 4.35 0.00
Nv 9.15 9.13 0.22 9.15 9.13 0.22
Nac 28.56 28.56 0.00 28.56 28.56 0.00
Ntc 518.29 516.66 0.32 111.26 111.08 0.16
Nt 165.79 158.18 4.59 165.79 158.18 4.59
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Table 6. Comparison between the Cypetherm REH results and REH spreadsheet results—new building.

New Building
Difference (%)

Cypetherm REH REH Spreadsheet

Nic 27.12 26.78 1.27
Ni 68.07 65.36 4.14

Nvc 7.91 7.91 0.00
Nv 9.15 9.13 0.22
Nac 28.56 28.56 0.00
Ntc 80.17 81.11 1.17
Nt 195.61 189.61 3.16

Concerning the calculated energy needs, both the Cypetherm REH and REH spread-
sheet showed similar values, with deviations below 7.43%. However, the existing optimised
model reached fewer differences with the validation engine than the existing reference
model. The building performance maximum difference on the optimised model was only
0.18% (Nic), while, in the reference model, was 7.43% (Nvc). A similar scenario was found
for the new building project model, with a 1.27% difference between both methods’ heating
needs (Nic).

One of the most notorious difference was registered on the reference/limit value for the
heating needs (Ni) for both models—6.18% for the existing building and 4.14% for the new
building. These values did not affect the simulation results, since they only represented the
Portuguese reference value for this type of building. Although, by analysing the calculation
methods, it was noticed that Cypetherm REH considers a reference U-value of 2.40 for
exterior doors, while the REH spreadsheet considers 0.40. Thus, the calculation engine of
Cypetherm REH considers that the heat transference by elements transmission is higher,
and, therefore, the reference heating limit (Ni) for the building is also higher. The reference
U-value is given by REH; more specifically, from Portaria 379-A/2015 [85]. According to
it, the reference U-value for the windows and doors for Porto’s climatic zone (I2) should
take a value of 2.40. Additionally, it also defines the reference U-value for opaque vertical
and horizontal elements (0.40 and 0.35, respectively). Therefore, it can be concluded that
the REH spreadsheet considers exterior doors as “opaque vertical elements”. This leads
to a more conservative value on the heating needs for the national reference/limit. With
such a difference in the Ni-value, a difference of the same magnitude in the Nt-value was
also expected, since it depends on it. Nevertheless, the difference was not so significant,
reaching only 4.59% for the existing building and 3.16% for the new building.

Another significant difference was achieved in the cooling needs (Nvc) only for the
existing reference model (7.43%). To understand the reasons, once again, the calculation
methods were carefully analysed. The problem was found in the windows’ effective heating
collection area. Since Cypetherm REH contains precise geometric data, the software can
easily and accurately recognise which net glazed area is effectively facing south. Moreover,
it also considers any existing obstructions or shading elements with higher accuracy. In
the REH spreadsheet, the user must introduce all this data manually, and the orientations
are fixed according to the cardinal axis. Overall, a slight difference of 0.1 m2 on the solar
collection was found between both methods. Since the existing reference model did not
have any kind of insulation, this factor provided such a significant difference.

An additional setback was related to the number of decimal digits used in the calcu-
lations. Once again, the dimensions and U-values in Cypetherm REH are defined with
several decimal digits (but only two or three decimal digits are displayed). At the same time,
in the REH spreadsheet, it is the user’s decision (according to availability and preference).
This issue was the reason for the other small differences achieved between Cypetherm
REH and the REH spreadsheet. As an example, Table 7 presents the same calculations but
using Cypetherm REH and the REH spreadsheet. As it is possible to understand, the same
calculation provided different results (0.1% difference).
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Table 7. Rounding differences between Cypetherm REH and the REH spreadsheet.

Cypetherm REH REH Spreadsheet

Effective glazed area facing south (m2) 6.75 6.75

× ×
Average south radiation (kWh/m2·month) 130.00 130.00

× ×
Heating season duration (months) 6.23 6.23

= =

Gross solar gains (kWh/year) 5466.83 5472.29

Nevertheless, some notes must be made regarding the input parameters. There
are still some different inputs for the selected simulation tools, such as in the building
exterior windows and building systems. For windows, Cypetherm REH allows defining
some more simulation parameters, such as the frame type and performance, as well as
different shading devices and their influence on the thermal performance of the window.
For the building systems, Cypetherm REH also allows defining more types of efficiency,
namely the seasonal Coefficient of Performance (COP) efficiency and the renewable energy
system losses.

With these results, it is possible to provide an answer for RQ2. The identified BIM-
based method can globally be accepted to carry out energy simulations and thermal projects
in the Portuguese context. Moreover, the BIM-based process provides more reliable and
precise results than the existing calculation spreadsheets. Still, there is some space for
improvement, namely on the predefined reference U-values. Two calculation engines based
on the same method must consider the same reference U-values for the exterior doors.
Given that, and the small differences achieved, the BIM-based process can be successfully
validated to be used in the assessment of the energy performance of residential buildings,
according to the Portuguese thermal regulation.

5.3. Sustainability Assessment

Finally, it is possible to approach RQ3 and look for a sustainability assessment. Follow-
ing the conceptual framework from Carvalho et al. [27], the energy simulation results from
Cypetherm REH were used to assess the SBToolPT-H parameters P7—Primary Energy and
P8—On-site energy production from renewables. With the energy simulation results, all
the required information to assess the energy efficiency category is collected. The following
sections present the assessment procedure for the SBToolPT-H parameters P7 and P8. For
timesaving, the results were exported from Cypetherm REH to an XML document and
then linked to the SBToolPT-H Excel spreadsheet.

5.3.1. Parameter 7

The Cypetherm REH results were linked to the SBToolPT-H spreadsheet, and it was
possible to reach an automatic assessment. For parameter P7—Primary energy demand, the
required information for the evaluation is the total net floor area (74.92 m2 for the existing
model and 143.53 m2 for the new building model), primary energy needs (and respective
limit) and dwelling typology (three-bedroom dwelling). According to the SBToolPT-H eval-
uation guide, the building primary energy needs (PENR = Nt) must be compared with two
benchmarks: the national best (PENR* = 0.25 × Nt) and conventional (PENR∗ = Nt) practice.

Therefore, using the Cypetherm REH results, these data assume the following values
for the existing reference model:

PENR = Ntc = 518.29 kWhPE/(m2·year)

PENR∗ = Nt = 165.79 kWhPE/(m2·year)
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PENR* = 0.25 × Nt = 41.45 kWhPE/(m2·year)

The comparison against the benchmarks for the existing reference model is made
using a normalised value, provided by Equation (1).

PENR =
518.29 − 165.79
41.45 − 165.79

= −2.84

To reach the final score for P7, the normalised value must be converted into a qualita-
tive scale, as presented in Table 8. The existing reference model achieved an E level for P7.
This was an expected result for a non-insulated building.

The same assessment procedure was adopted for the existing optimised model, where
the variables took the following values:

PENR = Ntc = 111.26 kWhPE/(m2·year)

PENR∗ = Nt = 165.79 kWhPE/(m2·year)

PENR* = 0.25 × Nt = 41.45 kWhPE/(m2·year)

The normalised value for the existing optimised model is also provided by Equation (1).

PENR =
111.26 − 165.79
41.45 − 165.79

= 0.4

Converting the normalised value into a qualitative score, the existing optimised model
achieved a higher mark than the reference model—a B level for P7. Thus, the existing
optimised model performance is between the national best and conventional practices for
new buildings.

The same procedure was adopted for the new building to reach the analysis benchmarks.

PENR = Ntc = 80.17 kWhPE/(m2·year)

PENR∗ = Nt = 195.61 kWhPE/(m2·year)

PENR* = 0.25 × Nt = 48.90 kWhPE/(m2·year)

By normalising the results using Equation (1) and converting them into a qualitative
score, the new building model reached an A level for P7. The results from all the simulated
models are presented in Table 8.

PENR =
80.17 − 195.61
48.90 − 195.61

= 0.79

The results showed that, for parameter P7, all the required data for the assessment can
be quickly obtained using BIM methodology. By exporting the BIM model from Autodesk
Revit to Cypetherm REH, the building area elements (as walls, slabs, windows and doors)
and material characteristics are automatically recognised. In the conventional assessment
procedure, identifying all these characteristics is one of the most time-consuming tasks,
which was almost instantaneous assessed using BIM. Then, just by adjusting/defining
some simulation parameters, both the energy primary needs and limits are automatically
calculated according to REH in the required units for SBToolPT-H use.

In what concerns the optimisation or adjustments of the building design, this task is
also simple, since modifications in the BIM model (in Autodesk Revit) can be automatically
updated in Cypetherm REH, allowing designers to compare the performances of different
designs scenarios.

5.3.2. Parameter 8

Concerning SBToolPT-H parameter P8—On-site energy production from renewables,
Cypetherm REH is not able to estimate the required renewable energy production (for
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electrical use—Eren—or for DHW production—Esolar). An official spreadsheet from DGEG
was used to assess the minimum national requirements for renewable energy production,
resulting in a value of 1366 kWh/year. All this energy was specified for the production of
DHW—Esolar.

The required data for SBToolPT-H to perform this evaluation are: dwelling typology
(three-bedroom), total net floor area (74.92 m2 for the existing model and 143.53 m2 for
the new building model), heating, cooling and DHW needs and energy production (Eren
and/or Esolar). To assess parameter P8, the building energy production (PER)—calculated
through Equation (4)—must be compared with the conventional national practice (PER∗)—
Equation (5)—and best practice (PER*)—Equation (6).

The following calculations were performed for the existing reference model:

PER =
Esolar + Eren

Ap
(4)

PER =
0 + 1366

74.92
= 18.23 kWhPE/

(
m2·year

)

PER∗ = 0.5 × Qa
0.95 × Ap

(5)

where:

PER∗—national conventional practice for P8;
Qa—building DHW needs (kWh/year);
Ap—building total net area (m2).

PER∗ = 0.5 × 2139.85
0.95 ∗ 74.92

= 14.35 kWhPE/
(

m2·year
)

PER∗ = Ntc
′ = 1.2 ×

(
Nic

1
× 2.5 +

Nvc

2.8
× 2.5 +

Qa(
0.95 × Ap

) × 1.0

)
(6)

PER∗ = 1.2 ×
(

201.21
1

× 2.5 +
4.98

3
× 2.5 +

2139.85
(0.95 × 74.92)

× 1.0
)
= 644.69/2.5 = 257.88 kWhPE/

(
m2·year

)

With all the variables, it is possible to compare the building’s renewable energy pro-
duction with both benchmarks using Equation (2). As a normalised value of 0 corresponds
to the conventional national practice, the analysed building is slightly better than that.

PER =
18.23 − 14.35
257.88 − 14.35

= 0.016

Converting the normalised score into a qualitative scale, the existing reference model
achieved a D level for parameter P8, as presented in Table 8.

The same procedure was adopted to assess parameter P8 for the existing optimised
model. As the renewable energy production was kept the same, as well as the DHW
needs, both calculations for the building energy production (PER) and the conventional
national practice (PER∗) were equivalent. It was only necessary to calculate the national
best practice (PER*)—Equation (6)—by introducing the existing optimised model heating
and cooling needs.

PER = 18.23 kWhPE/
(
m2·year

)
PER∗ = 14.35 kWhPE/

(
m2·year

)

PER∗ = 1.2 ×
(

38.61
1

× 2.5 +
4.35

3
× 2.5 +

2139.85
(0.95 × 74.92)

× 1.0
)
= 156.26/2.5 = 62.50 kWhPE/

(
m2·year

)
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The comparison between the building renewable energy production and both bench-
marks was performed by using the normalisation Equation (2).

PER =
18.23 − 14.35
62.50 − 14.35

= 0.081

The qualitative score for the existing optimised model is presented in Table 8. Only by
improving the thermal insulation of the building envelope was it possible to improve the
classification of this parameter slightly. Even though the existing optimised model achieved
a D level, the classification was closer to the bottom border of the upper qualitative level.
The results were as expected, since the renewable energy production was set according to
the regulation reference (minimum requirements). The same amount of renewable energy
production was considered for both models.

Finally, the energy simulation results from the new building model were also linked
to SBToolPT-H for the assessment of P8. As the building area is different, the benchmarks
must be defined again.

PER =
Esolar + Eren

Ap

PER =
0 + 1366
143.53

= 9.52 kWhPE/
(

m2·year
)

PER∗ = 0.5 × Qa
0.95 × Ap

PER∗ = 0.5 × 2139.85
0.95 ∗ 143.53

= 7.85 kWhPE/
(

m2·year
)

PER∗ = Ntc
′ = 1.2 ×

(
Nic

1
× 2.5 +

Nvc

2.8
× 2.5 +

Qa(
0.95 × Ap

) × 1.0

)

PER∗ = 1.2 ×
(

27.12
1

× 2.5 +
7.91

3
× 2.5 +

2139.85
(0.95 × 143.53)

× 1.0
)
= 108.1/2.5 = 43.24 kWhPE/

(
m2·year

)

The normalised value for P8 is given by the application of Equation (2). The conversion
into a qualitative score resulted in a D level for the new building model. Since the renewable
energy is the same as for the existing building, a similar result was also expected. All the
sustainability scores are presented in Table 8.

PER =
9.52 − 7.85
43.24 − 7.85

= 0.05 (7)

Table 8. Final score for parameters P7 and P8.

Qualitative
Level

Quantitative
Value

P7 P8

Existing Building
New Building

Existing Building
New Building

Reference Optimised Reference Optimised

A+ p > 1.00
A 0.70 < p ≤ 1.00 X
B 0.40 < p ≤ 0.70 X
C 0.10 < p ≤ 0.40
D 0.00 ≤ p ≤ 0.10 X X X
E p < 0.00 X

The use of Autodesk Revit and Cypetherm REH can provide almost all the necessary
data for the assessment of parameter P8. The exception goes for renewable energy pro-
duction that needs to be previously calculated, which is the main setback. Nevertheless,
Cypetherm REH allows designers to assess quickly (and simultaneous with the primary
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energy needs for P7) the building heating, cooling and DHW needs according to REH,
which are necessary for the P8 assessment.

However, the fact that Cypetherm REH cannot estimate the amount of renewable
energy production only allows optimising parameter P8 by reducing the building energy
needs. To further improve the P8 evaluation, it was necessary to select, for example, a
higher area of solar thermal collectors to estimate the impact of a possible increase on
renewable energy production. However, it was not the goal of this research, and therefore,
the renewable energy production was kept constant.

Overall, a positive reply can be given to RQ3, as the simulation results from Cypetherm
REH can be directly used in the assessment of the energy efficiency category of SBToolPT-H.

6. Conclusions

The use of BIM in the construction industry may be an essential path to optimise
buildings’ energy performances and the occupants’ comfort requirements. BIM can signifi-
cantly minimise the resources of Building Energy Modelling to analyse different design
alternatives and improve building performances. This research validated a BIM-based
process to carry out energy analyses and develop building thermal projects in the Por-
tuguese context. The simulation results were also linked to the energy efficiency category
of the Portuguese BSA method SBToolPT-H to analyse how the results can be used to assess
the sustainability of buildings. This study analysed the possibility of using a BIM-based
framework to improve buildings’ energy performances and to develop mandatory thermal
projects while improving buildings’ sustainability. Designers can compare the impact of
different energy solutions on the sustainability level of their buildings during the early
design stage without spending too much time, money and other resources. As a case
study, the presented framework was applied, discussed and validated in the Portuguese
context but can, however, be extrapolated to other countries. This research also contributed
to improving the knowledge about the integration of BSA in the BIM project workflow,
providing new insights for complete implementation. BIM can significantly reduce the
efforts for BSA application in project early design stages, bringing the opportunity to create
more sustainable buildings.

When faced with the conventional assessment procedure, the applied BIM process
improved the assessment of the building energy needs in terms of reliability and time. Less
human errors are expected in assessing the building characteristics, in selecting simulation
parameters according to REH and in defining thermal bridges. Less time was also required,
as most of the building features were automatically recognised, the primary energy needs
and limits were automatically calculated and information extraction happened faster.
Moreover, it automatically provided mandatory documentation for the building thermal
project. The simulation results were also revealed to be reliable. The differences from the
REH spreadsheet were only noticeable due to the number of decimal digits considered for
the several parameters, data accuracy and a predefined reference U-value for the exterior
doors. Regarding the sustainability assessment, a single energy simulation in Cypetherm
REH provided results for both of the SBToolPT-H energy efficiency criteria. It reduced
the required efforts and time to carry out the BSA, encouraging designers to apply it in
their projects.

Still, some limitations were also found during the BIM-based process. Renewable
energy production must be assessed before the energy simulation using external tools.
Some interoperability constraints were also noticed in the transmission of the building
features (as presented in Table 3), which required a double-check revision with the energy
simulation tool. Nevertheless, by using IFC builder, designers can check and correct
the model’s geometry and data before exporting to the energy simulation tool. Other
issues were related to the model materials, which were not possible to transmit; the
simulation results must always be connected to the SBToolPT-H spreadsheet, and the
improvement measures must be manually introduced in Autodesk Revit. Overall, the
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BIM-based process to carry out the energy analysis and thermal projects for Portuguese
buildings was successfully validated, but it still requires further maturity.

It must be noted that this study was conducted with region-specific factors, which
were established considering the Portuguese context. A specific oriented simulation tool
was used, as well as a suitable BSA method. Nevertheless, SBToolPT-H is the adaptation to
the Portuguese context of the international SBTool method, which has already been adapted
to other countries’ specificities. Additionally, Cype software (or other equivalent software)
is also available in several countries, which make it possible to retain and export valuable
insights about the applied process in other regions, especially about the interoperability
between Autodesk Revit and Cype software. Nevertheless, other BIM platforms may be
used, as long as they allow exporting the model IFC for BIMServer.center. This same
procedure can also be applied for service buildings (using Cypetherm RECS instead of
Cypetherm REH) and different parameters of SBToolPT-H, e.g., in the assessment of the
acoustic performance (using Cypesound RRAE).
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Appendix A

Table A1. SBToolPT-H list of categories and parameters.

Dimension Category Parameters
Category

Weight (%)
Dimension
Weight (%)

Environment

C1—Climate change and outdoor
air quality

P1—Construction materials embodied
environmental impact 12

40

C2—Land use and biodiversity

P2—Urban density

19

P3—Soil sealing index of the development

P4—Use of precontaminated land

P5—Use of native plants

P6—Heat-island effect

C3—Energy Efficiency
P7—Nonrenewable primary energy

consumption 39
P8—In situ energy production from renewables

C4—Materials and
waste management

P9—Materials and products reused

22

P10—Use of materials with recycled content

P11—Use of certified organic materials

P12—Use of cement substitutes in concrete

P13—Waste management during operation

C5—Water efficiency
P14—Water consumption

8
P15—Reuse of grey and rainwater
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Table A1. Cont.

Dimension Category Parameters
Category

Weight (%)
Dimension
Weight (%)

Social

C6—Occupant’s health and comfort

P16—Natural ventilation efficiency

60

30

P17—Indoor air quality

P18—Thermal comfort

P19—Natural lighting performance

P20—Acoustic comfort

C7—Accessibilities
P21—Accessibility to public transport

30
P22—Accessibility to urban amenities

C8—Education and awareness of
sustainability

P23—Occupant’s awareness and education
regarding sustainability issues 10

Economic C9—Life cycle costs P24—Capital costs
100 30

P25—Operation costs
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