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the Pedestrian Level
Reprinted from: Sustainability 2022, 14, 5781, doi:10.3390/su14105781 . . . . . . . . . . . . . . . . 139

Giulia Lamberti, Giacomo Salvadori, Francesco Leccese, Fabio Fantozzi and Philomena M.

Bluyssen

Advancement on Thermal Comfort in Educational Buildings: Current Issues and Way Forward
Reprinted from: Sustainability 2021, 13, 10315, doi:10.3390/su131810315 . . . . . . . . . . . . . . . 169

Tamara Mamani, Rodrigo F. Herrera, Felipe Muñoz-La Rivera and Edison Atencio
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Preface to ”Buildings of Tomorrow: Goals and

Challenges for Design and Operation of

High-Performance Buildings”

In the last few decades, building design has been shifting toward higher energy efficiency and

better performance. Although the main focus is usually on the reduction in energy use for the

operation and construction of buildings, awareness of the benefits of higher occupant comfort and

health has shifted the focus toward a more holistic treatment of building design. This notion was

further emphasized during the last two and a half years. Firstly, this was due to the COVID-19

pandemic and the realization that the indoor environment is directly related to occupants’ health,

and secondly, the energy insecurity fueled by the Ukrainian war. Therefore, we have to realize

that contemporary high-performance buildings will not only have to be energy-efficient but will

also have to address synergetic interconnectedness between the indoor environment and user health

and comfort, while at the same time being sustainable and resilient—a task that is not easily

achieved, and which is further complicated by the issues of anthropogenically induced global

warming that already necessitates the adaptation of buildings to the future climate during the

design phase. With the exposed complexity and interconnectedness of parameters influencing the

design of high-performance buildings, a crucial research question emerges: “how can we accomplish

appropriate optimization among opposing and contrasting demands of different fields governing

the design of high-performance buildings?” This question, of course, is not answered in the present

reprint book of a Special Issue of the Sustainability journal. Nevertheless, the papers published in it

represent essential contributions that broaden the knowledge in the field of architectural engineering

and, as such, provide a small but valuable contribution to creating a sustainable and resilient built

environment.

The content of the Special Issue and the present reprint book can be roughly divided into

two parts. The first one includes papers primarily concerned with the functioning of the building

and its components concerning energy use. In contrast, the second part addresses the occupant’s

comfort concerning the building. The book’s first part consists of chapters 1 to 5 and covers

some interesting aspects related to building design. Chapter 1 deals with building envelope

optimization, and the integration of passive-cooling measures in building design by adopting a

building simulation approach. Chapter 2 highlights the risks associated with buildings designed

with the bioclimatic approach in the context of uncertain future climates. This chapter especially

talks about the overheating problem in Central Europe’s residential buildings. Chapter 3 mentions

retrofitting buildings with phase-change materials and aerogel to adapt the building to extreme

heatwave conditions. It also reports that using the above materials significantly reduces energy

use, peak cooling load, CO2 emissions, and operational energy cost for a typical Australian house

in the Melbourne climate. Chapter 4 highlights the impact of the building shape factor on energy

demand and CO2 emission in the cold Oceanic climate of southern Chile. Through case studies, the

authors concluded that a shape factor below 0.767 leads to a decrease in energy demand under the

studied climate. Chapter 5 addresses the issue of the urban heat island effect (UHI) and associated

energy consumption in buildings. Through the paper, the authors conducted a systematic literature

review of white roofing materials in emerging economies in the context of parameters such as energy

performance cost–benefit, maintenance, and consumer indifference.

The second part of the book consists of chapters 6 to 9. An adaptive thermal comfort study

ix



in university hostel dormitories is presented in Chapter 6 of the book. This chapter puts forth the

characteristics of the subject’s seasonal thermal perception and adaptive actions to restore comfort

in the hostel dormitories of the composite climate of India. Chapter 7 reflects the impact of the

high-albedo materials used in the tall buildings on pedestrian streets in an urban environment.

Authors in their study found that diffusely reflective façades did not increase the incident radiation

at the pedestrian level by more than 30%. However, in the case of a specular reflective façade, the

situation worsened due to an increase in incident radiation by 100% to 300% and should therefore

be avoided. A student spends a considerable amount of time in education buildings during their

education, starting from kindergarten to the university level. It is also evident from the published

research that adequate thermal comfort impacts students’ learning curve. Chapter 8 of the book

highlights the recent advancement in thermal comfort in educational buildings and the associated

issues. Lastly, Chapter 9, through a literature review, addresses the parameters that affect thermal

comfort and the instruments used in field surveys to record thermal-comfort parameters. This chapter

emphasizes understanding occupants’ behavior and individualized approaches.

Ultimately, we must acknowledge that the Special Issue and this reprint book would not exist

without the authors’ contributions. Therefore, we thank everyone for their valuable and interesting

contributions that will undoubtedly increase our knowledge in the field of high-performance

buildings. Of course, the Special Issue would never have materialized without the opportunity to

edit it given to us by MDPI and the editorial board of the Sustainability journal, for which we are

grateful. Lastly, we would like to extend our appreciation to our families, loved ones, and our current

and past colleagues for their support and for their contributions, in some form, to the creation of the

reprint book and Special Issue.

Mitja Košir and Manoj Kumar Singh

Editors
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Abstract: The comprehensive approach for a building envelope design involves building performance
simulations, which are time-consuming and require knowledge of complicated processes. In addition,
climate variation makes the selection of these parameters more complex. The paper aims to establish
guidelines for determining a single-family household’s unique optimal passive design in various
climate zones worldwide. For this purpose, a bi-objective optimization is performed for twenty-four
locations in twenty climates by coupling TRNSYS and a non-dominated sorting genetic algorithm
(NSGA-III) using the Python program. The optimization process generates Pareto fronts of thermal
load and investment cost to identify the optimum design options for the insulation level of the
envelope, window aperture for passive cooling, window-to-wall ratio (WWR), shading fraction,
radiation-based shading control, and building orientation. The goal is to find a feasible trade-
off between thermal energy demand and the cost of thermal insulation. This is achieved using
multi-criteria decision making (MCDM) through criteria importance using intercriteria correlation
(CRITIC) and the technique for order preference by similarity to ideal solution (TOPSIS). The results
demonstrate that an optimal envelope design remarkably improves the thermal load compared
to the base case of previous envelope design practices. However, the weather conditions strongly
influence the design parameters. The research findings set a benchmark for energy-efficient household
envelopes in the investigated climates. The optimal solution sets also provide a criterion for selecting
the ranges of envelope design parameters according to the space heating and cooling demands of the
climate zone.

Keywords: residential building; building envelope; multi-objective genetic algorithm; TRNSYS;
climate zone; multi-criteria decision making; CRITIC; TOPSIS

1. Introduction

Energy consumption in buildings accounts for a major part of the worldwide final
energy use. The building sector consumes 30% of global energy use and produces 28%
of global CO2 emissions. Residential buildings alone account for 22% of total energy
use [1,2]. The household sector in Asia has the maximum share of 35% in global building
energy consumption. The European housing sector comes second and is responsible for
approximately 28% of global energy use in residential buildings. The projected growth in
households’ energy consumption is 1.4% per year from 2018 to 2050 [3]. The worldwide
energy usage of residential buildings increased by 30% from 1990 to 2014. In emerging
economies, this increment was more than 50% during that period [4]. This growing energy
demand and associated CO2 emissions have led to new design approaches for energy
conservation in buildings. Subsequently, energy-efficient buildings are recognized as a
sustainable solution in reducing energy consumption and CO2 emissions.

The thermal performance of the building envelope determines the energy consump-
tion for thermal comfort, which has an explicit impact on the overall energy demand of the

Sustainability 2022, 14, 65. https://doi.org/10.3390/su14010065 https://www.mdpi.com/journal/sustainability1
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buildings [5]. Therefore, employing an integrative approach in the architecture of building
envelope at the preliminary design stage plays a critical role in improving the energy
performance of buildings. Designers need comprehensive information of building perfor-
mance and make decisions among a large number of design possibilities. It is asserted that
operational cost, energy consumption, and overall performance of buildings are dependent
on the early design approach [6]. In the preliminary design stage, the designer needs to
consider building orientation, ventilation rate, air leakage, solar gain, window-to-wall
ratio (WWR), window shading, and thermal mass, which impact the building performance
collectively or independently [7,8]. Climate is another decisive element in the architectural
design of buildings. The variation in climate conditions of different regions makes the
design phase more diverse and complex. The design parameters’ solution sets differ for
each climate, and the energy-saving potential also changes likewise [9]. The heat gain from
electrical appliances is also a critical parameter to evaluate thermal load in a simulated
environment, particularly the cooling load. A realistic electric heat gain profile can help
calculate the amount of heat to be removed from the building in summer [10] and avoid
overheating in winter [11].

Although building envelope design is an imperative prospect in building performance,
it is not an easy task due to the wide variety of passive measures. It is difficult to quanti-
tatively analyze the building optimization problem using a traditional design approach.
Researchers have coupled building simulation tools such as Ecotect, EnergyPlus, Doe-2,
and TRNSYS (Transient Systems Simulation Program) with optimization algorithms to
determine energy-efficient solutions [7,12]. Optimization algorithms explore design alterna-
tives with desired outcomes, and make it possible to trade-off between objective functions
concurrently with the provided constraints of the design variables [13]. Genetic algorithms
are widely applied in building energy optimization problems [14–21]. A population-based
metaheuristic genetic algorithm transforms the population under the explicit rule of sur-
vival of the fittest to reach a desired state of the objective functions. Genetic algorithms
can deal with the non-linearity in the optimization of building performance, and they also
explore the global optimum solution and do not limit to local optimal points [22].

Penna et al. [23] performed a three-objective optimization analysis on a single-family
house in two different climate locations of Italy by using the Transient Systems Simulation
Program (TRNSYS) and non-dominated sorting genetic algorithm (NSGA-II). The goal was
to minimize the energy cost and discomfort hours, and maximize energy performance by
insulation of the envelope, high performance window glazing, and replacement of HVAC
equipment. An optimal cost solution could save more than 57% energy consumption
for both locations. Rabani et al. [24] proposed an optimization scheme to automate the
identification of the best-suited window configuration, envelope, shading system, and
energy supply system on an office building in Norway. Ascione et al. [25] coupled Energy
Plus with NSGA-II to optimize the architecture design of residential buildings in four
cities of Spain (Mediterranean climate). Window dimensions, window shading, type of
window glazing, and the type of walls and roofs were determined to trade-off between
the heating and cooling demands of the building. Ferrara et al. [26] coupled the energy
model of a nearly zero-energy French household with the acoustic model in MATLAB,
and optimized the building through the particle swarm optimization (PSO) algorithm in
GenOpt for energy, cost, and acoustic performance. A building simulation tool IDA-ICE
was coupled with NSGA-II in GenOpt, and the findings of the study showed a decease up
to 77% in energy use. The best performance was achieved with a shading device control
based on solar radiation and indoor temperature. Chang et al. [27] developed a flexible
multi-objective optimization framework to improve energy performance, thermal comfort,
and reduce emissions and building costs while optimizing various envelope parameters.
The framework was tested on four residential buildings in Tokyo to find out the retrofit
area of the envelope for optimal performance.

Since multi-objective optimization produces a series of Pareto solutions, selecting
the best one(s) is challenging. Thus, some studies implemented multi-criteria decision-
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making (MCDM) techniques to rank the Pareto solutions and choose the best one(s).
Delgarm et al. [28] optimized the building energy performance and indoor comfort using
a multi-objective optimization technique and used the technique for order preference by
similarity to ideal solution (TOPSIS) to choose the optimal solution from Pareto fronts. In
a study [29], three MCDM methods, namely, Analytic Hierarchy Process (AHP), TOPSIS,
and Choquet, were used to determine the ranking of different façade design alternatives.
MCDM requires the assignment of appropriate weights to the performance criteria involved.
The weighing process includes a pairwise comparison of attributes by the experts in
the subjective method. On the other hand, objective weighting methods such as mean
weight, entropy method, standard deviation, and criteria importance through intercriteria
correlation (CRITIC) determine the weights based on the variation in the objectives in
Pareto solutions [30]. There are studies in the literature that used CRITIC for weighing the
attributes and TOPSIS for ranking of the energy system alternatives in combination with
multi-objective optimization. C. Xu et al. [31] used an MCDM framework to optimize the
capacity of a hybrid (wind/PV/hydrogen) energy system. The Pareto fronts for the three-
objective optimization problem were generated using NSGA-II. The CRITIC technique
was employed to assign weights to the objectives, followed by the TOPSIS method for
ranking the hybrid energy system alternatives. M. Babatunde and D. Ighravwe [32] also
used CRITIC and TOPSIS simultaneously to evaluate the techno-economic performance of
six PV/wind/battery/diesel generator energy system alternatives. The results also identify
the most and least important technical and economic criteria of a hybrid energy system.
T. Salameh et al. [33] employed the MSCDM technique to optimize hybrid energy system
alternatives. The authors used three weighing methods—no priority, entropy, and CRITIC—
and the TOPSIS technique was used to decide the best solution from nine alternatives.
Additionally, the reliability of TOPSIS was also asserted by other ranking methods, such as
WASPA, MOORA, and EDAS.

Building performance is strongly influenced by the climate conditions and needs to
be considered at the primary design stage. For this purpose, Zhao and Du [34] optimized
the orientation, configuration of windows, and shading system of an office building in
four different climates, from severe cold to hot, of China. It was concluded that the design
parameters in those climates varied to achieve the desired energy and thermal comfort
performances. The window materials and depth of the overhangs were different for the
optimal case in hot and cold climates. The installation angle decreased from 110◦ in severe
cold weather to 80◦ in hot weather. A study investigated the optimal passive design of
a residential building in twenty-five different climates [35]. The authors investigated the
effect of window blinds during daytime and the natural ventilation rates, air changes
per hour (ACH) = 1 and 1.5, for passive cooling. They considered the envelope thermal
transmittance, WWR of the facade, and windows glazing for efficient passive design,
but limited the optimization process to only five values for each design parameter. The
optimization results showed that the recommended thermal transmittance of the walls
and roof are 0.2 W/m2 K and 0.6 W/m2 K in severe cold and hot climates, respectively.
The WWR in cold climates reached 80% with the aim of reducing the heating load only.
Natural ventilation significantly decreased the cooling load in hot climates and reduced
the overheating hours in cold climates. Naji et al. [36] conducted performance evaluation
of a double-story detached house of 214 m2 area using TRNSYS, EnergyPlus, and an
evolutionary algorithm (NSGA-II). The optimal values of envelope insulation thickness
and area, glazing, and shading of windows were determined in eight different locations
corresponding to tropical, temperate, and continental climates in Australia. The small
window area characterized the optimal solutions for tropical, hot desert, and humid
subtropical, while the larger window area was optimal in oceanic climates. Low insulation
of the envelope was optimal in tropical, while a high insulation envelope was suitable
for oceanic climates. A high level of south shading was required for tropical and hot
deserts, whereas cold climates required a lower shading. Harkouss et al. [37] investigated
the performance of multi-story apartment buildings in different cities of Lebanon and
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France with the purpose to minimize the electricity demand of the building. A multi-
objective building optimization tool (MOBO) was coupled with Energy Plus to optimize the
insulation thickness of the envelope, window area and shading, type of window glazing,
and heating/cooling set points. The performance analysis indicated that it is essential
to minimize the building thermal load using passive strategies and a high-performance
thermal envelope. The results showed that the thermal load was decreased in a range of
6.7–33.1% in different cities. Delgarm et al. [38] used Energy Plus and NSGA-II to optimize
the building orientation, window area, and window shading of a single thermal zone in
four climates of Iran, which resulted in a 23.8–42.2% decrease in total energy consumption.
The optimal WWR was 0.26 in the city with higher HDD and 0.08 in the city with higher
CDD. The orientation and overhand depth were almost the same in all cities.

The building design is traditionally based on expert opinion and lacks considera-
tion of various design possibilities and multidisciplinary performance analysis. In most
regions, building energy standards are established but contain limited information on
building envelope components. Usually, those standards provide the allowable thermal
resistance or transmittance of the envelope components and WWR in some cases [39–55].
The comprehensive design approach involves building performance simulations, which
are time-consuming and require knowledge of complicated processes. In addition, climate
variation makes the selection of these parameters more complex.

Previous studies have reported the optimization methods and solution sets for different
building design parameters. Those studies mainly focus on optimizing individual or
combinations of design parameters, such as envelope insulation, window area, window
glazing, and window shading. On the other hand, design optimization is performed for a
single climate or different climates of a particular region [24–27,29,38]. Some authors have
conducted multi-climate optimization but with limited design options [23,34–36]. Further,
very few studies consider multi-objective and multi-climate optimization followed by the
MCDM for a single-family house by combining the envelope design parameters from the
literature [28,37]. Many researchers have optimized building designs in different locations
and reported energy savings in space heating and cooling loads. However, it is hard to
find a study that demonstrates the variation in the optimal envelope parameters and the
respective improvement in thermal demand in all major climates.

The present work aims to establish guidelines for determining the unique optimal
passive design of a single-family household in various climate zones worldwide. This is
accomplished by coupling a dynamic energy simulation tool (TRNSYS) and a Python-based
multi-objective optimization algorithm (NSGA III). NSGA III produces the Pareto fronts
between the cost of thermal insulation and annual thermal load. In the second stage,
CRITIC is employed to determine the objectives’ weights based on the objective data from
the optimization process. Then the TOPSIS method is applied to identify the optimal
solution from the Pareto front.

In this study, a wide range of architecture parameters, including insulation of enve-
lope, passive cooling through windows, WWR, window shading fraction, radiation-based
shading control, and orientation, are optimized to minimize the thermal energy demand
in twenty climates from the Köppen–Geiger classification. This research contributes to
scientific originality by identifying the household’s optimal design parameters to efficiently
achieve thermal comfort in various climates. A comparison of the annual thermal load is
provided between the optimal envelope design from this study and the base-case building
with previous design practices. Therefore, the novelty of this work is to provide the bench-
marking of envelope design with climate adaptability, which overcomes the limitations
of the case building performance model. Moreover, since the climate is changing for the
last decades globally, the developed guidelines provide a criterion to modify the building
design in the future. Finally, the findings of this work explain the variation in design
parameters and thermal loads (solar gains, infiltration load, and transmission load) in the
investigated climates.
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2. Materials and Methods

The optimal design parameters were evaluated by a two-stage optimization method
in this study. In the first stage, genetic algorithm NSGA-III was coupled with the building
energy simulation tool TRNSYS to generate Pareto fronts by minimizing the thermal
insulation expenses and annual thermal load of a single-family household. In the second
stage, the CRITIC method was used to determine the weight of the objectives, while the
TOPSIS approach was applied to select the unique optimal solution from Pareto solutions.

A comprehensive investigation of energy-efficient design options of the building
envelope was carried out for the preliminary design stage. The ideal thermal energy
need of the building was evaluated instead of the heating or cooling energy of a specific
HVAC system. The thermal loads were calculated for achieving the room temperature
(Troom), 20 ◦C and 25 ◦C in winter and summer, respectively, and relative humidity of
50% throughout the year. The predicted mean vote (PMV) value was calculated for these
conditions as a measure of thermal comfort. The scheme of the optimization process is
presented in Figure 1, and described in Sections 2.1–2.4.

 

Figure 1. Python-based optimization scheme.

2.1. Base-Case Building

The base-case building model is a two-story residential building from International
Energy Agency (IEA), Solar Heating and Cooling (SHC) Task 44/Annex 38 [56]. Building
performance simulation was conducted using TRNSYS (Transient System Simulation Pro-
gram) [57]. The building has a total net floor area of 140 m2, an outside wall surface of
216 m2, and an outer roof area of 81 m2. Figure 2 shows the geometry and orientation of the
building. The building was simulated as a single thermal zone. The internal walls (200 m2)
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and floor area of second story (70 m2) were added in the TRNBuild tool to include the
internal capacities of the building structure. The thermal properties of the envelope were
defined based on the local building energy standards of each investigated location [39–55].
These standards provide the limits of thermal transmittance (U-value) for different compo-
nents of the envelope. Tables 1 and 2 describe the construction and thermal properties of
the building envelope. Expanded polystyrene (EPS) insulation and rockwool insulation
layers were used for the external walls and roof, respectively. The thickness of the envelope
insulation was defined such that the U-values of the external walls and roof met the criteria
of allowed thermal transmittance in the local building energy standards. Double-glazed
windows, having 4/16/4 geometry (4 mm inner pane, 16 mm space bar, and 4 mm outer
pane), U-value of 1.4 W/m2 K, and g-value of 0.622, were used for all facades.

Figure 2. Geometry of the base-case building.

Table 1. Construction and thermal properties of the opaque elements.

Element Layer
Thickness

(m)
Density
(kg/m3)

Conductivity
(W/mK)

U-Value
(W/m2 K)

External wall

plaster inside 0.015 1200 0.60 0.18 1

0.16 2

0.20 3

0.26 4

0.30 5

brick 0.210 1380 0.70
plaster outside 0.003 1800 0.70

EPS (expanded
polystyrene)

0.200 1

0.230 2

0.180 3

0.135 4

0.120 5

17 0.04

Floor

wood 0.015 600 0.15

0.649
plaster floor 0.080 2000 1.40
sound insulation 0.040 80 0.04
concrete 0.150 2000 1.33

Roof ceiling

gypsum board 0.025 900 0.21 0.13 1

0.17 2

0.15 3

0.22 4

0.20 5

plywood 0.015 300 0.08
plywood 0.015 300 0.08

rockwool

0.250 1

0.190 2

0.215 3

0.140 4

0.160 5

60 0.03

Internal wall clinker 0.200 650 0.230 0.885
1 Ostersund and Stockholm; 2 Saarbrücken; 3 Strasbourg; 4 Milan; 5 All investigated locations other than mentioned
earlier (c.f. Table 3).
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Table 2. Construction and thermal properties of the windows.

Windows
Construction

(mm)
Height

(m)
Width

(m)
Windows
Area (m2)

U-Value
(W/m2 K)

g-Value

North

(4,16,4) 1.0 1.0

3.0

1.4 0.622
South 12.0

East 4.0

West 4.0

2.1.1. Ventilation Load

The energy performance analysis in this research takes account of two ventilation loads
due to air exchange through the leakage area of the building and air exchange through
windows opening. Based on the Sherman Grimsrud model from ASHRAE fundamentals
1997 [58], a simple single-zone approach calculates the air infiltration rate into the building
through the leakage area (Equation (1)).

Qin f = (AL/1000)·
√

CsΔT + CwV2 (1)

where, Qinf is the airflow rate (m3/s), AL is the effective air leakage area (cm2) of the house,
Cs is stack coefficient ((L/s)2/(cm4 K)), ΔT is the difference between the average indoor
and outdoor temperature for the time interval of calculation (K), Cw is wind coefficient
((L/s)2/(cm4 (m/s)2), and V is average wind speed (m/s). The value of Cs depends on the
number of stories of the building. For instance, it has a value of 0.000145 for a single-story,
0.00029 for a two-story, and 0.000435 for three-story buildings. The wind coefficient Cw
depends on the height of the building and local shielding from surrounding objects, and
the value is accordingly assigned as provided in ASHRAE fundamentals 1997.

The natural air exchange through six windows with aperture angle (α) is the passive
cooling rate. Passive ventilation through windows was activated based on the indoor
temperature of the zone and the ambient temperature (Tamb) during the night. Control
strategies were implemented such that passive cooling through windows occurred during
the night (9 p.m. to 8 p.m.) along with active cooling. The 24 h average temperature (Tavg24)
was used to indicate the seasonal variation. It was asserted from the climate data set that the
average temperature below 12 ◦C occurs in the winter season, and there is no requirement
for cooling in the building. Passive cooling starts when the indoor temperature rises above
24 ◦C, and the outdoor temperature is at least 2 ◦C below the indoor temperature. In
comparison, active cooling starts when the indoor temperature rises above 25 ◦C. The
margin of 1 ◦C before the start of active cooling was provided as an energy-saving measure.
When the room temperature drops to 23 ◦C, the windows are closed. Thus, the passive
cooling is operable between 23 ◦C and 25 ◦C indoor temperatures. If all the conditions
described in Figure 3 were met, the windows tilt to an angle α for passive cooling. Thus,
the ventilation load of the building is a sum of the heat gains/losses from two air-exchange
rates.

7
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Figure 3. Temperature-based control of passive ventilation through windows.

2.1.2. Internal Gains

The investigated building was occupied by a family of four members. The occupancy
schedule was adopted from ASHRAE [59], as shown in Figure 4, and is identical for all
days of the week. The heat generated by the occupants is 115 W per person, which includes
a sensible gain of 70 W and a latent gain of 45 W [60]. The sensible heat gain is divided into
the radiative (42 W) and convective (28 W) parts. The latent heat is incorporated directly
by the humidity with a mass flow of 0.059 kg/h.

Electrical appliances produce waste heat causing thermal gains in the zone. Since
the electricity consumption varies with the diversity in the climate, annual hourly load
profiles were generated based on the literature [61–75] for all the investigated countries
to evaluate thermal gains. The load profiles do not include the electricity use for space
heating, space cooling, and water heating. For realistic electric heat gains, the load profiles
were modified, if required, to a household of 140 m2 floor area. Kuusela et al. estimated
the electricity consumption of common home appliances as a function of floor area. The
relation between electricity consumption relative to a 140 m2 household and floor area
is shown in Figure 5 and mathematically represented in Equation (2) [76]. The electricity
consumption of households in different locations was adjusted to a 140 m2 floor area using
Equation (2) because the area and geometry of the reference building were assumed to be
identical for thermal load analysis in all climates.

y = −0.44 ln(x) + 3.19 (2)

It was assumed that 58% of the electric energy is retained in the building as thermal
gain. Table 3 provides the electric gains in the selected climates. The occupancy and electric
thermal gains were added as external hourly profiles to the building model in TRNSYS.

8
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Figure 4. Occupancy schedule of a day from ASHRAE.

Figure 5. Relative electricity consumption as a function of area.

2.1.3. Solar Gain

All windows were equipped with shading blinds to avoid overheating in winter and
higher cooling load in summer by limiting the solar gain. In this research work, a monthly
schedule determined the shading fraction in the building model, and it was adjusted ac-
cording to the month of the year, having the minimum shading fraction. According to a
study, the average value of optimal shading during winter is approximately 23%, and the
minimum value during a day is 10% [77]. In the summer season, the window shading can
be varied between 25% and 100% for the optimization process [78]. Therefore, the minimum
shading fraction is set to 0.11 in December for the base-case analysis. Figure 6 shows the
variation in the shading for other months of the year relative to December. Furthermore,
a windows-shading control was designed as a function of ambient temperature, the tem-
perature of the zone, and global horizontal solar radiations. Figure 7 explains the control
strategy to switch the shading device on and off. The temperature-based control of window
shading restricts the solar heat gain into the building through windows. The window shade
is turned on at 23.8 ◦C [56] to maintain the room temperature below 25 ◦C. This margin of
1.2 ◦C was used to delay the activation of the active cooling system. Although this value
can be set to a lower level, it could result in higher lighting loads and heat gain from the
lighting equipment. The window shading was turned off at 22.8, i.e., 1 ◦C lower than
shading on temperature, to allow daylight into the building and avoid a further decrease
in the temperature during summer. The WWR is the second factor that controls the solar
gain through windows. WWR varies for all facades (c.f. Table 2), and the value of WWR is
20% for the south facade in the base case. For the optimization scheme, the upper limit of
WWR is 40% according to the guideline of the ASHRAE standard 90.1–2019 [79], which
states that the higher value of WWR is 40% for residential and non-residential buildings.
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Figure 6. Relative shading fraction during the year.

 
Figure 7. Solar radiation-based control of window shading.

2.2. Investigated Climates

This work investigated four major climate zones: A: Tropical; B: Dry; C: Temperate;
and D: Continental, according to Köppen–Geiger climates classification [80] (first letter).
These climate zones are subdivided based on the annual variation in ambient temperature
and precipitation. The precipitation level (second letter) is defined as f (no dry season), m
(Monsoon), s (dry summer), w (dry winter), S (semi-arid), and W (desert). Similarly, the
temperature level (third letter) is categorized as a (hot summer), b (warm summer), c (cold
summer), d (very cold winter), h (hot), and k (cold). Table 3 describes the average tempera-
ture (Tavg), cooling degree days (CDD), and heating degree days (HDD) for twenty selected
climates of twenty-four locations. The Meteonorm tool generates the meteorological data
for these locations. The CDD10 and HDD18 are defined as follows:

HDD18 = ∑365
t=1 (Tbase − Ta) (3)

CDD10 = ∑365
t=1 (Ta − Tbase) (4)

where Tbase is 18 ◦C and 10 ◦C for HDD and CDD, respectively, Ta is the average temperature
of the day, and degree days are the yearly sum of the daily temperature differences.

10
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Table 3. Climate characteristics and electric gains of the investigated locations.

SN Country Location
Köppen
Climate

IECC
Climate

Tavg
(◦C)

HDD18 CDD10

Electricity
Consumption
(kWh/m2 a)

Electric
Gains

(kWth/m2 a)

1 Sweden Ostersund Dfc 7 A 3.9 5468 429 30.20 [61] 17.52
2 Sweden Stockholm Dfb 5 A 7.4 3922 841 30.20 [61] 17.52
3 Austria Bischofshofen Dfb 5 A 8.3 3660 994 23.87 [62] 13.85
4 China Daocheng Dwb 6 A 5.9 4434 378 11.67 [68] 6.77
5 Iran Sarab Dsb 5 C 9.1 3496 1305 32.51 [69] 18.85
6 Japan Sapporo Dfa 5 A 9.3 3523 1430 28.80 [70] 16.71
7 China Beijing Dwa 4 B 12.8 2875 2470 11.67 [68] 6.77
8 Iran Arak Dsa 4 B 14.4 2320 2523 32.51 [69] 18.85
9 Denmark Odense Cfb 5 C 8.9 3364 835 26.77 [71] 15.53

10 Germany Saarbrücken Cfb 5 A 9.8 3119 1074 34.36 [62] 19.93
11 UK Birmingham Cfb 5 C 10.8 3679 930 37.34 [72] 21.66
12 France Strasbourg Cfb 4 A 12.1 2470 1533 30.00 [62] 17.40
13 China Kunming Cwb 3 C 15.7 1137 2204 11.67 [68] 6.77
14 Spain Vigo Csb 3 A 15.4 1282 2042 19.92 [73] 11.55
15 Italy Milan Cfa 4 A 13.9 2099 2115 21.81 [74] 12.65
16 China Hanzhong Cwa 3 A 15.4 1853 2589 11.67 [68] 6.77
17 Portugal Evora Csa 3 A 16.1 1404 2397 27.15 [75] 15.75
18 Iran Birjand BWk 3 B 17.0 1693 3052 32.51 [69] 18.85
19 Pakistan Quetta BSk 3 A 17.9 1182 3312 22.19 [63] 12.87
20 Pakistan Lahore Bsh 1 B 24.7 348 5382 22.19 [63] 12.87
21 UAE Dubai Bwh 0 B 28.9 0 6910 39.93 [64] 23.16
22 Singapore Singapore Af 0 A 28.6 0 6782 28.04 [65] 16.26
23 India Mumbai Aw 0 A 28.1 0 6594 22.92 [66] 13.30
24 Indonesia Jakarta Am 1 A 26.6 0 6045 18.40 [67] 10.67

2.3. Multi-Objective Optimization

TRNSYS is a stand-alone simulation program that calculates the thermal loads of
the building and analyzes the performance of transient systems. TRNSYS uses text files
as input to run the simulations and generates outputs also in text files. Python code
devises an interface between TRNSYS and genetic algorithms to implement the multi-
objective optimization process. This work used jMetalPy, an object-oriented Python-based
framework, to solve the bi-objective optimization problem using a non-dominated sorting
genetic algorithm (NSGA–III) [81]. The Python script reads the design variables and
objective functions from the input and output files of TRNSYS, respectively, and formulates
the optimization problem. jMetalPy generates a new set of design parameters for each
simulation based on the values of objective functions from the previous run. Afterward,
Python substitutes these values in the input files, and TRNSYS simulates the building
energy behavior.

Multi-objective optimization results in a non-dominated solution set, called the Pareto
front (PF), such that no other feasible solution exists that improves one objective without
compromising the second objective.

2.3.1. Non-Dominated Sorting Genetic Algorithm (NSGA-III)

NSGA-III is an extension of NSGA-II and established as a baseline evolutionary
multi-objective optimization algorithm. It uses several well-distributed reference points to
select nondominated solutions for the next generation [82]. Thus, NSGA-III eliminates the
drawback of non-diversity in NSGA-II during the generation of subsequent populations.

In the current optimization problem, NSGA-III carried out 5000 evaluations with a
population size of 100 for each generation. Table 4 reports the input parameters for the
bi-objective optimization process. The simulation-based optimization produced PFs of 100
non-dominated solutions for each location.
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Table 4. Inputs of the genetic algorithm.

NSGA-III Attributes Value

Population size 100
No of variables 7
No of objectives 2
Maximum evaluations 5000
Mutation method Polynomial
Mutation probability 0.15
Crossover method Simulated binary crossover
Crossover probability 0.8
Termination criteria Max evaluations

2.3.2. Design Variables

The deciding factors of building thermal load are solar heat gains through windows, in-
filtration gains/losses through leakage area or the windows, and transmission gains/losses
through opaque elements of the envelope. Therefore, the passive design parameters were
selected based on their influence on heat gains and losses. The design variables for this
study are building orientation, WWR, windows shading fraction, minimum solar radiation
to turn on window shading, and the insulation thickness of the external walls and roof.
Table 5 describes the detailed information of these variables.

Table 5. Design variables and their optimization bounds.

Building Element Variable
Lower
Bound

Upper
Bound

External wall insulation EPS thickness (EPSThk), m 0.10 0.25
Roof insulation rockwool thickness (RockwoolThk), m 0.10 0.25
Window aperture α (degrees) 5 20
South faced window Window-to-Wall ratio (WWR) 0.2 0.4

Windows shading Minimum horizontal solar radiation
(IT_H) for shading on 250 500

Windows shading Shading fraction in December (ShdDec) 0.10 0.33
Building orientation Orientation (N/S/E/W) NA NA

2.3.3. Objective Functions

The goal is to reduce the energy demand for heating and cooling by adopting passive
design measures while keeping the investment cost to a minimum. Since this work deals
with the passive design of the building, the optimization process only considered the
additional cost for the envelope’s insulation. TRNSYS computed the annual thermal load
of the household using a multi-zone building component (Type 56). The building geometry,
envelope materials, and the schemes of building gains/losses were defined in the TRNBuild
tool and imported as a text file in the Type 56 component to run the simulation. TRNSYS
also calculated the investment cost as a function of insulation thickness. The market survey
of the envelope insulation material in different investigated locations revealed that the cost
is approximately the same for the insulation materials, having similar thermal properties.
The cost of EPS and rockwool materials were 139 €/m3 and 230 €/m3, respectively [83],
and the same are used in all locations. Regarding the cost associated with the window
area, it was assumed that the cost-saving from constructing a smaller size insulated wall
compensates for the extra cost for large WWR. Finally, TRNSYS produced the values of
the objective function in text files. The following two objectives come up for bi-objective
optimization.

• Minimize annual thermal load (kWth): The annual thermal load is the sum of sensible
and latent heating and cooling demands to maintain the comfort level in the building.
All the design parameters influence this objective function.
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• Minimize investment cost (€): This objective function only depends on the thickness
of insulation materials and is calculated accordingly.

2.4. Multi-Criteria Decision Making

The CRITIC method uses standard deviation to measure the diversity of the attributes.
The method assigns weights such that the criterion with a higher diversity gets a higher
weight. This process normalizes the data and creates a correlation matrix to measure the
information and importance of each criterion (Equations (5)–(8)) [31].

rij =
xij − xmax

j

xmax
j − xmin

j
(5)

rjk =
∑m

i=1
(
rij − rj

)·(rik − rk)√
∑m

i=1
(
rij − rj

)2·∑(rik − rk)
2

(6)

cj = σj ∑k
k=1 1 − rjk (7)

wj =
cj

∑n
j=1 cj

(8)

where rij is the normalized performance value of the ith alternative on the jth criterion, rjk
is the correlation coefficient between the j x k criteria matrix, σj is the standard deviation of
the jth criterion, cj represent the quantity of information contained in the jth criterion, and
wj is the weight of the jth criterion.

The TOPSIS method makes the ranking decision of the criteria based on the shortest
and farthest geometrical distances of criteria from ideal and non-ideal solutions
(Equations (9)–(13)) [31]. TOPSIS procedure was carried out by first determining the
normalized values of the criteria in a decision matrix (Equation (9)). The normalization
process was followed by the design of a weighted normalized matrix (Equation (10)). The
weights obtained from the CRITIC methods were assigned here. The next step was to
evaluate the distance of alternatives from ideal and non-ideal solutions (Equations (11) and
(12)). Based on the outcomes of these equations, the relative closeness of the alternatives
was calculated using Equation (13). The alternative with the highest score was considered
the best solution.

nij =
xij√

∑n
j=1 x2

ij

(9)

vij = nij·wj (10)

D+
i =

√
∑n

j=1

(
vij − v+j

)2
(11)

D−
i =

√
∑n

j=1

(
vij − v−j

)2
(12)

Di =
D−

i
D+

i + D−
i

(13)

where nij represents the normalized value of the jth criterion for the ith alternative, wj refers
to the weight of the jth criterion, vij represents the weighted normalized value of the jth
criterion for ith alternative, v+j and v−j are the maximum and minimum values of the jth
criterion, respectively, D+

i and D−
i represent the ideal and non-ideal distances for the ith

alternative, respectively, and Di is the relative closeness of the ith alternative to the ideal
solution.
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3. Results

Firstly, the PFs are presented with trade-off solution points for all the investigated
climates. The values of the design variables are provided along with the objective functions
of the optimal solution. Secondly, thermal loads of the base-case and energy-optimal
household models were extracted. The energy savings from the optimal passive design
were also analyzed for heating and cooling loads. Finally, the variation in each design
parameter with the changing climate was investigated.

3.1. Optimization Results

A multi-objective optimization does not produce a solution that minimizes or maxi-
mizes the objective functions simultaneously. Instead, it provides Pareto optimal solutions
that are not affected by other solutions. Furthermore, no objective function can be improved
without comprising at least another. The bi-objective optimization in this work generates
the PFs for all the investigated climates with around 100 points. Figures 8–11 present the
PFs of the continental, temperate, dry, and tropical climate zones, respectively. The 2D PFs
plots between the cost of insulation and the annual thermal load were also drawn. The
scatter plots are generally parallel in all climates. However, they are dispersed horizontally
due to the diversity in climate conditions.

Figure 8. Pareto fronts of locations in a continental climate.

Figure 9. Pareto fronts of locations in a temperate climate.
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Figure 10. Pareto fronts of locations in a dry climate.

Figure 11. Pareto fronts of locations in a tropical climate.

The optimization results show that, initially, a minor increase in insulation cost results
in a high reduction in the thermal load. This trend is more prominent in hot regions, as in
the case of tropical and dry climate zones. In those climates, PFs are steeper at the start, but
the slope gradually decreases as the cost of insulation increases. In this study, the optimum
solution on a PF is determined by MCDM using the CRITIC and TOPSIS methods. The
optimal solution is characterized by a low energy demand and high insulation thickness
in all climate zones. The optimal trade-off solution is highlighted in green on PFs. It is
interesting to note that the optimal solution is the one having the minimum thermal load
or near to it in all cases. The phenomenon is justified by the higher weight obtained by the
CRITIC method for the annual thermal load. In heating-dominant climates, the weight of
thermal load ranges between 0.63 and 0.68, whereas this weight has a range of 0.60 to 0.72
in other climate zones.

Table 6 provides the values of design parameters, thermal transmittance of the external
wall (Uw) and roof (Ur), and objective functions for the optimal solution in each location.
In most cases, the optimal solutions require a highly insulated envelope and large window
shading fraction. The WWR varies between the lower and upper bounds, i.e., 0.2 to 0.4.
The solar radiation value remains near 250 W in most locations. Similarly, the average
window aperture angle is 11.88 degrees but varies between 5 and 20 degrees in different
climates. The U-value of the external wall and roof occurs around 0.15 W/m2 K in climates
with high space heating or cooling demand. However, it is relatively higher in moderate
climates. In all cases, the U-value is decreased as compared to the base-case building after
the optimization process other than Ostersund and Stockholm, where the U-value of the
roof is increased from 0.13 W/m2 K to 0.15 W/m2 K.
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The variation in design parameters in the investigated locations can be characterized ac-
cording to the degree days. The optimal solution sets are quite consistent in a specific range
of degree days. Table 7 provides the mean, standard deviation (STD), and ranges in design
parameters for climate zones having different degree days. The thermal transmittance
should be low in heating-dominant locations. The mean value of thermal transmittance is
the least in locations having HDD18 > 3500. The locations with CDD10 > 3500 have a mean
thermal transmittance of 0.153 and 0.165 for the wall and roof, respectively. The WWR has
a maximum mean value of 0.36 for HDD18 > 3500, decreasing to 0.2 for CDD10 > 3500. The
window aperture angle has a mean value around 11 degrees for HDD18 > 2000. The maxi-
mum aperture angle occurs in locations having CDD10 > 3500, i.e., 14.77. For the horizontal
solar radiation (IT_H), the mean value is maximum in the locations with HDD18 > 3500 and
minimum in the locations with CDD10 > 3500. The STD is used to measure the spread of the
solution set in different locations having similar climate conditions. The consistency of the
solution sets is validated by very low STD in each category for all the design parameters,
except for the aperture angle, which has a wide range and larger STD. A detailed analysis
of variation in the design parameters for each climate zone is provided in Section 3.3.

Table 7. Comparison of the design parameters based on degree days.

Category Uw (W/m2 K) Ur (W/m2 K) WWR α (Degree) IT_H (W)

HDD18 > 3500
Range 0.15–0.156 0.136–0.164 0.31–0.4 5.25–15.45 255–289
Mean 0.152 0.144 0.362 11.192 278
STD 0.003 0.013 0.040 3.505 11.90

3500 > HDD18 > 2000
Range 0.15–0.169 0.138–0.178 0.22–0.4 5.23–16.15 250–304
Mean 0.156 0.153 0.297 11.599 261
STD 0.007 0.015 0.061 3.789 19.62

3500 > CDD10 > 2000
Range 0.159–0.185 0.145–0.173 0.2–0.32 5.01–19.21 25–264
Mean 0.179 0.171 0.224 10.859 255
STD 0.024 0.031 0.048 5.083 6.04

CDD10 >3500
Range 0.149–0.159 0.148–0.189 0.2 5–20 250–256
Mean 0.153 0.165 0.201 14.772 252
STD 0.006 0.018 0.001 6.042 2.65

3.2. Effect of Design Optimization on Thermal Loads

The optimization results reveal that energy-optimal solutions significantly reduce
the space heating and cooling demand in all climates. The PMV index falls between
−0.5 and 0.5 throughout the year for each case, which complies with the recommended
thermal limit in ASHRAE standard 55 [84]. The design parameters change simultaneously
during optimization until they reach an optimum solution. Therefore, it could be hard
to understand precisely how an individual parameter influences the objective functions.
Nevertheless, the overall effect of architectural design is evident by the improvement
in the space heating and cooling demands. Building thermal loads includes infiltration
losses/gains, transmission losses/gains, equipment gains, occupancy gain, solar gains,
heating gains, and cooling losses. The passive design of the building is associated only
with the energy transfer by infiltration, transmission, and solar radiation. Therefore,
this work evaluates the variation in those thermal loads in the investigated climates, as
shown in Figure 12. The clustered columns show the heat exchange for the base-case
and optimal passive designs of the household, whereas the scatter plots represent the
change in those thermal loads after optimization on the secondary vertical axis. The
cumulative change in heat loss during winter and heat gain during summer is presented for
transmission and infiltration loads. The optimization results show that envelope insulation,
windows shading, and WWR are the most influential design factors for energy efficiency
in households. In contrast, horizontal solar radiation for window shading control and
window aperture (α) for passive ventilation do not significantly impact the thermal load.
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Figure 12. Households’ thermal loads for the base-case and energy-optimal scenarios.

The optimal design increases the solar heat gains through windows (QSHG) in con-
tinental climates besides Dsa (Arak) and Dfb (Stockolm), whereas in temperate climates,
solar gains slightly increase or decrease depending upon the space cooling demand of the
location. In the case of tropical and dry climates, the QSHG is always reduced after opti-
mization. Furthermore, the optimal passive design can decrease transmission losses during
winter and transmission gains in summer. Thus, the net effect is lowering the transmission
heat exchange (Qtrans) after optimization in all locations. The change in heat exchange
due to infiltration (Qinf) is not very significant in cold and hot climates. Yet, it avoids
overheating in winter or decreases cooling demand in summer to some extent through
passive cooling. The following sections describe the improvement in energy demand of the
household in four major climate zones of the Köppen–Geiger classification.

3.2.1. Continental Climate

The continental climate has the temperature of the coldest month below 0 ◦C and the
temperature of the hottest month greater than 10 ◦C. Therefore, the locations in this zone are
heating-dominant besides the hot and dry summer continental climate (Dsa). Even though
the cooling energy demand is very low, the optimization further reduces it substantially.
Figure 13 compares the heating and cooling energy demands of the base-case and optimal
household and illustrates the energy saving after optimization. On average, the heating
load decreases by 33.47%. The maximum reduction in heating demand is 56.93% in Dwb
(Daocheng). In fact, the energy saving for space heating depends on the current practices of
building energy standards. For example, after optimization, there is no significant change
in the space heating loads in Dfc (Oestersund) and Dfb (Stockholm). This is due to the
energy-efficient envelope standards in those locations.
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Figure 13. Heating and cooling loads and respective energy savings in a continental climate.

3.2.2. Temperate Climate

The temperate climate is characterized by the coldest month’s average temperature
between 0 ◦C and 18 ◦C and at least one month averaging above 10 ◦C. Figure 14 shows
the energy demand of the base-case building and the energy demand and energy saving
after optimization. The investigated locations show a mixed trend for space heating and
cooling dominance. In contrast to the continental climate, the space cooling demand is
relatively higher in temperate climates. The average energy savings for space heating
and cooling are 33.36% and 50.98%, respectively. The energy saving is higher for lower
energy demand and vice versa in both cases of heating and cooling. Therefore, a higher
energy-saving potential in cooling load means these locations have lower cooling loads.
Maximum heating demand and cooling demand, after optimization, are 42.59 kWth/m2 a
in Cfb (Odense) and 18.54 kWth/m2 a in Cwa (Hanzhong), respectively.

Figure 14. Heating and cooling loads and respective energy savings in a temperate climate.

3.2.3. Dry Climate

The dry climate is defined by very little precipitation during the year. Moreover, it
has two subgroups based on the mean average temperature: hot, MAT ≥ 18 ◦C; and cold,
MAT < 18 ◦C. Consequently, the locations in this zone have a long summer season and
shortened winter season. The design optimization is equally effective in cooling-dominant
climates, as shown in Figure 15. The energy saving in dry climates averages 33.3% for space
cooling. Maximum cooling demand is 142.34 kWth/m2 a in the hot desert climate (BWh) of
Dubai, which reduces to 99.45 kWth/m2 a after optimization.
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Figure 15. Heating and cooling loads and respective energy savings in a dry climate.

3.2.4. Tropical Climate

In a tropical climate, the average temperature of every month is 18 ◦C or higher,
with significant year-round precipitation. The high humidity level throughout the year
is another prominent feature of this climate. Therefore, there is no space-heating load in
this climate, or it is so low as to be considered negligible. The space-cooling loads for
three representative tropical climates and energy saving through design optimization are
presented in Figure 16. The space cooling demand in Jakarta’s tropical-monsoon climate
(Am) is the lowest due to the higher precipitation. The highest energy saving is 29.4% in
Mumbai, a tropical savanna climate (Aw). The average energy saving amounts to 25.95%,
much lower than the heating-dominant continental and temperate climates.

Figure 16. Heating and cooling loads and respective energy savings in a tropical climate.

3.3. Climatic Variation of Design Parameters

The optimization results show that the climate conditions significantly influence
design parameters. Although each investigated climate requires a specific set of design
parameters, the locations with similar climate conditions can be grouped to devise a climate
adaptability pattern. Thus, the investigated climates were further categorized, as described
in Table 8. The variation in each design parameter in the major climates zones is described
in Sections 3.3.1–3.3.7.
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Table 8. Categorization of the investigated climates.

Category Climates

Continental—cold Dfc
Continental—warm summer Dfb, Dwb, Dsb
Continental—hot summer Dfa, Dwa, Dsa
Temperate—warm summer Cfb, Cwb, Csb
Temperate—hot summer Cfa, Cwa, Csa
Dry—cold BWk, BSk
Dry—hot Bwh, Bsh
Tropical Af, Am, Aw

3.3.1. External Wall Insulation

In general, the locations with extreme weather conditions have very insulated envelope
to minimize transmission gains or losses. Figure 17 shows box plots of the change in the
EPS thickness in different climates. The EPS thickness of the external wall is maximum,
0.247 m, in the continental—cold climate. It decreases to the mean value of 0.222 m in the
temperate—warm climate because of the decreasing heating loads. In a temperate—hot
climate, it is necessary to apply a higher level of insulation due to the significant cooling
load. The dry—hot and tropical climates are cooling-dominant climates and require a larger
insulation thickness of the external walls. Dry—cold climate has the lowest mean EPS
thickness of 0.21 m, due to its lower space-heating and cooling loads than other climates.

Figure 17. Variation in thickness of EPS insulation with climate.

3.3.2. Roof Insulation

The optimum solutions show that the insulation thickness of the roof is also higher
than the base-case value in most of the climates, as illustrated in Figure 18. Though, it is
lower than the EPS thickness of the external walls due to lower thermal conductivity of the
rockwool material. The heating load of the location characterizes the rockwool thickness of
the roof. Therefore, the roof has a higher rockwool thickness in continental and temperate
climates than in dry and tropical climates. The heating load of hot summer climates is
lower than warm summer climates. As a result, warm summer locations require larger
insulation than the hot summer in continental and temperate climates. Similar to the EPS
insulation for the external wall, the dry—cold climate has the minimum mean rockwool
thickness of 0.159 m.
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Figure 18. Variation in thickness of rockwool insulation with climate.

3.3.3. Window Aperture Angle

Figure 19 shows the variation in the optimal window aperture angle with changing
climates. Since infiltration through window opening is active only for passive cooling,
the aperture angle is more significant in hot climates. The aperture angle is higher in hot
regions of continental, temperate, and dry climates. The dry—hot zone has a maximum
mean aperture angle of 18.14 degrees. Although the dominant thermal load is cooling in a
tropical climate, it also has a higher humidity level throughout the year. As a result, the
aperture angle is relatively lower than the dry climate, and it even reduces to 5 degrees in
Jakarta, a tropical-monsoon region. The dry—cold zone has the minimum aperture angle
compared to other climate zones.

Figure 19. Variation in window aperture angle with climate.

3.3.4. Window-to-Wall Ratio

WWR is the most imperative element regarding the solar gains in both climates,
heating-dominant or cooling-dominant. The box plots of WWR in different climate
zones are presented in Figure 20. In general, the optimal solutions ascertain that the
heating-dominant regions require higher WWR to maximize the solar gains. Therefore, the
continental—cold climate has the maximum WWR, 0.37, continuously decreasing to the
mean WWR of 0.27 in the temperate—hot summer climate. On the other hand, in the dry
and tropical zone, the goal is to reduce the heat gains of solar radiation. Consequently, the
WWR equals 0.2, the lower bound, in optimum solutions.

22



Sustainability 2022, 14, 65

Figure 20. Variation in WWR with climate.

3.3.5. Solar Radiation for Shading Control

Minimum solar radiation to activate the window shading is another factor to control
the solar gains into the household. Figure 21 shows the box plot of IT_H in different climate
zones. This value is relatively higher in continental and temperate climates because the
dominant thermal load is heating. The continental—cold climate has the maximum value
of 279 W for IT_H. On the other hand, window shading activates at low solar radiation,
around 250 W, in dry and tropical climates due to high cooling loads.

Figure 21. Variation in solar radiation for shading control with climate.

3.3.6. Window Shading Fraction

This study considers the shading fraction as a function of shading in December, the
month of minimum shading fraction, as presented in Figure 6. To minimize the solar gains
during summer, the optimal shading fraction in December remains close to the upper
bound. Since the cooling load in Dwb (Daocheng) is negligible, the window shading
fraction in December (ShdDec) drops to 0.253. For all other locations, it is above 0.326. On
average, the shading fraction is 0.326 in December and 0.86 in May.

3.3.7. Building Orientation

The building orientation strongly influences the solar gains. Optimization results
show that South or North is the optimal orientation in all climates. In most of the locations,
the front facade is facing North, as shown in Figure 22. However, the locations in dry and
temperate climate zones with minimal heating load have a South-facing optimal building
orientation. The optimal orientation is an essential aspect of the building architecture
since it increases energy efficiency without additional investment costs. It should be noted
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that all investigated climates are in the Northern hemisphere. Therefore, these results are
only applicable for households having an architecture similar to the case building in the
Northern hemisphere.

Figure 22. Optimal household orientation in the investigated climates.

4. Discussion

The bi-objective optimization poses two areas of discussion about the architectural
design in different climate zones: energy saving in annual thermal load and the optimal
design parameters.

For the case of energy saving through optimization, the continental—warm summer
and continental—hot summer zones show 37.8% and 35.8% improvement on average
in the annual thermal load, respectively. The temperate climate zone has the average
energy-saving potential of 39.17% in warm summer regions and 39.51% in hot summer
regions. This energy saving is higher due to the lower heating demand as compared to the
continental climate. The design optimization more effectively restricts the transmission
losses or gains in the heating-dominant climates. Therefore, energy saving decreases with
the increased cooling demand. As a result, energy saving reduces to 34.8% and 31.6% in
dry—cold and dry—hot climate zones. The tropical climate zone has the minimum energy
saving of 26% in annual thermal load. Interestingly, the design optimization would also
have a significant impact on the operational cost of the building. Since the optimization
process shows a substantial improvement in the energy performance of the building, it
would also decrease the operating cost compared to the base-case building. The operating
cost of a building depends upon the type of equipment, energy-supply system, and local
energy prices. Thus, the monetary savings from design optimization varies in each location.
The current optimization process does not account for the cost of building operation, which
is a limitation of this work.

With regard to the design parameters, Table 9 provides a criterion for selecting the
energy-optimal ranges according to the climate zone and respective degree days. Although
this criterion is based on the investigation of 24 cities in major climate zones, its legitimacy
is asserted by achieving the optimal solution after a large number of simulations, i.e., 5000,
in each location. However, the adaption of individual parameters is not advised because
the design variables are strongly reliant on each other.

The continental—cold climate is represented by maximum HDD. So, it needs a high
EPS thickness of 0.247 and rockwool thickness of 0.211, resulting in a low thermal trans-
mittance of 0.15 W/m2 K for the envelope. It is also characterized by large WWR, IT_H,
and ShdDec. The continental—warm and continental—hot climates show a similar pattern
for design variables, but their ranges drop with a decrease in HDD and increase in CDD.
Furthermore, the window aperture angle needs to be increased from the continental—cold
to continental—hot climate. Regarding the orientation, a North-facing household is the
optimum choice in the continental climate zone.
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Table 9. Ranges of optimal design parameters and degree days in different climate zones.

Continental Temperate Dry Tropical

Cold
Warm

Summer
Hot

Summer
Warm

Summer
Hot

Summer
Cold Hot

Rainforest/
Savanna

Monsoon

HDD18 5468 3496–3922 2320–3523 1137–3364 1404–2099 1182–1693 0–348 0 0
CDD10 429 378–1305 1430–2523 835–2204 2115–2589 3052–3312 5382–6910 6594–6782 6045
EPSThk (m) 0.247 0.234–0.247 0.216–0.245 0.160–0.246 0.231–0.238 0.197–0.223 0.232–0.249 0.247–0.25 0.232
RockwoolThk (m) 0.211 0.188–0.241 0.187–0.239 0.187–0.249 0.203–0.227 0.133–0.185 0.203–0.219 0.167–1.176 0.215
Uw (W/m2 K) 0.15 0.150–0.157 0.150–0.169 0.150–0.222 0.157–0.159 0.165–0.184 0.149–0.159 0.148–0.150 0.159
Ur (W/m2 K) 0.154 0.136–0.170 0.138–0.178 0.132–0.171 0.145–0.159 0.173–0.230 0.148–0.159 0.180–0.189 0.151
α (degree) 9.8 5.2–11 5.2–16.1 7.3–13.2 8.4–17 5–12 16.3–20 13.4–19.2 5
WWR 0.37 0.33–0.4 0.2–0.4 0.2–0.34 0.2–0.32 0.2 0.2 0.2 0.2
IT_H (W) 279 255–289 251–277 250–304 251–255 250–251 250–256 251–253 250
ShdDec 0.329 0.253–0.33 0.33 0.327–0.33 0.328–0.33 0.33 0.33 0.33 0.33
Orientation North North North North North North South South North

The dominant thermal load in the temperate zone is space heating. Therefore, it also
requires a high level of insulation and consequently lower thermal transmittance of the
envelope. Interestingly, the lower limits of insulation materials and U-values are higher
in the temperate—hot summer zone than temperate—warm summer zone, and the upper
limits are low. The reason is that the lower limit of HDD is large, but the upper limit of
HDD is small in this climate zone. Furthermore, the temperate—hot summer zone has
a higher CDD. Moreover, the design variables responsible for solar gains are adjusted to
minimize the solar heat gain; i.e., the ranges of WWR and IT_H decrease, and the ShdDec
range increases in the temperate zone. The optimal orientation is North, the same as in the
continental climate zone.

In the dry—cold zone, neither cooling nor heating is the dominant thermal load.
As a result, the HDD and CDD are in the same range and have relatively low values.
The insulation materials have a smaller thickness range of 0.197–0.223 m for EPS and
0.133–0.185 m for rockwool. Similarly, the U-values of the external walls and roof have
relatively higher ranges of 0.165–0.184 W/m2 K and 0.173–0.230 W/m2 K, respectively. The
window aperture angle is also smaller compared to the temperate climate. The WWR and
IT_H are kept to the minimum, and ShdDec is maximized to restrict the solar gains. The
optimal orientation is North in the dry—cold zone. On the other hand, the dry—hot climate
is represented by a cooling-dominant thermal load and higher CDD. The optimal solution
set is also quite different from that of a dry—cold climate. The thermal transmittance of the
envelope is lower than the dry—cold temperate climate zones, and the window aperture
angle ranges to its upper limit. The optimal orientation also changes to South in dry-hot
climate. Nevertheless, other design variables are the same as in the dry—cold climate.

The tropical zone consists of cooling-dominant locations, and the CDD are above
3000 in all locations. The values of WWR, IT_H, and ShdDec follow the same trend as
in other cooling-dominant climates. In Af and Aw climate zones, the EPS insulation is
the highest of all climates and thus has the minimum thermal transmittance range, i.e.,
0.148–0.150 W/m2 K. However, the thermal transmittance has a comparatively higher
range of 0.180–0.189 W/m2 K. The Am climate has lesser CDD than other tropical climates
and requires a relatively lower level of envelope insulation. The U-value of the external
wall is 0.159 W/m2 K, and it is 0.151 W/m2 K for the roof. The aperture angle is 5 degrees
in Am climate due to higher humidity levels throughout the year. The households are
South-facing for optimum energy performance in Af and Aw climates, whereas in the Am
climate the optimal orientation is North.

The simulation-based performance investigation of buildings is a well-established
methodology to make appropriate decisions at the design stage. The experimental valida-
tion of building performance is time-consuming and financially infeasible. Nevertheless,
the optimal values of the design parameters were compared with the previous studies
for validation. Since the building design parameters are dependent on each other, the
complete set of design parameters is taken for the explicit comparison. Previous studies
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used different combinations of envelope parameters, and those studies were conducted for
limited climate zones. However, the individual parameters were compared for different
climates with the available data from previous studies.

Table 10 shows the comparison of the envelope thermal transmittance of WWR values
between the current study and previous studies. Though the optimal values do not
exactly match due to differences in the constraints and optimization models, the results
are consistent with the previous data. The thermal transmittance in continental climates is
low, and WWR has a higher value. In temperate climates, the thermal transmittance of the
external walls and roof is higher than the continental region in the current study and the
previous studies as well, and the difference between the optimal solutions is very small.
The WWR varies between 0.2 and 0.34 in temperate climates. The recommended WWR for
temperate climate zones is 0.25. The WWR has approximately the same value in the current
and previous studies for temperate—hot summer climates (Cfa and Csa). The thermal
transmittances of the envelope and WWR are also coherent with the previous study for the
dry—hot climate (Bsk). A study conducted a parametric analysis of the household envelope
for thermal transmittance between 0.2 and 0.4 W/m2 K in different climate zones. The
optimal values were found to be 0.2 (W/m2 K); i.e., the minimum thermal transmittance
in cold and hot climates. In this study, the cold and hot climates are also characterized
by lower thermal transmittance of the wall and roof, as shown in Table 9. Although the
comparative analysis is given for the limited climate zones, it can be asserted on the basis
of the consistency between the current and previous studies that the optimization has
produced conclusive results for other climates.

Table 10. Comparison of the results with previous studies.

Climate Zone Parameters
Optimal Values

Current Study Previous Studies

Dfa Uw (W/m2 K) 0.15 0.14 [85]

Dwa
Uw (W/m2 K) 0.154 0.12 [86]
WWR 0.4 0.31

Csb
Uw (W/m2 K) 0.185 0.16 [25]
Ur (W/m2 K) 0.171 0.16
WWR 0.2 0.29

Cfa
Uw (W/m2 K) 0.159 0.19 [87]
Ur (W/m2 K) 0.146 0.18
WWR 0.28 0.275

Csa
Uw (W/m2 K) 0.157 0.11 [25]
Ur (W/m2 K) 0.145 0.16
WWR 0.2 0.19

BSk
Uw (W/m2 K) 0.165 0.18 [25]
Ur (W/m2 K) 0.173 0.16
WWR 0.2 0.23

Temperate WWR 0.2–0.34 0.25 [8]

Cold climate zones
Uw (W/m2 K) 0.15–0.22 0.2 [35]
Ur (W/m2 K) 0.13–0.17 0.2

Hot climate zones
Uw (W/m2 K) 0.15–0.18 0.2 [35]
Ur (W/m2 K) 0.15–0.23 0.2

5. Conclusions

The present work analyzes a household’s passive design parameters and thermal
energy demand for its dependence on the climate. TRNSYS and Python-based NSGA-
III were used for bi-objective optimization of a single-family household for twenty-four
cities in twenty climate zones. The design variables of the optimization problem were
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insulation thickness of the envelope, window aperture angle, WWR, window shading
fraction, radiation-based shading control, and orientation. Annual thermal energy demand
and the investment cost of insulation were considered as the objective functions. A MCDM
process was implemented through CRITIC and TOPSIS methods to find out the best
solution from the PFs. Even though the optimization reduces the thermal load in all
investigated climates, it is more effective in the heating-dominant regions. It is observed
that the weather conditions strongly influence the passive design parameters. Moreover, the
optimal solutions strictly rely on one another and do not indicate remarkable improvement
in energy demand if implemented individually.

The optimization results show that thermal insulations of the envelope and WWR are
the most perceptive design parameters as they determine the solar gains and transmission
gains or losses of the household. In fact, the insulation material is thicker for high thermal
loads. Therefore, the EPS thickness on external walls has higher ranges in continental—cold,
continental—warm summer, dry—hot, and tropical climate zones. The rockwool thickness
on the roof is larger in the heating-dominant locations of continental and temperate climate
zones. The dry—cold climate zone is associated with mix climate conditions and requires
a lower level of insulation. The windows in the south direction, which are exposed to
sunlight for an extended period, try to increase the solar gains in continental and temperate
climates. Similarly, the optimal orientation is North in those climates, enabling the façade
with the maximum WWR to face South. On the contrary, dry—hot and tropical climate
zones are characterized by cooling-dominant loads, minimum WWR, maximum ShdDec,
and South (expect tropical-monsoon) as the optimal orientation.

The outcomes of this work provide comprehensive guidelines for the designers to
make appropriate decisions about a household’s passive design according to the climate.
Previous building energy standards in the investigated locations provide only the limiting
thermal transmittance values for the building envelope. These results set a benchmark for
selecting energy-efficient envelope parameters and respective thermal transmittance ranges
in the investigated climates, which can be applied worldwide, eliminating the traditional
energy analysis process. This research study considers limited locations in each climate
zone and does not perform statistical analysis for each climate. Therefore, further research
should be conducted to statistically analyze these design parameters by considering more
locations in each climate.
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Abstract: Climate change is expected to expose the locked-in overheating risk concerning bioclimatic
buildings adapted to a specific past climate state. The study aims to find energy-efficient building
designs which are most resilient to overheating and increased cooling energy demands that will
result from ongoing climate change. Therefore, a comprehensive parametric study of various passive
building design measures was implemented, simulating the energy use of each combination for a
temperate climate of Ljubljana, Slovenia. The approach to overheating vulnerability assessment
was devised and applied using the increase in cooling energy demand as a performance indicator.
The results showed that a B1 heating energy efficiency class according to the Slovenian Energy
Performance Certificate classification was the highest attainable using the selected passive design
parameters, while the energy demand for heating is projected to decrease over time. In contrast,
the energy use for cooling is in general projected to increase. Furthermore, it was found that, in
building models with higher heating energy use, low overheating vulnerability is easier to achieve.
However, in models with high heating energy efficiency, very high overheating vulnerability is not
expected. Accordingly, buildings should be designed for current heating energy efficiency and low
vulnerability to future overheating. The paper shows a novel approach to bioclimatic building design
with global warming adaptation integrated into the design process. It delivers recommendations
for the energy-efficient, robust bioclimatic design of residential buildings in the Central European
context, which are intended to guide designers and policymakers towards a resilient and sustainable
built environment.

Keywords: climate change; bioclimatic design; passive design; energy efficiency; overheating;
building resilience; robustness

1. Introduction

Since Neolithic times, the building of homes has provided people with a higher
degree of flexibility and independence in terms of climate and consequential habitability.
Shelters and houses offered their occupants protection from the environment, predators
and intruders [1]. Moreover, people were no longer forced to migrate towards flourishing
regions with pleasant weather as the seasons passed and the climate changed. Thus, many
relatively inhospitable environments were settled. Alongside the habitation of diverse
climates, the struggle of builders to either utilise or fight the climatic characteristics of
a location had begun. Only the best performing building design ideas were passed on,
and thus, the knowledge on climate-adapted buildings was passed on intrinsically from
generation to generation. Climate opportunities, together with the occupants’ and society’s
needs and expectations, and the technological know-how about building, form the so-
called triquetra of bioclimatic building design [1]. Therefore, the concept of bioclimatic
building design is often associated with the harmonisation of climate, comfort, and energy
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efficiency [2]. The closer the building can follow and respond to the external dynamics,
such as temperature, solar radiation and relative humidity, the more efficient it is [3].

Bioclimatic design is an engineering practice usually described through the building’s
ability to utilise climatic conditions and resources in a particular location to advance its
performance. Hence, the goal is that a building and its elements should facilitate occupant’s
comfort through an energy- and resource-efficient approach by adapting to the location’s
climatic conditions to the highest reasonable degree [4,5]. In professional circles, the general
opinion is that vernacular (i.e., traditional) architecture is perfectly adapted to the climatic
characteristics of a specific location, as it is presumed that it has “evolutionarily” adapted
to the given climate over the centuries. Therefore, vernacular architecture is often a source
of bioclimatic strategies and corresponding passive design measures incorporated into
new buildings [1,6,7]. Nowadays, in building design, bioclimatic strategies are regularly
accompanied by sophisticated and expensive active systems that can dynamically reduce
energy use and increase thermal comfort [8,9].

As indicated above, climate plays a crucial role in bioclimatic building design. While
there are large parts of continents with the same climate type, in some parts of the Earth,
such as the Alpine-Adriatic region in Europe, many climate types are found in a relatively
small area [10]. According to Köppen–Geiger climate classification [11], the prevailing
climates in Central Europe are warm temperate (i.e., C) and boreal (i.e., D), fully humid
(i.e., f) climates with warm (i.e., b) or cool (i.e., c) summers. Such climate diversity results
in specific bioclimatic architecture [12]. In these climates, a residential building designed
according to the bioclimatic design paradigm should mainly facilitate passive solar gains,
reduce thermal losses during the colder part of the year, and allow heat storage through
high thermal mass of the envelope [1]. Furthermore, the thermal response of residential
buildings under temperate and boreal climates is typically envelope dominated [13]. There-
fore, implementing bioclimatic (i.e., passive) measures on the level of the building envelope
might be highly efficient in optimising building heating energy use.

During the last century, evident changes in climate have been noted [14–18], and by
the end of the twenty-first century, global temperature is projected to rise by up to 4 ◦C [19].
In the times of hunter-gatherer societies, people had the option of migrating to other,
more pleasant regions in the event of significant climatic changes. Once buildings were
added to the equation, migratory behaviour was no longer an attractive option as a climate
adaptation strategy because one would leave behind the result of one’s hard work—a
building. Hence, climate-adapted buildings carry a possible built-in risk concerning
climate change. However, according to the Migration and Climate Change Report [20],
over 1 billion people are expected to face displacement by 2050 due to climate warming and
related ecological threats. In particular, sub-Saharan Africa, South Asia, the Middle East,
and North Africa face the most significant number of threats, such as lack of access to food
and water and increased natural disasters occurrence [21]. On the other hand, developed
regions in Europe and North America are expected to face fewer ecological threats [21].
Nevertheless, not giving them the immunity to broader implications of climate change,
such as the impact on urbanised environments and buildings.

A warmer climate will inevitably affect the thermal performance of buildings, even
bioclimatic buildings adapted to the current or past climate. Wang et al. [22] warned
that there is an increasing need to clarify the challenges posed by climate warming to
limit potential thermal discomfort by applying passive building measures. In climates
present in Central Europe, the bioclimatic design measures integrated into buildings are
based primarily on heating need to achieve comfort during the winter months. Namely,
south-oriented windows for passive solar heating, building envelopes with low thermal
conductivity and compact building shapes are commonly used in building design [23].
Nevertheless, the projected effects of a warming climate will lead to a risk of overheat-
ing for such buildings, especially if the line between a thermally comfortable and a hot
environment is thin. Therefore, bioclimatic strategies used in buildings in such locations
must be re-evaluated, as emphasised by Pajek and Košir [24]. Numerous studies have been
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conducted in order to assess the effects of climate change on building energy performance.
Berardi and Jafarpur [25] in Toronto, Canada, showed an average decrease of 18–33% for
heating and an average increase of 15–126% for cooling energy use by 2070, depending on
climate file and building typology. Furthermore, Rodrigues and Fernandes [26] stated that,
in residential buildings, a general increase in cooling demand (up to 137%) and a smaller
reduction in heating demand (up to 63%) is expected until 2050 in Mediterranean locations,
while the current ideal U-values will mainly not cause overheating. Bravo Dias et al. [27]
explored climate change implications on passive building design efficiency in 43 most
populated cities in the European Union. They concluded that buildings using passive
design measures, whose performance is highly climate-dependent, will be particularly
affected. For example, in Southern Europe, the shading season will increase by 2.5 months,
making shading by overhangs or other fixed elements less effective.

Therefore, the selection of passive design measures should be based on the ability
to achieve the highest possible resilience of a building. Martin and Sundley [28] define
resilience as a process that involves several criteria, including vulnerability, resistance,
robustness, and recoverability. According to Attia et al. [29], overheating vulnerability
assessment considering future climate scenarios should be part of the building design
process. Such an approach aims to achieve a design solution with less sensitive performance
to “noise” in the form of change of the environmental boundary conditions [30]. Even in the
animal world, the idea of resilient “building” can be found in ant gardens, which apparently
allow the species to be more resilient to climate change than they would be outside of this
system [31]. However, to assess the resilience of cities and buildings to climate change,
studies of robustness and vulnerability evaluation have been made (see refs. [32–38]).
For instance, Fonseca et al. [32] studied the effects of climate change on the energy use
of buildings in the United States. They concluded that additional research is needed to
provide more robust estimates of the impact of climate change on the building sector.
Similarly, Shen and Lior [33] performed a vulnerability analysis on climate change impacts
of present renewable energy systems used in net-zero energy buildings. Different authors,
namely Moazami et al. [30], Kotireddy et al. [35], and others, presented workflows and
methods for building performance robustness assessment to prevent significant variations
in energy use. Given these points, Houghton and Castillo-Salgado [39] recommended using
green building programs and certifications to help reduce the vulnerability of buildings to
climate change.

Finally, the concept of building resilience concerning building energy use should be
discussed, particularly in the context of the EU Energy performance of buildings directive
(EPBD) [40]. To help enhance the energy performance of buildings, the EPBD also intro-
duced building energy performance certification (EPC). However, in most countries, more
than half of all existing residential buildings with registered EPCs have energy class D or
lower [41]. On the other hand, the share of newly constructed nearly Zero-Energy Build-
ings (nZEB), also introduced through EPBD and characterised by high energy efficiency, is
increasing. Furthermore, in 2020, the EU Commission presented its strategy to boost the
energy renovation for climate neutrality of buildings in the EU [42]. For this reason, the
vulnerability of buildings to climate change must be considered.

Bioclimatic principles are often associated with energy-efficient buildings, especially
in temperate climates where buildings are primarily heating-dominated but have consid-
erable potential for passive solar heating. Under such climatic conditions, buildings are
usually designed to address the heating energy efficiency while overlooking the potential
overheating risk during the warmer part of the year. Therefore, passive design measures,
such as large equatorially oriented windows, compact building shapes, and highly ther-
mally insulated envelopes, are commonly applied [43]. Nevertheless, it is unclear to what
extent such design practices pose a potential lock-in overheating risk under projected
climate scenarios. The paper aims at investigating potential solutions to simultaneously
achieve high energy efficiency for the heating of bioclimatically designed buildings while
at the same time maintaining low vulnerability to a warming climate. The study was
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conducted for Ljubljana, Slovenia, as a representative of a location with a temperate Cen-
tral European climate. Energy models of bioclimatic buildings were evaluated against
heating and cooling energy use, applying a comprehensive parametric analysis of passive
design measures. The study’s main objective was to demonstrate a novel approach to the
bioclimatic design of buildings, where the adaptation and resistance to a warming climate
are integrated into the design process. Hence, the paper presents recommendations for the
adoption of resilient bioclimatic building design into practice and legislation.

2. Materials and Methods

The study’s methodology was developed to enable the reaching of the above-stated
objective of the paper. Thus, in principle, the applied methods can be split into four
basic steps:

1. Sourcing historical climate data for the location of Ljubljana and preparing future
climate data according to climate change projections using the morphing technique
(Section 2.1).

2. Building energy model definition with corresponding variable parameters for the
conducted parametric analysis (Section 2.2).

3. Definition of the methodology for energy performance evaluation based on the current
Slovenian legislation (Section 2.3).

4. Definition of the methodology applied for overheating vulnerability analysis (Section 2.4).

2.1. Location and Climate

The study was performed for a Central European climate. As a representative of such
climate, the location of Ljubljana (N 46.22, E 14.48, 385 m above sea level) in Slovenia was se-
lected. This location is characterised by a warm temperate, fully humid climate with warm
summers (Cfb according to Köppen–Geiger climate classification). The EPW climate file
needed for building energy analysis was sourced from the International Weather for Energy
Calculation (IWEC) database representing weather data measured between 1982 and 1999.
In the paper, this climate data period was labelled as 1981–2010. Furthermore, the EPW
of Ljubljana was used to generate projected EPW climate files for the periods 2011–2040,
2041–2070, and 2071–2100. The projected EPW files were generated using the morphing
technique (i.e., time series adjustment method) according to the Intergovernmental Panel
on Climate Change (IPCC) Special Report on Emissions Scenarios (SRES) A2 climate change
scenario [44] and CCWorldWeatherGen tool [45]. The applied morphing technique uses
historical climate data based on representative meteorological measurements in conjunc-
tion with projected global climate change patterns derived through numerical computer
modelling to generate a new set of future projected climate. The use of recorded climate
data as a starting point for future projected climate results in temporal continuity and
spatial downscaling. The latter might be an issue for building energy simulations if only
projections from global climate models are used.

2.2. Parametric Analysis

An extensive parametric analysis was carried out in order to study a vast pool of
differently designed residential buildings. A single-family house with 162 m2 of net floor
area and a volume of 486 m3 was chosen as the groundwork for the analysed energy
models. Several building-related input parameters were fixed as constant for all the
models considering the EN 16798-1 standard [46], meaningfully limiting the number of
total possible combinations. Accordingly, the heating and cooling set-points were set
to 21 ◦C and 26 ◦C, respectively, while the indoor temperature was controlled via the
operative temperature. The summation of infiltration and natural ventilation was set to
0.60 h−1 (April till October) and to 0.375 h−1 (November till March). Internal heat gains
and occupancy schedules were set according to EN 16798-1, Annex C [46]. Our previous
analyses [47] have shown that external window shading is a crucial element of high energy
performing bioclimatic buildings and was therefore not parametrised. It was set to block
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direct solar beams from April till October when incident solar radiation on the window
was higher than 130 W/m2 and external air temperature higher than 16 ◦C. The external
thermal emissivity of all opaque building elements was set to 0.80.

The following variable input parameters were selected: opaque envelope thermal
transmittance (UO), window thermal transmittance (UW) and the paired solar heat gain co-
efficient (SHGC), window to floor ratio (WFR), window distribution (Wdis), building shape
expressed through shape factor (f0), diurnal heat storage capacity (DHC) of load-bearing
construction, external surface solar absorptivity (αsol), and summer natural ventilation
cooling rate (NVC) (see Table 1).

Table 1. Variable input parameters.

Parameter Parameter Range

UO [W/m2K] 0.10–1.00
UW [W/m2K] (paired SHGC [-]) 0.60 (0.45)–2.40 (0.75)

WFR [%] 5.0–45.0
Wdis [-] 0.00, 1.00 a

f0 [m−1] 0.78 (compact), 0.80 (semi-compact), 1.08 (non-compact)

DHC [kJ/m2K] b 63 (cross laminated timber), 98 (brick), 146
(concrete/stone)

αsol [-] 0.20–0.80
NVC [h−1] c 0.0–8.0

total number of models 496,800
a 0.00 = equal area of windows at all orientations, 1.00 = south-concentrated windows (3.75% of WFR is distributed
among all other orientations); b DHC is determined according to the principles presented by Bergman et al. [48];
c NVC is applied between April and October when the following conditions are met: internal air temperature
is > 24 ◦C, external air temperature is between 16 and 30 ◦C, and temperature difference between internal and
external air is ≤4 K.

Given the above-presented constant and variable building parameters, building energy
models were formed in EnergyPlus [49]. Each model was divided into four thermal zones
according to each cardinal axis. The jEPlus [50] software was used to conduct the parametric
analysis. The annual building energy use for heating (QNH) and cooling (QNC) per square
meter of floor area was calculated to evaluate the performance of each building model. Both
QNH and QNC values represent the necessary thermal energy that needs to be delivered
(or extracted in the case of cooling) to the thermodynamic system of a building in order
to reach the specified internal thermal conditions. Therefore, these values do not reflect
the effects of heating and cooling systems or specific fuels that would be used for running
them. For a detailed explanation of the definition of building models, see the paper by
Pajek and Košir [51], where the same methodology was used.

2.3. Energy Performance Evaluation

The annual energy use for heating (QNH) and cooling (QNC) of each building model
was evaluated in relation to the Slovenian Rules on the efficient use of energy in build-
ings [52], which implements the EPBD requirements at the national level. These rules apply
to all new buildings and all buildings being renovated or retrofitted, where at least 25% of
the thermal envelope surface is retrofitted. The rules provide the highest allowed QNH of a
residential building per square meter of conditioned floor area, given by Equation (1):

QNH ≤ 45 + 60 × f0 − 4.4 × TL (1)

where QNH is annual building energy use for heating in kWh/m2, f0 is the ratio between
the area of the thermal envelope of the building and the net heated volume of the building
in m−1 (i.e., building shape factor), and TL is the average annual outdoor air temperature
at the location in ◦C. TL for Ljubljana (1981–2010) is 10.7 ◦C [53].

Although the maximum allowed energy for heating depends on the building shape
and location, the Rules on the efficient use of energy in buildings [52] limit the QNC per
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square meter of the cooled area to 50 kWh/m2, regardless of building shape and location.
Table 2 shows the energy use limits, given the three different building shapes used in the
study. The compliance of the building energy use with these rules was evaluated for the
climate data, representing the period 1981–2010, since these are the climate data used in
current energy efficiency analyses in practice.

Table 2. Building energy use upper limit according to the Slovenian Rules on the efficient use of
energy in buildings by building shape [52] for the location of Ljubljana, Slovenia.

f0 QNH Limit QNC Limit

0.78 (compact) ≤44.7 kWh/m2

≤50.0 kWh/m20.80 (semi-compact) ≤45.9 kWh/m2

1.08 (non-compact) ≤62.7 kWh/m2

Furthermore, building models were classified into energy efficiency classes. They
were given labels based on the Slovenian EPC classification (Rules on the methodology of
production and issuance of energy performance certificates for buildings [54]). According
to Slovenian rules, the EPC labels are based only on QNH value. However, in the conducted
study, each model was also labelled according to the QNC value using the same method-
ology and criteria as for the QNH. The EPC labels, colour markings, and corresponding
building energy use ranges are presented in Table 3.

Table 3. Energy Performance Certificate efficiency classification [54].

Label Energy Use [kWh/m2] Label Colour

A1 Q ≤ 10
A2 10 < Q ≤ 15
B1 15 < Q ≤ 25
B2 25 < Q ≤ 35
C 35 < Q ≤ 60
D 60 < Q ≤ 105
E 105 < Q ≤ 150
F 150 < Q ≤ 210
G Q > 210

2.4. Overheating Vulnerability Analysis

The vulnerability of building models to overheating was assessed by conducting a ro-
bustness analysis presented by Kotireddy et al. [34] using a minimax regret method. In this
method, the performance regret for each climate scenario is the difference in performance
between a building design and the best performing design in a given scenario. The maxi-
mum performance regret of a design across all scenarios is the measure of its robustness.
Thus, the most robust design is the design with the lowest maximum performance regret.
The minimax regret method can be explained through Equations (2)–(4).

Rmax,i = max
(
Ri1, Ri2, . . . , Rij

)
(2)

Rij = PIij − Aj (3)

Aj = min
(
PI1j, PI2j, . . . , PIij

)
(4)

where Rmax,i is the maximum performance regret of the i-th building model, Rij is the
performance regret of the i-th building model in climate scenario j, Aj is the minimum
value of the performance indicator in climate scenario j, and PIij is the performance indicator
of the i-th building model in climate scenario j. Here, i = 1–496,800 and j = 1–4 since the
performed parametric analysis resulted in 496,800 individual building models simulated
through four different climate scenarios. As a performance indicator (i.e., PI), the increase in
energy use for cooling (i.e., ΔQNC) vis-à-vis the QNC in the 1981–2010 climate was selected
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and was calculated for each building model in each future climate scenario, namely 2011–
2040, 2041–2070, and 2071–2100 climate (see Section 2.1. Location and climate). Then,
the building model with the highest climate change vulnerability, and thus the lowest
robustness, was identified through Equation (5):

Vmax = max(Rmax,i) (5)

where Vmax is the most vulnerable design.
Furthermore, the overheating vulnerability score (OV score) was calculated by nor-

malising the performance regret of each building model with the performance regret of
the most vulnerable building model. The building model with the lowest OV score (i.e.,
equal to 0) is the least vulnerable (i.e., the most robust), and the building model with the
highest OV score (i.e., equal to 1) is the most vulnerable to climate change in terms of
overheating vulnerability.

3. Results

3.1. Energy Efficiency

The parametrically simulated building energy models were evaluated concerning the
compliance with the Slovenian Rules on the efficient use of energy in buildings. This was
done to assess the possibility of meeting the requirements of these rules using exclusively
the analysed bioclimatic (i.e., passive) design measures without using any active measures,
such as mechanical heat recovery ventilation. The conformity with the rules was evaluated
for the 1981–2010 period since these are the climate data used in current energy efficiency
compliance assessments in Slovenia. The results showed that 15.7% of simulated building
models were compliant with the maximum permissible heating energy use (i.e., QNH)
criteria (see Table 2). The median QNH of the energy-rule-compliant building models was
42.7 kWh/m2, and the absolute best-performing model had a QNH equal to 24.1 kWh/m2.
However, the QNH threshold is related to f0 of a particular building (see Table 2), which
resulted in the fact that compliance with the QNH criteria was easier achieved in the case of
a less compact building design. Namely, the criteria were met in 22.5%, 13.5%, and 11.8%
of building models with a non-compact (i.e., f0 = 1.08), a semi-compact (i.e., f0 = 0.80), and
a compact (i.e., f0 = 0.78) shape, respectively. At this point, caution should be exercised
in generalizing the above-stated results. The described phenomenon is a consequence
of the methodology used to determine the threshold QNH (see Equation (1)) given in the
Slovenian Rules on the efficient use of energy in buildings and not of better energy response
of such building shape. In general, all the models meeting or surpassing the criteria of QNH
have an equal or lower value of UO than 0.25 W/m2K. The other parameters are normally
distributed. The cooling energy use (QNC) criterion (see Table 2) was achieved in all the
analysed models since the highest QNC of simulated models for the 1981–2010 period was
34.1 kWh/m2. The QNC of the analysed building models is projected to exceed the limit of
50 kWh/m2 for the first time in the 2041–2070 period.

Furthermore, in order to gain a better insight into energy efficiency, the simulated
building models in each of the analysed climate periods were classified according to the
Slovenian Rules on the methodology of production and issuance of energy performance
certificates for buildings (Figure 1). In general, the results in Figure 1 show that using the
selected passive design measures results in building models with relatively satisfactory en-
ergy efficiency. Although none of the analysed building models was classified into heating
energy efficiency classes A1 (i.e., QNH < 10 kWh/m2) and A2 (i.e., 10 < QNH > 15 kWh/m2),
either under the current or the future climate file, all the other classes (i.e., B1 through G)
are represented (Figure 1). Under the influence of the projected climate change, the heating
energy efficiency of the analysed buildings is projected to increase over time. The share
of building models with higher heating energy efficiency (i.e., classes B1, B2 and C) is
increasing. Accordingly, the share of less energy-efficient models is decreasing (i.e., classes
D, E, F and G). This means that during the 1981–2010 period, roughly 28% of building
models were in class C or higher (QNH < 60 kWh/m2), while for the 2071–2100 period, this
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share almost doubled to 54%, an increase of 26 percentage points (p.p.). Furthermore, in
the 1981–2010 period, only 37 (i.e., 0.01%) building models can be classified under heating
energy efficiency label B1 (i.e., 15 < QNH > 25 kWh/m2), while this number increases to
13,740 (i.e., 2.77%) cases in the 2071–2100 period. In general, the most extensive changes
in the shares of building models in individual heating energy efficiency classes between
the 1981–2010 and 2071–2100 periods can be observed for class B2 and class F, an increase
of 13 p.p. in the former and a decrease of 12 p.p. in the latter. Moreover, concerning the
analysed building model population, it is projected that there will be no more models with
a G heating energy efficiency label in the 2041–2070 period and beyond (Figure 1).

Figure 1. Share of total simulated models by heating and cooling energy label for each period.

Taking the 1981–2010 period as a starting point, the QNH is expected to decrease by
24–39% until the end of the century, with an average decrease of 32%. Table 4 presents the
limits (i.e., variance) of building model parameters necessary for achieving a specific heat-
ing energy efficiency label. It can be considered that in order to classify one of the analysed
building models under the B1 heating energy efficiency label during the 1981–2010 climate,
one may choose from a relatively limited pool of choices (i.e., min-max range of a specific
parameter). The latter applies to the range of all investigated variable parameters (see
Table 4, B1). The other heating energy classes offer more “freedom of choice” concerning
the variance of analysed passive design measures.

Furthermore, concerning the cooling energy use of the analysed building models,
good cooling energy efficiency can be achieved using passive design measures under the
Ljubljana climate. For the 1981–2010 period, the majority (i.e., 89%) of building models can
be classified into the A1 cooling energy-efficient label, while the remaining 11% fall at least
in class B2 (i.e., 25 < QNC > 35 kWh/m2). However, the cooling energy efficiency of the
analysed buildings is projected to decrease significantly over time. The share of the most
energy-efficient building models (i.e., label A1) is projected to decrease by 66 p.p. between
1981–2010 and 2071–2100 periods with the A2, B1, B2 and C cooling energy efficiency labels
increasing proportionally (Figure 1). After the 2041–2070 period, building models classified
under labels C (5% in 2071–2100 period) and D (0.01% in 2071–2100 period) appear, which
were not present before. Therefore, by the end of the 21st century, the QNC of each building
model is expected to increase by at least 59%, compared to the 1981–2010 period. For some
instances, the QNC increased from zero in 1981–2010 to up to 10 kWh/m2 by the end of
the 21st century. Table 5 presents the limits (i.e., variance) of building model parameters
necessary for achieving a specific cooling energy efficiency label under the 2071–2100 climate
file. In order to maintain the A1 cooling energy efficiency label in the future, the “freedom of
choice” (i.e., min-max range) for the values of the varied parameters is not as limited as for
heating energy use. Nevertheless, lower than the entire sample average UW, WFR, and αsol,
and higher than average DHC and NVC should be used.
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Table 4. Typical building parameter values by heating energy label using the 1981–2010 climate file (i.e., “current” label).

Variable
Parameter

Heating Energy Label in the 1981–2010 Period
(i.e., “Current” Label)

B1 B2 C D E F G Entire Sample Average

UO [W/m2K]
mean 0.10 0.10 0.16 0.34 0.63 0.90 0.99 0.43
min 0.10 0.10 0.10 0.10 0.30 0.50 0.80 0.10
max 0.10 0.15 0.40 0.80 1.00 1.00 1.00 1.00

UW [W/m2K]
mean 0.60 0.86 1.40 1.56 1.54 1.57 1.60 1.50
min 0.60 0.60 0.60 0.60 0.60 0.60 0.60 0.60
max 0.60 1.80 2.40 2.40 2.40 2.40 2.40 2.40

WFR [%]
mean 41.2 29.4 24.5 25.2 24.6 22.8 19.7 24.6
min 35.0 10.0 5.0 5.0 5.0 5.0 5.0 5.0
max 45.0 45.0 45.0 45.0 45.0 45.0 45.0 45.0

Wdis [-]
mean 1.00 0.75 0.48 0.42 0.43 0.45 0.39 0.45
min 1.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
max 1.00 1.00 1.00 1.00 1.00 1.00 1.00 1.00

f0 [m−1]
mean 0.79 0.81 0.85 0.87 0.88 0.90 1.07 0.88
min 0.78 0.78 0.78 0.78 0.78 0.78 0.80 0.78
max 0.80 1.08 1.08 1.08 1.08 1.08 1.08 1.08

DHC [kJ/m2K]
mean 146 109 104 102 102 101 100 102
min 146 63 63 63 63 63 63 63
max 146 146 146 146 146 146 146 146

αsol [-]
mean 0.75 0.55 0.52 0.51 0.50 0.46 0.34 0.50
min 0.60 0.20 0.20 0.20 0.20 0.20 0.20 0.20
max 0.80 0.80 0.80 0.80 0.80 0.80 0.80 0.80

Table 5. Typical building parameter values by cooling energy label using the 2071–2100 climate file.

Variable
Parameter

Cooling Energy Label in the 2071–2100 Period
(i.e., Projected Label)

A1 A2 B1 B2 C D Entire Sample Average

UO [W/m2K]
mean 0.44 0.42 0.41 0.44 0.57 0.99 0.43
min 0.10 0.10 0.10 0.10 0.10 0.80 0.10
max 1.00 1.00 1.00 1.00 1.00 1.00 1.00

UW [W/m2K]
mean 1.36 1.43 1.51 1.69 1.86 2.27 1.50
min 0.60 0.60 0.60 0.60 0.60 1.80 0.60
max 2.40 2.40 2.40 2.40 2.40 2.40 2.40

WFR [%]
mean 13.2 20.4 29.5 35.0 38.2 44.6 24.6
min 5.0 5.0 5.0 5.0 5.0 40.0 5.0
max 45.0 45.0 45.0 45.0 45.0 45.0 45.0

Wdis [-]
mean 0.49 0.46 0.37 0.46 0.52 0.92 0.45
min 0.00 0.00 0.00 0.00 0.00 0.00 0.00
max 1.00 1.00 1.00 1.00 1.00 1.00 1.00

f0 [m−1]
mean 0.90 0.89 0.88 0.84 0.83 0.79 0.88
min 0.78 0.78 0.78 0.78 0.78 0.78 0.78
max 1.08 1.08 1.08 1.08 1.08 0.80 1.08

DHC [kJ/m2K]
mean 110 106 102 93 79 63 102
min 63 63 63 63 63 63 63
max 146 146 146 146 146 63 146

αsol [-]
mean 0.35 0.49 0.54 0.61 0.69 0.80 0.50
min 0.20 0.20 0.20 0.20 0.20 0.80 0.20
max 0.80 0.80 0.80 0.80 0.80 0.80 0.80

NVC [h−1]
mean 4.6 4.0 3.9 3.6 3.1 2.8 4.0
min 0.0 0.0 0.0 0.0 0.0 0.0 0.0
max 8.0 8.0 8.0 8.0 8.0 8.0 8.0
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3.2. Climate-Change Vulnerability

The above-presented results indicate that heating energy efficiency is projected to
improve over time under the projected climate change scenario. Therefore, the overheating
vulnerability analysis for each building model was made according to the heating energy
efficiency label attainted under the 1981–2010 climate, as explained in Section 2.3. Figure 2
shows that models with different heating energy efficiency labels also have different over-
heating vulnerability score (OV score). However, since radiative forcing and global average
temperatures are projected to increase over time due to climate change, the overheating
risk of buildings is expected to follow that pattern. Consequently, the OV score is highest
for buildings evaluated under the 2071–2100 climate (Figure 2).

Figure 2. Overheating vulnerability score (OV score) of single-family houses in each future climate period. Building models
are classified by heating energy label attained according to the 1981–2010 climate file, namely “current” heating energy label.

The average OV score is projected to increase similarly for all the energy labels.
Building models classified under the B2 and C heating energy efficiency labels display on
average the lowest susceptibility to increasing overheating vulnerability over the studied
period. In particular, the average OV score of the B2 label buildings increases by 0.213 from
0.041 in 2011–2040 to 0.256 in 2071–2100. Simultaneously, the min-max range increases
substantially from 0.093 in 2011–2040 to 0.413 in 2071–2100. Although the lower average
OV score in 2041–2070 and 271–2100 periods are reached for the G labelled buildings,
these buildings are also characterised by one of the highest min-max ranges (i.e., 0.971 in
2071–2100). Consequentially, this indicates that they have on average a low overheating
risk, although individual building configurations can be very susceptible to it. The OV
score min-max range is the narrowest in most heating energy-efficient buildings (i.e.,
B1 label), meaning that the overheating vulnerability is easier to control for highly heating
energy-efficient buildings. Nevertheless, it should be stressed that buildings with the
highest heating energy efficiency are generally not characterised by the lowest OV scores.
Although in the 2011–2040 period, the B1 label buildings actually have the lowest average
OV score (i.e., 0.034), the reached minimum score (i.e., 0.025) is higher than in the case of
all other heating energy efficiency labels. The described situation is projected to escalate in
the second part of the 21st century when the OV score of the B1 label buildings increases
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substantially (Figure 2). So much so that in the 2041–2070 period, the B2 and G labelled
buildings have a lower average OV score, while in the 2071–2100 period, the B2, C, and G
labelled buildings have lower average scores. This indicates that highly heating energy-
efficient bioclimatic buildings (i.e., B1 label) are also characterised by substantial locked-in
overheating risk. The main reason is that these models have south-concentrated large
window areas (i.e., WFR higher than 35%, see Table 4). On the other hand, the maximum
OV score of the B1 labelled buildings is the lowest in all periods (Figure 2). Therefore,
when using passive design measures for high heating energy efficiency, an overall lower
maximum OV score can be expected than in other designs (i.e., B2 to G labelled buildings).

The overall lowest overheating vulnerability score was achieved by a building model
having poor thermal insulation (UO = 1.0 W/m2K, namely 2 cm of thermal insulation),
highly thermally insulated windows (UW = 0.6 W/m2K, SHGC = 0.45), minimal window
areas (WFR = 5%), a non-compact shape (f0 = 1.08), high thermal mass (DHC = 146 kJ/m2K),
light-coloured external surfaces (αsol = 0.20) and high rates of natural ventilation cooling
(NVC = 8 h−1). Its QNC is projected to increase from 0.0 kWh/m2 in the 1981–2010 period to
3.2 kWh/m2 in 2071–2100. However, the building model is highly energy inefficient from
the aspect of heating energy use (i.e., G heating energy efficiency label). On the other hand,
the most overheating vulnerable building model is characterised by poor thermal insulation
(UO = 1.0 W/m2K), low thermally insulated windows (UW = 2.2 W/m2K, SHGC = 0.75),
equally distributed extremely large window area (WFR = 45%), a compact shape (f0 = 0.78),
high thermal mass (DHC = 146 kJ/m2K), dark-coloured external surfaces (αsol = 0.80)
and without natural ventilation cooling (NVC = 0 h−1). Its heating energy efficiency is
classified under the F label, while its QNC is projected to increase by 37.7 kWh/m2, from
12.7 kWh/m2 in the 1981–2010 period to 50.4 kWh/m2 in 2071–2100, an increase of 297%.
Table 6 shows typical values of building parameters by OV score percentiles. It can be
concluded that, in general, the least prone to overheating (i.e., p05 in Table 6) were building
models with above-average UO, Wdis, f0, DHC, and NVC, and below-average UW, WFR,
and αsol.

Table 6. Typical building parameter values by long-term (2071–2100) overheating vulnerability score (OV score) percentiles.

Variable
Parameter

Long-Term (2071–2100) OV Score Percentiles

p05 Q1 Q2 Q3 Q4 p95 Entire Sample Average

UO [W/m2K]
mean 0.49 0.42 0.41 0.38 0.51 0.74 0.43
min 0.10 0.10 0.10 0.10 0.10 0.10 0.10
max 1.00 1.00 1.00 1.00 1.00 1.00 1.00

UW [W/m2K]
mean 1.30 1.35 1.40 1.51 1.74 1.78 1.50
min 0.60 0.60 0.60 0.60 0.60 0.60 0.60
max 2.40 2.40 2.40 2.40 2.40 2.40 2.40

WFR [%]
mean 9.6 13.8 20.8 29.6 34.0 34.2 24.6
min 5.0 5.0 5.0 5.0 5.0 5.0 5.0
max 40.0 45.0 45.0 45.0 45.0 45.0 45.0

Wdis [-]
mean 0.49 0.52 0.46 0.42 0.38 0.26 0.45
min 0.00 0.00 0.00 0.00 0.00 0.00 0.00
max 1.00 1.00 1.00 1.00 1.00 1.00 1.00

f0 [m−1]
mean 0.94 0.89 0.89 0.87 0.85 0.85 0.88
min 0.78 0.78 0.78 0.78 0.78 0.78 0.78
max 1.08 1.08 1.08 1.08 1.08 0.80 1.08

DHC [kJ/m2K]
mean 114 108 106 100 95 85 102
min 63 63 63 63 63 63 63
max 146 146 146 146 146 63 146

αsol [-]
mean 0.24 0.35 0.49 0.51 0.64 0.74 0.50
min 0.20 0.20 0.20 0.20 0.20 0.80 0.20
max 0.80 0.80 0.80 0.80 0.80 0.80 0.80

NVC [h−1]
mean 4.7 4.7 4.0 3.9 3.4 3.3 4.0
min 0.0 0.0 0.0 0.0 0.0 0.0 0.0
max 8.0 8.0 8.0 8.0 8.0 8.0 8.0
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4. Discussion

In the bioclimatic design of buildings, the decision-making conditions are diverse,
with several design objectives and criteria to be considered, particularly occupant comfort,
energy efficiency, and daylighting [55–57]. In practice, trade-offs between these goals
are very common, which need to be addressed appropriately. Only the energy efficiency
aspect for providing thermal comfort was undertaken as a central part of this study, while
occupant thermal comfort, indoor air quality and daylighting were not directly addressed.
Therefore, the presented results should be interpreted in the exposed context. Similarly, the
results should be understood in the framework of the applied passive design parameters
and their value ranges. At the same time, several other design measures, such as evapora-
tive cooling, fixed shading, sunspace, ground heat exchanger cooling, etc., were excluded
from the analysis. Their exclusion from the analysis was based on the fact that they are ei-
ther not common in the design practice (e.g., ground heat exchanger cooling) or ineffective
(e.g., evaporative cooling) in the studied climatic context. Under these circumstances, the
paper aimed to analyse the energy efficiency and overheating vulnerability of bioclimatic
single-family houses in the Central European climate of Slovenia, Ljubljana. The energy
efficiency was evaluated according to the annual energy use for heating (QNH) and cooling
(QNC) per m2 of building floor area. According to the Slovenian building energy efficiency
rules, a B1 heating energy efficiency class was the highest achievable using the selected pas-
sive design parameters under the currently applicable climate file (i.e., 1981–2010 period)
and the projected future climate scenarios. Nevertheless, a much warmer future climate is
projected to improve the heating energy efficiency of such buildings because the energy
needed for heating is projected to decrease.

Furthermore, it was highlighted that given the uncertainties of future climate, it
is advisable to design buildings for current heating energy efficiency while aiming for
low vulnerability to future overheating. Accordingly, Figure 3 displays three conceptual
examples of a bioclimatic building designed for the analysed Central European temperate
climate of Ljubljana. These three concepts were proposed after the interpretation of the
study results. The first building (Figure 3a) corresponds to the B1 label heating energy
efficiency with simultaneously the lowest overheating vulnerability score (OV score) of
the buildings in the B1 energy label. Next, Figure 3b shows the building design, which
meets the B2 label heating energy efficiency with the lowest OV score of the buildings
in the B2 energy label. The last building (Figure 3c) is the least overheating vulnerable
building design of the buildings that fall into the C label according to the heating energy
efficiency. The QNH value of each exposed building example intensifies from 24.7 kWh/m2

(building B1) to 49.0 kWh/m2 (building C) according to the 1981–2010 climate. At the same
time, the QNC follows the reverse trend. Namely, according to the 2071–2100 climate, the
QNC is highest for building B1 (18.6 kWh/m2) and lowest for building C (4.1 kWh/m2).

Although the best performing concept concerning the heating energy efficiency is
the B1 building design (Figure 3a), it has several drawbacks regarding bioclimatic design.
According to Potočnik and Košir [58], window size and glazing transmissivity are the
dominant parameters to achieve adequate visual and non-visual indoor comfort. Therefore,
vast south-concentrated window areas present a significant daylighting related drawback
since they would be mainly shaded during summer. In contrast, during the rest of the year,
glare might occur while utilising solar gains. On the other hand, building C, shown in
Figure 3c, has minimal windows, resulting in potentially inadequate daylighting. It is also
less heating energy-efficient than the other two presented design alternatives. Moreover,
while using the WFR of 35% (Figure 3a), a natural summer ventilation rate (i.e., NVC)
above 4 h−1 is recommended to achieve lower overheating vulnerability, which is, in reality,
very hard and rarely achievable in residential buildings [59]. Although high-intensity
natural ventilation is also preferred in the case of building B2 (Figure 3b), it is not as crucial.
The reason is that building B2 has a smaller WFR, and thus solar heat gains and indoor
surface temperatures are more governable. In all the best performing three cases, the lowest
analysed UO and UW were used.
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Figure 3. Three conceptual examples of bioclimatic building design for the analysed location. Examples represent a building of
the most overheating resilient combination of passive measures for a building in: (a) B1 heating energy efficiency class; (b) B2
heating energy efficiency class; (c) C heating energy efficiency class. Each building has a useful floor area equal to 162 m2.

Another fact worth noting is that the difference in QNH between different examples
in Figure 3 is projected to halve by the end of the century, while the difference in QNC is
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projected to double or triple. Assume both heating and cooling energy use (i.e., QNH +
QNC) of the three buildings are taken together. In this case, it becomes evident that building
B1 (QNH + QNC = 31.4 kWh/m2) is the best performing in the 1981–2010 period, while
building B2 (QNH + QNC = 28.7 kWh/m2) is the best performing and building B1 is the
worst performing (QNH + QNC = 35.6 kWh/m2) in the 2071–2100 period. Furthermore,
of the three, building B1 is the only one with higher cumulative heating and cooling
energy use in the 2071–2100 period compared to the 1981–2010 period. Therefore, to
achieve adequate heating energy efficiency, assure low overheating vulnerability, and
at the same time create conditions for adequate daylighting, the combination of passive
design measures presented in the case of building B2 (Figure 3b) or similar should be used.
Of course, the highlighted findings are limited to the building geometries and envelope
configurations considered. Therefore, substantially differently configured buildings may
be designed while being aware of their effects on energy use.

Accordingly, it is recommended to use highly thermally insulated building envelopes,
especially windows. Furthermore, not too large window areas should be adopted, e.g.,
WFRs in the range of 10–25%. The windows can be concentrated on the south façade
(e.g., window to wall ratio (WWR) between 20 and 60%) for autumn–spring solar harvest-
ing. South concentrated windows also prevent unwanted solar gains in the forenoon and
the afternoon during summer. Accordingly, fixed overhangs on the south façade can be
used for partial shading. However, in the case of south-concentrated windows, external
shading (e.g., blinds) of the entire glazed surface for overheating prevention should be
applied. Furthermore, shading operation should be automatically controlled since the
overheating risk would be higher if shading devices were manually controlled by occu-
pants [60]. Concerning the building shape, a more compact design is recommended. It is
also suggested to use massive construction materials to increase the thermal capacity of the
building. Otherwise, the thermal mass should be added in other forms, such as capacitive
furniture [61] or phase change materials [62]. Although the B1 heating energy efficiency
class can only be achieved using dark coloured external surfaces, it is recommended to use
lighter colours (e.g., αsol = 0.40–0.60) that reduce overheating vulnerability. Alternatively,
vegetated surfaces (see Figure 3c) [63] or “cool” surface finishes [64] may be used to act as
an effective overheating prevention measure. It is advisable to cool spaces using natural
ventilation in summer when conditions allow, typically during the night. To this end, cross
ventilation or stack ventilation of the building should be made possible by the appropriate
arrangement of rooms and openings.

In addition to the presented and proposed passive design measures, additional either
active or passive measures could be applied to reduce the energy use of a building. In
particular, heating energy efficiency can be further improved by applying the heat recovery
mechanical ventilation, improving the airtightness of the envelope, optimising occupant
behaviour and similar. Besides, renewable energy sources, such as solar energy through PV
or BIPV systems or solar collectors, are advisable [65]. In either case, an emphasis should
be placed on long-term overheating vulnerability and not just current heating and cooling
energy efficiency. In this way, high resilience and sustainability of the built environment
may be achieved, primarily by raising the awareness of designers and policymakers.

5. Conclusions

Our civilisation faces the same frustration as the first humans—a struggle to build
homes that provide safety and climate independence. As the presented research has
demonstrated, the effort continues, while we still have a lot to learn about global warming
and its implications for the (energy) performance of the built environment, especially
with a limited amount of natural resources. The study successfully demonstrated a novel
approach to the bioclimatic design of buildings by attaining current and future energy
efficiency while also addressing climate adaptation and overheating resistance. The results
of this paper clarify the overall picture concerning the design of bioclimatic residential
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buildings in the Central European climate. The main conclusions and novelty of the paper
can be summarised as:

• The paper demonstrates how to assess overheating vulnerability of bioclimatic build-
ings. In Central Europe, overheating vulnerability is a significant but often overlooked
concern in building design, as designers and policymakers focus primarily on heating
energy efficiency. However, overheating vulnerability assessment is required since
climate change is projected to negatively affect the cooling energy need of buildings,
especially those designed for passive solar energy harvesting during the colder part
of the year.

• Recommendations for the energy-efficient resilient bioclimatic building design in
Central European temperate climate are given. Such recommendations are needed
because residential buildings under this climate are heating-dominated, and with a
warming climate comes the risk of overheating. Nevertheless, adapting buildings to
current heating energy efficiency requirements while aiming for low vulnerability to
future overheating can be achieved with reasonable trade-offs presented in the paper.

• Lastly, the results provide designers and policymakers with information to adopt a
resilient bioclimatic building design approach into practice and regulations. A clear
path towards the resilience and sustainability of buildings should be defined according
to the study findings to preserve resources and mitigate climate change.
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Abstract: Energy retrofitting the existing building stock is crucial to reduce thermal discomfort,
energy consumption, and carbon emissions. However, insulating and enhancing the thermal mass
of an existing building wall using traditional methods is a very challenging and expensive task.
There is a need to develop a material that can be applied easily in an existing occupied building
without much interruption to occupants’ daily life while also having high thermal resistance and heat
storage capacity. This study aimed to investigate a potential building wall retrofit strategy combining
aerogel render and Phase change materials (PCM) because aerogel render is highly resistive to
heat and PCM has high thermal mass. While a number of studies investigated the thermal and
energy-saving performances of aerogel render and PCM separately, no study has been done on the
thermal and energy-saving performance of the combination of PCM and aerogel render. In this
study, the performance of 12 different retrofit strategies, including aerogel and PCM, were evaluated
numerically in terms of heat stress, energy savings, peak cooling, emission, and lifecycle cost using a
typical single-story Australian house. The results showed that applying aerogel render and PCM on
the outer side of the external walls and PCM and insulation in ceilings is the best option considering
all performance indicators and ease of application. Compared to the baseline, this strategy reduced
severe discomfort hours by 82% in a free-running building. In an air-conditioned building, it also
decreased energy use, peak cooling demand, CO2 emission, and operational energy cost by 40%,
65%, 64%, and 35%, respectively. Although the lifecycle cost savings for this strategy were lower than
the “insulated ceiling and rendered wall without PCM” case, the former one was considered the best
option for its superior energy, emission, and comfort performance. Parametric analysis showed that
0.025 m is the optimum thickness for both PCM and aerogel render, and the 25 ◦C melting point PCM
was optimum to achieve the best results amongst all performance indicators for a typical Australian
house in Melbourne climate.

Keywords: building energy retrofitting; phase change materials; aerogel render; heat stress risk;
energy savings; emission; lifecycle cost; peak cooling load

1. Introduction

The building sector consumes around 30% of total primary energy globally, which
is expected to escalate up to 50% by 2050 due to population growth, human lifestyle
changes, new technologies, and climate change [1]. Currently, fossil fuels are used to
meet around 80% of the world’s energy demand, which has an adverse social, economic,
and environmental impact [2]. Therefore, the use of renewable energy sources and the

Sustainability 2021, 13, 10716. https://doi.org/10.3390/su131910716 https://www.mdpi.com/journal/sustainability49
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adoption of sustainable practices in buildings to minimize fossil fuel consumption are
being investigated extensively around the globe [3].

Heat transfer through building envelopes (walls, roofs, windows, and doors) ac-
counts for up to 60% of total heat loss and gain [4], which can be reduced by having
insulated building envelopes [3], double and triple glazed windows [5], and thermochro-
matic windows [6]. A recent review of present authors compared thermal properties
and performances of various building insulation materials [7]. It was concluded that a
highly insulated building envelope significantly reduces total heating and cooling energy
consumption and improves winter thermal comfort in a passive building. However, it
resulted in overheating and increased peak cooling demand in a lightweight structure
during a heatwave period because of the low heat storage capacity of the insulation and
lightweight building materials. Therefore, the building envelope should have higher heat
resistance and higher heat storage capacity to reduce heating and cooling energy use in an
air-conditioned building and to improve thermal comfort in a passive building [7].

Like many other metropolitan cities, a significant percentage of the residential building
stock in Melbourne, Australia were constructed before the introduction of the mandatory
five stars (maximum is 10 stars) energy efficiency standard in 2005. In Victoria, approx-
imately 86% of the currently occupied houses were built before 2005 with an average
energy efficiency rating of only 1.81, which is very low [8]. Therefore, retrofitting those
existing energy inefficient buildings is crucial to reduce energy consumption and harmful
greenhouse gas emission from this sector. While insulating a wall in a new dwelling is
straightforward, it is more challenging to insulate an existing occupied house unless it is
under major renovation where claddings and plasterboards are removed. Sustainability
Victoria [9] trialed the pump-in cavity wall insulation method, which resulted in 15.5%
energy savings. However, this method is very expensive, and the average payback period
was reported to be 29 years. Also, increasing the thermal mass of an existing building using
traditional materials (such as bricks and concrete) is impossible. Hence, there is a need
to develop a material that can be applied easily in an existing occupied building without
much interference and has low thermal conductivity and high thermal storage.

Aerogel-based thermal insulating renders are introduced in the European Union mar-
ket to insulate existing walls as an alternative to plasterboard and insulation panel [10].
It can be applied easily on the building envelope with limited impacts and interruptions
on the occupants’ daily life and building functionality [11]. It is a lightweight material
with density and thermal conductivity of 150–220 kg/m3 and 0.024–0.027 W/mK, respec-
tively [11–13], depending on the percentage of aerogel granules in the mixture [14]. Aerogel
render has higher compressive strength [15,16], low water permeability [17], and is inert to
flame. However, aerogel’s major drawback is the lower heat storage capacity compared to
the conventional insulators and construction materials, as shown in Figure 1 [7]. The lower
heat storage capacity causes high indoor temperature fluctuation and summer overheating
that have adverse health impacts specifically for older occupants and infants. Therefore,
there is a need to improve the heat storage capacity of the aerogel render integrated into
the building envelope.
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Figure 1. Thermal mass of building construction and insulation materials [7].

Integration of Phase change materials (PCM) in building envelope has been shown to
increase heat storage capacity significantly [18]. Previous studies successfully integrated
micro-encapsulated PCM in building materials, including structural materials [19,20],
plaster and mortar [21,22] and insulation [23,24] to improve heat storage capacity and
resulting in energy savings in air-conditioned buildings and improving summertime ther-
mal comfort in passive buildings [25]. Hasnat et al. [26] reported a 34% reduction in
thermal discomfort hours through the installation of Bio-PCM pouches in the ceilings
of a Melbourne house. In other studies, the use of PCM-enhanced geopolymer coating
and cement mortar reduced the test hut indoor air temperature up to 2.8 ◦C [25] and
2.4 ◦C [27], respectively, in summer, compared to an identical hut containing ordinary
cement plaster. Cui et al. [28] developed a thermal energy storage concrete (TESC) using
macro-encapsulated lauryl alcohol-lightweight aggregate PCM. The maximum air temper-
ature in a test room (500 mm × 500 mm × 500 mm) containing TESC in the wall and roof
was up to 9 ◦C and 5 ◦C lower, respectively, compared to no PCM room. Piti et al. [20]
incorporated 7.8% Polyethylene glycol type 1450 by weight into a lightweight concrete
that increased the heat storage capacity of concrete from 0.92 to 7.7 kJ/kg. Kosny et al. [29]
reported that PCM-blended cellulose insulation has similar thermal insulating properties to
cellulose insulation up to 30% of PCM addition with a staggering increment in heat storage
capacity from 1.04 J/g to 60–80 J/g. The application not only reduced the cooling load
(35–40%) but also decreased the heating demand up to 16% in a conventional house located
in southern California. Rathore et al. [30] found that the PCM-embedded concrete panel
reduces summertime thermal amplitude and time lag by 40.67–59.79% and 7.19–9.18%,
respectively, benefitting with cooling energy savings of 0.40 US $/day.

The literature review shows that a PCM combined with aerogel render would be
an ideal candidate to retrofit existing buildings because of its ease of application, lower
thermal conductivity, and higher thermal mass. While a number of studies investigated the
thermal and energy-saving performances of aerogel render and PCM separately, no study
has been done on the thermal and energy-saving performance of PCM combined with
aerogel render. A multi-objective optimization study could provide important information
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regarding the optimum PCM melting temperature and optimum PCM and aerogel layer
thickness to achieve the desired comfort, energy, environment, and cost performance of a
retrofitted building [31–33].

Therefore, this study aims to investigate the performance of building envelope
retrofitted with PCM combined with aerogel render in terms of heat stress, energy savings,
peak cooling, emission, and lifecycle cost. The specific objectives are:

(1) To investigate and identify the best retrofit combinations using PCM blanket, aerogel
render, and insulation in passive and air-conditioned buildings.

(2) To determine the optimum PCM temperature, PCM thickness, and aerogel render
thickness for the identified best retrofit combination.

In this paper, Section 2 describes the research methodology, including simulation infor-
mation, metrological parameters (ambient temperature, relative humidity, solar radiation
density, and wind speed), material characteristics, and models. It also describes the case
study building and proposed retrofit strategies, methods of thermal discomfort assessment,
energy use estimation, emission calculations, and lifecycle cost analysis. The comparative
analysis of results for different retrofit strategies is shown in Section 3. In Section 4, the
study results are discussed further, and the best PCM-aerogel combination is proposed
along with optimum phase change temperature and thickness, considering all performance
criteria. Finally, Section 5 presents the concluding remarks and future directions.

2. Methodology

2.1. Case Study Building Description

A typical single-story Australian house was used as a case study to investigate the
thermal performance of retrofit strategies. The selected case study building is one of the
eight representative Australian houses used to develop the nationwide house energy rating
system (NatHERS) in Australia [34]. According to the Australian Building Code Board, the
selected single-story house model is one of the two most typical representations of single-
story detached houses in Australia. Approximately 72.9% of the Australian dwellings fall
in the category of single-story detached houses [35]. The studied house is a four-bedroom,
two-bathroom family house with a floor area of 232 m2. Figure 2 [36,37] shows the isometric
view and thermal zones of the simulated house, along with the orientation from the north.
The thermophysical properties of building materials are given in Table 1. The construction
of the building envelopes varies depending on the simulation cases and is presented in the
following section.

 
(a) 

Figure 2. Cont.
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(b) 

Figure 2. The simulated single-story house: (a) Isometric view; (b) Thermal zones in 2D.

Table 1. Thermo-physical properties of building materials.

Building
Materials

Thermo-Physical Properties

Thickness (m)
Conductivity

(W/m K)
Density (kg/m3)

Specific Heat
(J/kg K)

Concrete 0.100 1.42 2400 880
Brick veneer 0.110 0.61 1690 878

Roof insulation 0.044 0.044 12 883
Roof tiles 0.02 1.42 2400 880

plasterboard 0.013 0.17 847 1090
Carpet 0.02 0.0465 104 1420

Timber doors 0.05 0.16 1122 1260
PCM See Table 4 0.2 235 2400

Aerogel render
[36,37] 0.02 0.024 100 1000

2.2. Building Energy and Thermal Simulations

The case study building was simulated using building simulation software EnergyPlus
v9.2. EnergyPlus v9.2 was developed by the U.S. Department of Energy (DOE). Google
Sketchup provided a comprehensive and powerful graphical user interface to EnergyPlus.
The simulations were carried out considering the weather file for the year 2009 (the Bu-
reau of Meteorology, Government of Australia), which reported an extreme heatwave in
January, as seen in Figure 3 [38]. Melbourne exhibits a temperate oceanic climate, which
has a high diurnal temperature swing. Temperate climatic zones are advantageous for
PCM application because it allows complete melting/freezing cycle during summer and
improves summertime thermal comfort.
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Figure 3. Climatic conditions during extreme heatwave period (27–31 January 2009 Melbourne).

The simulations were run using a conduction finite-difference algorithm (ConFD),
which allows the simulation of temperature-dependent properties of PCM. In addition, this
study used a fully implicit CondFD scheme for dynamic thermal simulation. This scheme
accounts for time-dependent phase change phenomenon of PCM using the enthalpy-
temperature function.

CρΔx
Ta+1

b+1 − Ta
b

Δx
=

⎧⎨
⎩ki

(
Ta+1

b+1 − Ta+1
b

)
Δx

+ kj

(
Ta+1

a−1 − Ta+1
b

)
Δx

⎫⎬
⎭ (1)

The specific heat capacity of PCM is temperature-dependent and is updated at every
iteration in EnergyPlus according to Equation (2). The effective specific heat capacity of
PCM is calculated as:

C =
hj

i − hj−1
i

Tj
i − Tj−1

i

(2)

where;

C = specific heat capacity of material (kJ/kg K)
ρ = density of material (kg/m3)
h = specific enthalpy (kJ/kg)
T = Temperature (◦C)
b = temperature node, b − 1 and b + 1 are adjacent inner and outer nodes.
a + 1 and a = simulation time and previous time step
ki and kj = material’s thermal conductivity at a different node.

This study includes BioPCMs having melting point temperature ranges between 20 ◦C
and 32 ◦C. The thermophysical properties of PCMs are presented in Table 1. Figure 4 shows
the enthalpy-temperature graphs of PCMs with different phase change temperatures
used in this study [39]. Each PCM has a phase transition range of 4 ◦C. For example,
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PCM24 means it will complete a phase change cycle between 22 ◦C and 26 ◦C. While
the individual thermal properties of PCM and aerogel layers are known, the thermal
properties of PCM-integrated aerogel render are not yet known. The ultimate goal of this
project is to develop a PCM-integrated aerogel render for easy retrofitting of an existing
building wall. This simulation study was carried out as part of the feasibility study to know
how the combination of PCM and aerogel influences building thermal performance and
energy consumption. Therefore, for the purpose of this feasibility study and for the sake of
simplicity, we assumed PCM and aerogel render as separate layers in this simulation study.

 

Figure 4. Enthalpy-temperature curve of BioPCM [2].

The house was assumed to be occupied by four residents, with different schedules for
weekdays and weekends [40]. Figure 5 exhibits the activity level of occupants in different
house zones. The GroundHeatTransfer: Slab module of the EnergyPlus software was used
to simulate the ground source heat transfer [2]. Moreover, an Effective leakage area model
was used to simulate infiltration [41].

Each simulation was conducted twice, considering different retrofit strategies: (1) with
and (2) without an HVAC system. The simulations with the HVAC system were used to
evaluate the impact of retrofit strategies on total annual energy and peak cooling demand.
The simulations without HVAC were used to assess the impact of retrofit strategies on
indoor heat stress during a heatwave. The risk of a power outage is very high during
the hot summer period, which may leave the HVAC system out of order and pose a
significant threat of heat stress to the occupant. Therefore, the retrofit strategies need to
be evaluated for both HVAC and no HVAC scenarios. Table 2 gives information about
operating, economic parameters, and their respective references.
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Figure 5. Occupants’ schedule in a typical Australian house [40].

Table 2. Assumption of different operating conditions and economic parameters.

Operating Conditions Value Standard

Time step 3 min Tabares-Velasco et al. [42]
Thermostat setpoints The house energy rating standards of Australia [43]

Heating (◦C) 20
(00:00–8:00 and 16:00–24:00 h)Cooling (◦C) 24

People (person) 4
Metabolic rate (W/person) ASHRAE [44]

Writing, seating, standing 108
See Figure 5Cooking, cleaning 171

Reading, relaxing 108
Lighting (W/m2) 2.5 Australian building code boards [45]

Electric equipment (W/m2) 1.875
Economic Parameter

Ceiling insulation 5.93 AUD/m2 [46]
PCM 4.33 AUD/kg [47]

Aerogel render (AG) 50–62 AUD/kg ENERSEN, France [14]
Electricity usage rates 0.31 AUD/kWh

Energy Australia [48]Electricity supply charges 1.1408 AUD/day
Natural gas usage rate 0.115 AUD/kWh

Natural gas supply charges 0.759 AUD/day

56



Sustainability 2021, 13, 10716

Table 2. Cont.

Operating Conditions Value Standard

Electricity Emission Factor 1.08 kgCO2-eq/kWh Australian national greenhouse accounts [49]
Natural gas emission factor 3.9 kgCO2-eq/GJ

Ducted cooling system (COPeq) 1.96 [50]
Ducted gas heating system (η) 52.5% [51]
Conversion Factor: Electricity 3.6 × 106 J/kWh [52]

Heating Value natural gas 34.526 × 106 J/m3 [52]
Inflation rate (i) 1.93% Office of Best Practice Regulation [53]
Interest rate (d) 6%
Lifetime (LT) 40 years Australian building code boards [45]

Nosrati and Berardi [17] showed that aerogel render thermal conductivity changes
with ambient air relative humidity. To consider this moisture dependency, moisture
dependent thermal conductivity data of 90% Aerogel-enhanced plaster data, as reported
in [17], were used to vary the thermal conductivity of aerogel in the simulation using
energy management system (EMS) object in EnergyPlus.

Figure 6 exhibits a negligible difference in heating and cooling load for hygrothermal
and non-hygrothermal simulation because the annual average relative humidity of Mel-
bourne is only 55%, which meagerly changes aerogel render thermal conductivity. The
average monthly relative humidity varies from a minimum of 48% in January (Summer) to
72% in June. On the other hand, the relative humidity of around 95% has been shown to
impact thermal conductivity significantly [17]. Therefore, in this study, aerogel render was
simulated without considering their hygrothermal properties.

 

Figure 6. Comparison of heating and cooling energy use in building in case of hygrothermal and non-hygrothermal
simulation.

Validation of the numerical model is a pre-condition for any simulation-based study.
Several studies were conducted by many researchers and the EnergyPlus developer team to
validate the EnergyPlus PCM simulation algorithm using analytical (Stefan Problems) [42],
comparative testing [54], and field studies [26,55] approaches. For instance, Tabares-
Velasco et al. [42] suggested that EnergyPlus is a reliable tool for simulating PCM by
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comparing the simulation outcomes with experimental investigations. They recommended
that the simulation should be conducted considering time step (≤3 min). Moreover, the
present author developed and validated the EnergyPlus model of a real duplex house with
PCM in a previous study [26]. The single-story house model that was used in this study
was developed using a modeling approach similar to that validated duplex house model.
This single-story house model was also successfully used to evaluate heat stress conditions
in a previous study of the present authors [56]. Therefore, the use of a validated modeling
approach provides it with secondary validation.

2.3. Benchmark Studies

Table 3 shows the simulation cases with different retrofit strategies. Construction
details of the ceiling, internal wall, and external wall are illustrated in Figure 7. Each simula-
tion case was assessed considering heat stress risks, energy-saving potential, emissions, and
lifecycle costs. Case 1 is the baseline house without any insulation in the ceiling and walls
because this study aims to investigate the retrofitting potential of existing energy-inefficient
building stock combining aerogel render with PCM. As mentioned in Section 1, the energy
efficiency rating of a significant percentage of existing occupied houses in Melbourne is
very low. Therefore, the selection of a baseline case without any insulation in the ceiling
and walls is justified.

Figure 7. Schematics of envelope constructions in different simulation cases.

To allow direct comparison between different cases with PCM, the total amount (kg)
of PCM was kept constant in the simulation cases with PCM. This was done by varying the
thickness of the PCM layer according to the application surface area.

2.4. Parametric Studies

The parametric analysis determined the optimum phase change temperature (OPCT)
for each retrofit case with PCMs. PCMs with phase change temperatures ranging from
18 ◦C to 32 ◦C were considered, as shown in Figure 4. After the selection of the best retrofit
combinations, the second set of parametric studies were carried out to identify optimum
aerogel render and PCM thickness. JePlus v2.1 was used together with EnergyPlus to
conduct the parametric analysis by varying aerogel render thickness from 0.01 m to 0.05 m
and the PCM thickness from 0.005 m to 0.025 m.
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2.5. Analysis Methods
2.5.1. Indoor Heat Stress Risk and Thermal Discomfort

In this study, the thermal discomfort index was used for analyzing the heat stress risk
in different retrofit cases. The thermal discomfort index (TDI) is the average of indoor air
wet-bulb and dry-bulb temperature, which is estimated using Equation (3) [57].

TDI =
Tdrybulb + Twetbulb

2
(3)

where, Td and Tw denote dry bulb and wet bulb temperature of indoor air. The EnergyPlus
model by default calculates the dry-bulb temperature, relative humidity, and barometric
pressure of each zone at every time step during the simulation. The wet bulb temperature
was calculated using an advanced functionality of EnergyPlus known as EMS application,
which uses dry-bulb temperature, relative humidity, and barometric pressure as input [58].
The heat stress risk can be classified as mild, moderate, and severe, observing the behavior
of a large population group under different climates. Epstein and Moran established
environmental heat stress criteria as tabulated in Table 4 [57].

Table 4. Threshold values of thermal discomfort hours [57].

Discomfort Index (DI) Classification of Heat Stress

DI < 22 No heat stress is encountered.
22 < DI < 24 A mild sensation of heat stress.

24 < DI < 28 Moderate heat stress, people feel very hot, and physical work may be
performed with some difficulties.

DI > 28 Heat stress is severe; people engaged in physical work are at
increased risk for heat exhaustion and heatstroke.

2.5.2. Energy Savings

Energy savings (ES) is the measure of the percentage of energy consumption reduction
in the retrofitted building. It was calculated by using Equation (4) [2].

ES =

(
ECr − ECret

ECr

)
× 100% (4)

where ECr and ECret denote energy consumption of reference and retrofitted buildings.

2.5.3. Emission Reduction

In Melbourne, almost 69% of households use the natural gas heater for heating,
and 36% of households (highest among other cooling methods) use reverse cycle air-
conditioning for cooling [59]. Therefore, this study assumed that the building is equipped
with a natural gas heater and split air conditioner to meet the heating demand in winter and
cooling demand in summer. The operational GHG emission is the product of heating and
cooling energy use and their respective emission factors. Scope 1 emission factor (51.53 kg
CO2-e/GJ for Melbourne) was applied to heating demand, while scope 2 emission factor
(1.07 kg CO2-e/kWh for Melbourne) was considered for cooling demand [49]. Equation (5)
was used to calculate the greenhouse gas emissions:

EEGHG = ECel ·EFel + ECng·EFng (5)

where ECel and ECng denote cooling and heating energy use and their respective emission
factors are denoted by EFel and EFng, respectively. The percentage of emission reduction is
calculated as.

ER =

(
EEGHG,r − EEGHG,ret

EEGHG,r

)
× 100% (6)
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where EEGHG, r and EEGHG, ret denote GHG emission associated with energy use in refer-
ence and retrofitted buildings.

2.5.4. Lifecycle Cost Analysis

The lifecycle analysis considers the initial investments, operating and maintenance
costs up to the disposal, and recovery costs. However, the economic optimization of build-
ing envelope walls and roofs excludes maintenance, renewal, and disposal costs. It only
includes the investment of proposed alternative and operation energy costs. Operational
energy cost varies according to interest and the inflation rate over the expected building
lifetime, determined through the present worth factor (PWF) over a lifetime. The PWF is
calculated using Equation (7) [3].

PWF =
LT

∑
j=1

(1 + i)j−1

(1 + d)j =

⎧⎨
⎩

1
d−i

[
1 −

(
1+i
1+d

)LT
]

i f d �= i
LT

1+i i f d = i

⎫⎬
⎭ (7)

where, i, d, and LT denote inflation rate, interest rate, and the lifetime of a building. The
total lifecycle cost is the sum of the annual operation energy cost and the investment cost
of retrofit strategies. Which is calculated as [3]:

LCC = Ce · PWF + Ci (8)

where Ce and Ci denote operation energy cost and initial investment, which are estimated
as

Ce =
ESc CEL

COP LHVEL
+

ESh CNG
η LHVNG

(9)

CI =
n

∑
i=o

Cins + Crender + CPCM (10)

ESc and ESh are the cooling and heating energy savings; CEL and CNG are the unit cost
of electricity and natural gas; LHVEL and LVGNG are the lower heating value of electricity
and natural gas, respectively; COP denotes the co-efficient of performance of non-ducted
air conditioning unit; and η represents the efficiency of heating system. Moreover, Cins,
Crender, and CPCM denote insulation cost, aerogel render cost, and PCM cost, respectively. In
this study, a ducted cooling system with a COP of 2.79 with 30% duct losses (equivalent
to overall COP of 1.96) was used, which is the minimum energy performance standard
(AS/NZS 3823.2) for air-conditioners used in the Australian state [50].

The maximum cost-saving (CS) is the difference of lifecycle cost of reference (LCCref)
and retrofitted (LCCret) envelope, which is estimated as:

CS = LCCre f − LCCret (11)

3. Results

3.1. Performance of the Retrofitting Strategies in Terms of Heat Stress Risk

The severe discomfort hours corresponding to optimum PCT in the living and bed-
room 4 are presented in Figure 8. The living, family, rumpus, and kids tv zones have
different occupancy schedules than bedrooms as shown in Figure 5. While discomfort
hours were calculated for all zones of the house, results of only two zones were presented
here for the sake of brevity. One zone from living type (mostly occupied during daytime)
and one zone from bedrooms were selected for the presentation of results.
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Figure 8. Severe discomfort hours corresponding to optimum phase change temperature in living and bedroom.

The discomfort hours in bedroom 4 were slightly higher than in the living room. It
could be because of poor cross ventilation in the confined space of Bed 4, which is heated
up by the radiation from the eastern sun in the morning. Also, it has a large window to wall
ratio compared to the living room. In contrast, the living room has a large internal opening
to the corridor, which results in higher cross ventilation. Nevertheless, both zones showed
similar severe discomfort hours and optimum phase change temperature corresponding to
the retrofit strategies.

Without PCM, the application of ceiling insulation and aerogel rendering on the outer
part of the wall (Case 3) was the best combination to reduce discomfort hours. It performed
better than the PCM combined wall and ceiling strategies without ceiling insulation (Case 4,
5, 10, and 11). Insulated ceiling mitigated heat stress risk better than the bared ceiling and
aerogel rendered wall because heat transfer through the ceiling is higher than the wall [60]
and hence, insulation of ceiling significantly reduces heat transfer through the roof than
walls. Without ceiling insulation, other retrofitting measures in walls and ceilings were not
very effective in minimizing the discomfort hours.

Moreover, in the presence of ceiling insulation, the external wall with aerogel render
on its outer part (Case 3) was more effective in minimizing the severe discomfort hours than
rendering the internal walls and the inner part of external walls (Case 9). Previous studies
reported that increased insulation results in overheating in buildings [61,62], which is
somewhat consistent with the current study’s findings that incorrect insulation application
may lead to higher discomfort hours. In the latter case (Case 9), the heat transfer rate
between bedroom 4 and comparatively cooler adjacent family zone decreases due to the
application of aerogel render on internal walls. The family zone is comparatively cooler
because it has a shaded north window and other zones act as a buffer on three sides.

Furthermore, application of PCM and aerogel render on the outer side of the external
walls (Case 6), on internal walls and the interior side of the external walls (Case 12), and the
insulated ceiling (Case 7, Case 13) further reduced the severe discomfort hours compared
to insulated ceiling case (Case 3 and Case 9). Although the retrofit Case 6 was more
effective in minimizing discomfort hours compared to Case 12, the pattern changed with
the integration of PCM in ceilings. Figure 8 shows that the integration of PCM and aerogel
render on the inner part of the external wall, internal walls, and insulated ceiling (Case 13)
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was the best strategy to reduce severe discomfort hours. It could be because of the large
applied surface area and a thinner layer of PCM that accelerated solidification and melting
in Case 13 and absorbed any trapped heat.

The optimum PCM temperature (OPCT) was calculated based on the maximum
reduction of severe discomfort hours (SDH). Figure 8 shows that OPCT depends on the
application method of PCM. The OPCT was mainly in the range of 22–25 ◦C when PCMs
were applied on the inner and outer parts of the wall. In Case 4, the OPCT was found to
be in the range of 24–32 ◦C, which means there was no change in discomfort hours when
PCMs in this temperature range were applied in Case 4. Moreover, in the case of PCM
and aerogel render on the outer part of the external wall and in the uninsulated ceiling
(Case 4), the OPCT was in the range of 29–32 ◦C. For Case 7, severe discomfort hours were
minimum when phase temperature was within 29–32 ◦C. No conclusive evidence was
found on the impact of PCM position (inner and outer parts of the wall) on OPCT.

3.2. Performance of Retrofitting Strategies in Terms of Energy Savings

Figure 9 shows annual heating and cooling energy demand in different simulation
cases. The calculated heating loads are generally much higher than the cooling load because
Melbourne is in a cool temperate climate zone.

 

Figure 9. Annual cooling, heating, and total loads in reference and retrofitted buildings.

The figure shows that both heating and cooling energy load decreased significantly
compared to the reference case (Case 1) with ceiling insulation and aerogel render (Cases 3
and 9). However, aerogel rendering the outer part of the external wall (Case 3) was
found to reduce the cooling load slightly higher (47%) than the interior aerogel rendering
(41%) (Case 9). On the other hand, the heating load reduction was marginally higher in
interior rendering (34%) than exterior rendering (32%). This is in line with the observation
in Section 1, where it was reported that rendering the outer side of the external wall
minimizes the overheating effect more than the interior rendering. In Cases 5 and 11, the
application of PCM in the non-insulated ceiling and aerogel rendered walls significantly
reduced the cooling loads (50–53%), which was higher than that of Cases 3 and 9. The
reduction in heating loads in Cases 4 and 11 (15–17%) was much lower than that of Cases 3
and 9. However, the total energy consumption in Cases 3 and 9 reduced by 35%, which is
much higher than Case 5 and Case 11 (22%), hence they are more preferred options.

Moreover, integration of PCM in insulated ceilings and aerogel rendered walls (Cases 7
and 13) resulted in further significant reduction in cooling load compared to Cases 3 and 9,
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but the reduction in heating load was marginal. Overall, in Cases 7 and 13, total energy,
cooling energy, and heating energy consumption reduced by 41–42%, 69–70%, and 34–36%,
respectively, compared to Case 1. Case 13 showed marginally higher heating energy savings
but lower cooling energy savings than Case 7. Therefore, in terms of total energy savings,
Case 13 is a slightly better option than Case 7. However, as mentioned above, it may be
more practical to select Case 7 to avoid interruption in daily activities during retrofitting.
The integration of PCM in an insulated ceiling was more efficient than applying PCM only.
Therefore, in terms of retrofitting, insulation of the ceiling should come first, and PCM and
aerogel render application further reduce the energy use by increasing the heat storage
capacity of the building envelope.

Overall, the cooling energy savings potential of different retrofit strategies is much
higher than heating energy savings because the PCM layer resists and absorbs heat transfer
through the envelope by phase transition (liquefaction and solidification) during summer.
In winter, the phase transition activities are very limited due to unfavorable outdoor
weather, and the PCM layer mainly resists heat transfer through the envelope being in
a solid-state. A different phase transition temperature may be required to enhance the
heating energy-saving potential. To further understand this matter, the optimum phase
change temperatures in terms of heating, cooling, and total energy savings are presented
in Figure 10.

 

Figure 10. Optimum phase change temperatures for heating, cooling, and total energy savings.

Figure 10 shows that the optimum phase change temperature (OPCT) for heating
is around 20–22 ◦C, which is close to the HVAC heating set-point 20 ◦C of the building.
Similarly, the OPCT for cooling is found to be around 23–26 ◦C, which is close to the HVAC
cooling set-point of 24 ◦C. However, it is not practical to integrate two different phase
change materials with optimum temperature for heating and cooling, thereby OPCT is
selected based on annual energy use. Figure 10 also shows the OPCT for total energy
consumption, which is mostly similar to the OPCT for cooling. Figure 11 shows total
annual energy savings for PCM-integrated cases with three different OPCT: OPCT heating,
OPCT cooling, and OPCT total. Although OPCT for heating can maximize the heating
energy savings, their total energy-saving performance is lower than the OPCT cooling and
OPCT total cases. Therefore, OPCT corresponding to cooling or total energy savings is
preferred in these cases.
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Figure 11. Annual energy saving corresponding to optimum phase change temperatures for heating, cooling, and total
energy.

Finally, the OPCT corresponding to cooling or total energy savings (23–26 ◦C) is much
lower than the OPCT corresponding to minimum heat stress risk (30–32 ◦C) for all cases
reported in Section 1. Therefore, the selection of OPCT depends on whether a building is
free running or mechanically cooled.

3.3. Peak Cooling Load Reduction

Figure 12 shows hourly peak cooling loads of different retrofit scenarios. As expected,
the peak cooling load in the reference case without any retrofit measures (Case 1) is the
highest compared to other cases in the living room of the studied house. However, the
figure also shows that the integration of ceiling insulation is crucial to reduce the peak
cooling load. In the absence of ceiling insulation, PCM combined with aerogel render
(Cases 2, 4, 5, 8, 10, and 11) decreased the peak cooling loads between 5–24%. The
integration of ceiling insulation with other retrofit measures significantly reduced the peak
cooling load.

Case 3 and Case 9 reduced the peak cooling load by 47% and 45%, respectively, which
was further reduced with the application of PCM in the ceiling and walls. The best retrofit
scenario for minimizing the peak cooling load was Case 7, with a 65% reduction in peak
cooling load.

3.4. Performance of Retrofitting Strategies in Terms of Operational Emission

The emission resulting from natural gas consumption and electricity use is illustrated
in Figure 13. The emissions of different retrofit strategies with PCM were calculated using
OPCT corresponding to the cooling load mentioned in Section 1. Although the building
has a comparatively lower cooling load than heating (as shown in Figure 9), the greenhouse
gas (GHG) emissions resulting from cooling are higher than emissions associated with
heating. Hence, the unit heat produced by natural gas has a lower emission factor than
unit electricity used for cooling. Among the retrofitting strategies, aerogel rendered walls
(Cases 2 and 8) and aerogel-based render coupled with PCM wall (Cases 4 and 10) have
little impact on heating and cooling load emission reduction. However, the application of
PCM in the walls and ceiling (Case 5 and Case 11) halved the cooling load emission with
a slight decrease in heating load emission, which was further reduced by insulating the
ceiling (Cases 6 and 12). The cases with PCM in the insulated ceiling and rendered walls
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(Cases 7 and 13) resulted in a maximum 64% total reduction in GHG emission than the
base case (Case 1). Out of that 64%, 70% is due to the cooling load emission reduction.
Therefore, the PCM application is most beneficial because a significant portion of GHG
emissions is associated with the cooling load.

Figure 12. Peak cooling load of building under different retrofit strategies.
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Figure 13. CO2 emission associated with natural gas consummation and electricity use in the retrofitted building.

3.5. Performance of the Retrofitting Strategies in Terms of Cost

The operational energy cost and initial investment cost of different retrofit strategies
are presented in Figure 14, and their respective cost savings are shown in Figure 15. As
seen in Figure 14, the operational energy cost (sum of unit electricity cost and natural gas)
was reduced by the adding aerogel render, PCM, and insulation. In this study, PCM and
insulation quantity were kept constant in all cases because PCM performance varies with its
heat storage capacity, which depends on its quantity, while insulation is only applied to the
ceiling. The OPCT corresponding to maximum total energy savings was used to evaluate
the economic performance of proposed retrofit strategies. The figure shows that applying
PCM on the rendered wall and the uninsulated ceiling has an insignificant impact on
operation energy cost. However, insulating the ceiling dramatically reduced the operation
cost because heat transfer through the roof was higher than the wall [60]. As a consequence,
the operation cost dropped to $3.93–3.96 k/year excluding PCM (Cases 3 and 9), which was
further reduced to $3.83–3.89 k/year and $3.65–3.73 k/year by applying PCM on the walls
(Cases 6–10), and walls and ceiling (Cases 7 and 13), respectively. Although Case 13 was
found to have the lowest operational energy cost, the initial investment, in this case, was
significantly higher ($30k) compared to Case 7 ($18k). Therefore, Case 7 may be preferred
from the perspective of lower investment cost and quicker payback period.

Figure 15 shows that the retrofit strategies with insulated ceilings (Case 3, 6, 7, 9,
12, and 13) resulted in positive lifecycle cost savings and can be considered cost-effective.
Among all strategies, Case 3 was found to have the highest cost savings over the 40 years
lifetime period. The life cycle cost-saving decreases with the integration of PCM and
rendering compared to the insulation-only case (Case 3) because of the higher investment
cost associated with PCM and render. With aerogel render, PCM, and ceiling insulation,
Case 7 resulted in the highest lifecycle cost savings.
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Figure 14. Initial investment and annual operation energy cost in different retrofit cases.

 

Figure 15. Lifecycle cost savings of different retrofit strategies.

4. Discussion

The selection of the best retrofit strategy depends on the will of building stakeholders.
The private stakeholders are more concerned about thermal comfort and cost savings,
while public stakeholders stress on energy-efficient and eco-friendly building design. That
is why the application of aerogel renders, PCM, and insulation was evaluated considering
the improvement in thermal comfort, increased energy savings, reduction in emission,
and maximum lifecycle cost savings. This study assessed 12 different retrofit strategies
for mitigating overheating risk in a non-air-conditioned house and minimizing the peak
cooling demand, annual energy use, emission, and cost savings in an air-conditioned
residential building.

The comparative analysis of results revealed that Case 13 was the best retrofit option
to minimize the severe discomfort hours, total heating and cooling energy consumption,
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and annual operational cost. On the other hand, Case 7 was found to be the best option to
minimize peak cooling load during a hot summer period and total CO2 emission associated
with heating and cooling load. Also, total lifecycle cost savings were higher for Case 7
than Case 13 because the retrofit investment cost was much higher in the latter case.
Therefore, Case 7 may be preferred over Case 13, considering significant lifecycle cost
savings, although the performance of Case 7 is marginally lower in terms of discomfort
hours, total energy, and operational cost. Furthermore, Case 7 may also be preferred to
avoid interrupting occupants’ daily life, which is one of the key building energy retrofitting
barriers [63]. Finally, the peak cooling load performance of Case 7 was the best among
all studied options. As mentioned in 3.3, reducing peak cooling load is very important to
eliminate power outages and reduce electricity infrastructure costs that will otherwise be
required to meet the peak demand. Hence, Case 7 can be considered as the best retrofit
option with PCM.

However, lifecycle cost savings of Case 3 were found to be highest amongst all
simulated cases. A comparison between Case 3 and Case 7 showed that lifecycle cost
savings of Case 3 is 27% higher than Case 7. However, for the latter case, the severe
discomfort hours, total energy consumption, peak cooling load, CO2 emission, and annual
operating cost are 64%, 9%, 14%, 36%, and 6% lower than Case 3. Hence, Case 3 can be
considered if the cost is the primary selection criteria, as in the case of private stakeholders
mentioned above. However, Case 7 could be preferred by public stakeholders with more
emphasis on energy-efficient and eco-friendly building design.

4.1. Impact of Phase Change Temperature on Performance Indicators

Once Case 7 was selected as the best retrofit strategy, the next key task was selecting
the optimum PCM temperature for Case 7, considering the comfort hours, energy savings,
peak demand, cost savings, and emissions. Figure 16 shows the performances of Case 7
with different PCM temperatures. The figure shows that the optimum phase change
temperature for the minimum severe discomfort hours lies between 29 to 32 ◦C (also
discussed in Section 1). On the other hand, 25 ◦C PCM results in maximum annual
energy savings (40%), emission reduction (63.58%), and lifecycle cost savings ($18.75 k).
Furthermore, the peak cooling load was the lowest (9.3 kW) with PCM between 24 and
26 ◦C. Therefore, if the primary aim is to reduce the thermal discomfort hours in a naturally
ventilated (free-running) house during a heatwave period, 29–32 ◦C should be preferred.
However, in an air-conditioned or mixed-mode building, 25 ◦C PCM is recommended.

However, it should also be noted that although 29–32 ◦C PCM results in a maximum
reduction in discomfort hours during a severe heatwave period, it may not be suitable
to increase thermal comfort during the rest of the years. Because approximately 69% of
Australians use air conditioner during the hot summer period, 25 ◦C PCM would be ideal.
If there is a power outage during a heatwave, the selection of 25 ◦C PCM only increases
the severe discomfort hours by 3 h during a heatwave period (from 5 to 8 h), but is still
71% lower than the base case scenario mentioned in Figure 8. On the other hand, the use
of 29 ◦C instead of 25 ◦C in an air-conditioned house increases the peak cooling demand
by 6% and decreases the annual energy savings, emission reduction, and cost savings by
2%, 18%, and 28%, respectively. These changes are far more significant than the changes in
severe discomfort hours. Therefore, 25 ◦C PCM can be considered as the optimum PCM
for Case 7.
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Figure 16. Impact of phase change temperature on severe discomfort hours (SDH), peak cooling demand, energy savings,
emission reductions, and cost savings.

4.2. Impact of PCM and Aerogel Render Thickness on Performance Indicators

Figure 17 shows that severe discomfort hours decrease with increasing render thick-
ness at varying degrees depending on the PCM thickness. Minimum severe discomfort
hours can be achieved either by having a combination of thicker render and thinner PCM
or with a thinner render and thicker PCM as shown in Figure 17. A thicker render increases
resistance to heat transfer from ambient air, and a thicker PCM can absorb more heat from
the ambient air. Figure 17 shows that at 0.02 m render thickness, a PCM layer of 0.0225 m
is required to achieve minimum discomfort hours. On the other hand, for 0.05 m render
thickness, a 0.005 m PCM layer is sufficient to achieve the minimum discomfort hours.

Figure 18 exhibits the influence of aerogel render thickness on annual energy use in
an air-conditioned building at different PCM thicknesses. Annual energy use decreases
with an increase in both aerogel render and PCM thickness. However, the impact of
increasing aerogel render thickness is higher than PCM panel thickness because aerogel
render has higher thermal resistance than PCM. Moreover, the building is located in a
heating-dominated region where it is desired to retain heat within an occupied space
without transferring much into the ambient environment. For instance, the annual energy
use was reduced by 550 kWh, with increasing render thickness from 0.01 m to 0.05 m at
constant PCM thickness (0.005 m). On the other hand, increasing PCM thickness from
0.005 m to 0.025 m at a constant render thickness of 0.01 m only reduced the energy use
by 200 kWh. The thickest layer of PCM (0.025 m) and aerogel render (0.05 m) on the
outer part of the wall resulted in the lowest annual energy use because of being heat
resistive; aerogel render saves heating energy, whilst, being heat-storage materials, PCM
saves cooling energy use. However, this combination also results in the highest investment
cost, and therefore, the optimum combination needs to be selected considering the other
performance criteria.
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Figure 17. Impact of aerogel render thickness on sever discomfort hours considering the different thicknesses of PCM on
the exterior side of the wall.

 

Figure 18. Impact of aerogel render thickness on annual energy consumption considering the
different thicknesses of PCM on the exterior side of the wall.

Increasing render and PCM thickness also reduced CO2 emission associated with
heating and cooling energy use, as shown in Figure 19. Compared to energy, the degree of
emission reduction with increasing PCM thickness is comparatively higher at a constant
aerogel render thickness. This was because PCM helps to reduce cooling energy demand
and the emissions associated with cooling energy use are higher than heating due to their
emission factors as discussed in Section 1. The lowest CO2-emission was found for a 0.05
m-thick rendered wall and 0.025 m PCM. An increase in PCM thickness at higher render
thickness meagerly reduced CO2 emission compared to lower render thickness.

71



Sustainability 2021, 13, 10716

 

Figure 19. Impact of aerogel render thickness on emission considering the different thicknesses of PCM on the exterior side
of the wall.

Figure 20 shows variations in life cycle cost savings with different aerogel render and
PCM thickness. All combinations of PCM and aerogel render thickness are economically
feasible due to positive lifecycle cost savings. However, the savings decrease significantly
with the increasing thickness of aerogel render and PCM due to higher initial investment
cost. Figure 20 also shows that the cost savings decrease sharply with increasing aerogel
render thickness compared to increasing PCM thickness, because the cost of aerogel render
is 10 times of PCM. From an economic perspective, a 0.01-m-thick aerogel render and
0.005-m-thick PCM layer should be applied on the outer side of the wall for the highest
cost savings among different combinations of PCM and aerogel render thicknesses. How-
ever, this combination results in maximum annual energy use and emission, as shown in
Figures 18 and 19. Hence, there is a need to find the optimum thickness considering costs,
energy, and emission.

Figure 21 shows two Pareto optimization curves created using lifecycle cost, energy
consumption, and emission. Pareto font consists of a non-dominated solution where there
is no other feasible solution to improve one objective without deteriorating others. The
optimum single solution that satisfies the multiple objectives would be selected based on
the utopia point criterion. Here, the utopia point represents the point with the lowest
lifecycle cost and energy consumption (Figure 21a) and life cycle emission (Figure 21b).
The solution is close to the utopia point, which was considered the optimum PCM and
aerogel render thickness. The optimum thickness was found to be 0.025 m for both PCM
and aerogel render based on both energy consumption and emission. This is different from
the best thickness combination identified based on the energy and emission earlier. The
optimum solution is highlighted in red in Figure 21 with $84,855 lifecycle cost, 2018 GJ
lifecycle energy consumption, and 43 tons of CO2-e emission. This thickness combination
results in $24,000 lifecycle cost savings as seen from Figure 21. The identified optimum
aerogel-render (0.025 m) and PCM (0.025 m) thickness combination is also suitable to
achieve minimum discomfort hours.
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Figure 20. Lifecycle cost savings for different aerogel render and PCM thickness on the exterior side of the wall.

This study did not consider supercooling and hysteresis effect of BioPCM due to the
lack of available data. Therefore, it may have resulted in some inaccuracies in the energy-
saving performance calculation of PCM. PCM with high supercooling may not solidify
entirely at night and result in lower cooling energy-saving potential [19]. However, organic
PCM generally has a shallow supercooling effect. PCM with high hysteresis improves the
thermal performance of PCM walls. Paraffin has low hysteresis with a more negligible
difference in melting and solidification curve within 1.2 ◦C [64].

Moreover, PCM-hysteresis resulted in the mean relative error in the simulated wall’s
surface temperature and heat flux of 3.5 and 5% compared to PCM without hysteresis [65].
Therefore, the exclusion of PCM-hysteresis may impact heating and cooling energy con-
sumption; however, the impact will be uniform for all simulated cases. Hence, this will
not change the critical findings of this study regarding optimum retrofit combinations and
optimum PCM temperature, PCM, and aerogel thickness.

 
(a) 

Figure 21. Cont.
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(b) 

Figure 21. Pareto multi-objective optimization curve for (a) lifecycle cost vs lifecycle energy consumption, and (b) lifecycle
cost vs lifecycle CO2-e emission.

5. Conclusions

This study numerically investigated 12 different building envelope retrofit strategies,
including aerogel render, PCM, and insulation using the building simulation tool Ener-
gyPlus v9.2. The performance of proposed retrofit strategies was evaluated considering
overheating risk, energy efficiency, peak cooling load, emission reduction, and cost savings.

The aerogel-based render coupled with PCM outside of external walls and PCM com-
bined with insulated ceilings (Case 7) was found to be the best retrofit strategy considering
all performance categories. Compared to the baseline, this strategy reduced severe discom-
fort hours, total energy consumption, peak cooling load, CO2 emission, and operational
energy cost by 82%, 40%, 65%, 64%, and 35%, respectively. Although the lifecycle cost
savings of Case 7 are lower than Case 3 (insulated ceiling and externally rendered wall)
because of the high investment cost of PCM, the former one can be selected considering its
higher environmental performance. Mainly, this would be preferred by public stakeholders
where the stress is on energy-efficient and eco-friendly building design. The 25 ◦C melt-
ing point PCM was considered the best option to minimize severe discomfort hours (in
non-air-conditioned houses and during the blackout period) during a heatwave period as
well as to reduce total energy, emission, cost, and peak cooling load. Parametric analyses
showed that the thicker the PCM and aerogel render, the lower is the energy consumption
and emission. However, increased PCM and aerogel render thickness decreased lifecycle
cost savings due to high investment costs. The optimum thickness for PCM and aerogel
render was 0.025 m considering the emission, comfort, energy, and life cycle costs for a
typical Australian house in Melbourne climate. This strategy (Case 7) will have a minimum
interruption to occupants’ daily life while retrofitting because of being applied outside of
the external wall.

This study is the first step of a PCM-integrated aerogel render development project.
In the future, the findings from this simulation study will be used to develop a PCM-
integrated aerogel render. The thermal properties and performance of the developed
render will be evaluated experimentally. Then the numerical model developed in this
study will be updated to include the properties of PCM-integrated aerogel render, and its
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performance will be compared against the results presented in this study where PCM and
aerogel renders were assumed as separate layers. Furthermore, the thermal performance
of the PCM-integrated aerogel render will be evaluated for different climate zones.
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Abstract: The increase in energy consumption that occurs in the residential sector implies a higher
consumption of natural resources and, therefore, an increase in pollution and a degradation of the
ecosystem. An optimal use of materials in the thermal envelope, together with efficient measures
in the passive architectural design process, translate into lower energy demands in residential
buildings. The objective of this study is to analyse and compare, through simulating different models,
the impact of the shape factor on energy demand and CO2 emissions depending on the type of
construction solution used in the envelope in a cold oceanic climate in South Chile. Five models
with different geometries were considered based on their relationship between exposed surface and
volume. Additionally, three construction solutions were chosen so that their thermal transmittance
gradually complied with the values required by thermal regulations according to the climatic zone
considered. Other parameters were equally established for all simulations so that their comparison
was objective. Ninety case studies were obtained. Research has shown that an appropriate design,
considering a shape factor suitable below 0.767 for the type of cold oceanic climate, implies a decrease
in energy demand, which increased when considering architectural designs in the envelope with
high values of thermal resistance.

Keywords: shape factor; building; thermal envelope; energy demand; CO2 emissions

1. Introduction

Energy consumption is reflected in the gross domestic product (GDP) of a country.
There is a close relationship between GDP and the required electrical energy, which in-
creases every year at the country level and is sustained [1]. The world has created a legal
framework to respond to the need to provide energy in the context of sustainable devel-
opment, given the threats [2]. As a first initiative in the regulatory framework, in 1997,
37 industrialised countries and the European Union established the Kyoto Protocol [3]. A
building, especially in the operation stage, can be a great potential consumer of energy, and
only using measures and strategies in the design stage which involve insignificant increases
in construction costs and significant benefits in energy demand (or energy need [4]) and
emission reduction can significantly affect its energy consumption [5].

The energy efficiency of a building depends not only on the thermal properties of
the materials in the envelope but also on its shape; the orientation and distribution of
spaces, windows and closing ratios; interior temperature; the façade colour and protection
against solar radiation [6]. All these parameters influence the passive design of a building,
depending on the climatic zone in which it is located. The volumetric impact on a building
at the design stage produces better efficiency during the life cycle of the home, reducing
energy and natural resource consumption [7,8]. To optimise architectural designs for
thermal envelopes, it is essential to study the climate of the building area in detail [9,10].
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Compactness is a characteristic of the volume of the building; it is used to adjust the
exposed envelope, depending on the useful area, as much as possible [11]. This geometric
relationship is represented by the shape factor (SFv). Buildings with a high SFv value are
less compact, resulting in higher heating energy demands in cold climates with poorly
sunny winters [12,13]. The impact of SFv varies considerably for buildings with different
properties in the thermal envelope and weather conditions [14]. A study of the impact
of different thermal envelopes in buildings showed that more significant benefits are
obtained by using materials with better thermal quality in the envelope when there is more
exposed surface per m2 of useful surface [15]. However, for a correct architectural design, a
multitude of variables such as orientation, wind and lighting, among others, must be taken
into account.

Globally, Chile has an essential representation of cities located in cold oceanic cli-
mates [16]. In Chile, one of the most significant increases in energy demand occurred
between 2008 and 2014, reaching 18.43% in the commercial, public and residential sec-
tors [17]. Most of this increase (53.7%) was renewable energy from biomass. Furthermore,
the imported energy sources are primarily crude oil, natural gas and coal, with 51.8%,
17.0% and 31.2%, respectively. This marked dependence on scarce and non-renewable fuels
suggests future problems in energy supply [18]. Additionally, the high carbon emissions
resulting from using these fossil fuels generate major environmental and health problems,
mainly climate change caused by greenhouse gas emissions [19].

In Chile, the Ordenanza General de Urbanismo y Construcciones (OGUC) (General
Ordinance of Urbanism and Constructions) has incorporated the Regulación Térmica
(RT) (Thermal Regulation) [20] to be able to classify the energy demand of a building
through an energy certification programme, taking into account the different climatic zones
(Chilean regulations use the synonym thermal zones). In the specific case of Chile, various
investigations were carried out to specify the different climatic zones [21,22], including
making projections of future climate change [23] and seeing its application in different
fields of study, such as heritage [24]. For cold climates, as in southern Chile, compact
buildings with good insulation and infiltration control are recommended. However, care
should be taken when using a very low SFv, as this can cause ventilation problems and
less use of natural light [25].

Considering this background, the objective of this study is to analyse the influence of
buildings’ thermal envelope SFv on energy demand and CO2 emissions in oceanic cold
climates by simulating different solutions for optimisation. To carry out this main objective,
the following specific objectives were developed: (i) Modelling buildings with different
SFv; (ii) Applying different architectural designs to the models; (iii) Simulation in different
cities in southern Chile; and (iv) Analysing the results. The scope of this study is limited to
SFv in climatic zones of southern Chile with different constructive solutions. A multitude
of additional variables can be studied in future works for a complete analysis of complex
architectural designs.

2. Materials and Methods

2.1. Shape Factor

As the surface of the building in contact with the outside is more significant, there will
be more energy exchanges, which may be beneficial or unfavourable in certain types of
climates [25], depending on whether the building seeks to conserve the heat inside it or
dissipate it to the environment.

SFv is a simple equation that relates the enveloping surface to the volume
(Equation (1)) [26].

SFv =
Se
V

(1)

where the SFv is directly related to the heating energy demand in a dwelling, Se is the
surface area of the exposed envelope and V is the habitable volume. The higher the SFv
(for an identical habitable volume), the higher the heating energy demand of the dwelling.
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2.2. Climate Data and Climatic Zones

To validate the optimal SFv in buildings in cold oceanic climates, as shown in
Figure 1, capitals of the southern zone of Chile were chosen—Concepción, Temuco, Val-
divia, Puerto Montt, Coyhaique and Punta Arenas. These cities generally represent the
climatic characteristics that affect the buildings. According to the study carried out by
Sarricolea et al. [16] on the climatic regionalisation of continental Chile, all capitals studied
using the Köppen–Geiger climate classification have climate C with an oceanic or marine
influence. Table 1 shows the climatic zone and climatological station of each of the differ-
ent cities. In Chile, the regulation that regulates the climatic zones of the country is the
OGUC [20], which divides the territory into 7 zones—where Zone 1 is the warmest and
Zone 7 is the coldest.

Figure 1. Location map of Chile.

Table 1. Climatic zones and meteorological station of the regional capitals of southern Chile.

City Region
Meteorological

Station Data
Climatic

Zone OGUC
Temperature

—Summer [◦C]
Temperature—Winter

[◦C]
Annual Global

Radiation [kWh/m2]

Concepción Bio-Bio Global station 4 16.2 ± 0.7 11.1 ± 0.3 1729.1 ± 26.4

Temuco Araucanía Manquehe 5 15.7 ± 0.7 9.7 ± 0.6 1552.8 ± 47.5

Valdivia Los Ríos Pichoy 5 15.4 ± 0.8 10.0 ± 0.4 1509.5 ± 55.9

Puerto
Montt Los Lagos El Tepu 6 13.7 ± 0.5 9.0 ± 0.2 1335.9 ± 72.9

Coyhaique
Aysén del General
Carlos Ibáñez del

Campo
Teniente V 7 12.4 ± 1.0 5.4 ± 0.9 1343.2 ± 76.5

Punta
Arenas

Magallanes y la
Antártida Chilena Global station 7 10.0 ± 0.6 4.8 ± 0.8 1101.3 ± 29.9

Climatological data for the cities were extracted in *.epw format by the software
Meteonorm 7 [27]. Table 1 shows the meteorological stations from which the data were
obtained, with radiation periods between 1991 and 2010 and temperature periods between
2000 and 2009.
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2.3. CO2 Emissions and Energy Costs of Fuels

As shown in Table 2, the theoretical values of CO2 emissions and the lower heating
value (LHV) for different fuels were calculated according to data obtained from different
official sources [28,29]. Similarly, the cost of using different types of fuels is the price
collected from official reports from the Chilean government [30] and other international
studies [31–33]. For the present study, only the cost of fuel has been taken into account. The
cost of equipment installation and maintenance has not been considered. The equipment
used were boilers with a thermal efficiency of 90% and an outlet water temperature of
80 ◦C for heating [19]. For electricity, instead, an electrical system was used.

Table 2. Emissions, LHV and cost of different fuels.

Fuel CO2 Emissions [kgCO2/kWh] LHV Cost [USD/kWh]

Electricity (Chile) 0.346 - 0.107
Natural gas 0.204 9.771 kWh/m3 0.095
Propane gas 0.254 13.131 kWh/m3 0.192

Biomass (wood) Neutral 2.759 kWh/kg 0.083
Biomass (pellet) Neutral 5.010 kWh/kg 0.061

Gasoil 0.287 11.939 kWh/kg 0.082

2.4. Case Studies

To carry out the present study, five buildings with different SFv and three architectural
designs in each of the six capitals of the southern regions of Chile were studied, thus
obtaining a total of 90 case studies. The buildings and the energy simulations were
modelled following the Building Information Modelling (BIM) and Building Performance
Analysis (BPA) methodology through Autodesk© software [34] based on the calculation
methodology of ISO 52016-1:2017 [4], ISO 52017-1:2017 [35] and ISO 13789:2017 [36]. All
models used the same calculation parameters, with 20 m2/person, an 18–22 ◦C temperature
range, 0.5 air renewals/hour, person 1680 Wh daily heat gain and 2.29 Wh/m2 equipment
thermal gain. The characteristics of the different case studies are shown below.

2.4.1. Building Geometry

Table 3 and Figure 2 show the five residential building models (M1, M2, M3, M4 and
M5) created. Each model varies from the highest to the lowest SFv. All models have a
square plan with an increase of 10 m of façade between them, a 3 m height between floors
and a flat roof.

Table 3. SFv of the models.

Model
Floor Dimensions

[m × m]
Floor Space

[m2]
Number of

Floors
Volume [m3]

Exposed
Surface [m2]

SFv

M1 10 × 10 100 1 300 320 1.067
M2 20 × 20 400 1 1200 1040 0.867
M3 40 × 40 1600 1 4800 3680 0.767
M4 30 × 30 900 2 5400 2520 0.467
M5 50 × 50 2500 3 22,500 6800 0.302

However, it is necessary to clarify that the building models used do not correspond
to actual buildings. These models are theoretical, and all the buildings have common
characteristics, with the SFv variable to be compared between them. These theoretical
models have the same SFv as more common buildings. For example, on the one hand,
M3 maintains the same SFv as a two-floor building with a 9.3 × 9.3 m floor dimension.
On the other hand, M5 maintains the same SFv as a six-floor building with a 21 × 21 m
floor dimension.
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Figure 2. Graphic detail of SFv models.

2.4.2. Architectural Designs for the Thermal Envelopes

Figure 3 and Tables 4 and 5 show the three thermal envelope construction solutions
(S1, S2 and S3) for the models described in the previous section. The ratio of window and
door area will be 26.67% on all models. According to the material used and the thickness
of each layer, each solution has different thermal transmittance (U-value).

Figure 3. Graphic detail of the architectural designs.
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Table 4. Characteristics of the envelope materials.

Material e [m] λ [W/(m × K)] R [(m2 × K)/W]

S1

Interior wood lining—Insigne pine 1/2 × 4” 0.013 0.104 0.122
Unventilated vertical air chamber 0.100 0.714 0.140

Exterior wood lining—Tinglado dry pine 5 × 3/4” 0.019 0.104 0.183

U = 1.625 [W/(m2 × K)] 0.132

S2

Cement mortar 0.025 1.400 0.018
Craft brick—285 × 143 × 90 mm—Stonework 20 mm 0.143 0.664 0.215

Cement mortar 0.025 1.400 0.018
Expanded polyethylene with EIFS system—d = 20 kg/m3 0.030 0.038 0.781

U = 0.832 [W/(m2 × K)] 0.223

S3

Thermal stucco 0.025 0.220 0.114
Reinforced concrete 0.200 1.630 0.123

Expanded polyethylene with EIFS system—d = 20 kg/m3 0.100 0.038 2.604

U = 0.332 [W/(m2 × K)] 0.325

S1

Plasterboard—d = 700 kg/m3 0.013 0.260 0.048
Wooden beam—Insigne pine 3 × 4” 0.102 0.104 0.977
Non-ventilated vertical air chamber 0.100 0.769 0.130
Fibrocement roof—d = 920 kg/m3 0.010 0.220 0.045

U = 0.746 [W/(m2 × K)] 0.224

S2

Plasterboard—d = 700 kg/m3 0.013 0.260 0.048
Wooden beam—Insigne pine 3 × 4” 0.102 0.104 0.977

Expanded polyethylene with EIFS system—d = 20 kg/m3 0.060 0.038 1.563
Fibrocement roof—d = 920 kg/m3 0.010 0.220 0.045

U = 0.361 [W/(m2 × K)] 0.184

S3

Plasterboard—d = 700 kg/m3 0.013 0.260 0.048
Reinforced concrete slab 0.120 1.630 0.074

Expanded polyethylene with EIFS system—d = 20 kg/m3 0.150 0.038 3.906
Fibrocement roof—d = 920 kg/m3 0.010 0.220 0.045

U = 0.237 [W/(m2 × K)] 0.293

Table 5. Doors and windows.

Material U [W/(m2 × K)]
Visual

Transmittance
Solar
Factor

S1

Windows Single-glazed 5.736 0.90 0.86
Doors Wood 3.804

S2

Windows Double-glazed 3.129 0.81 0.76
Doors Hollow wood 2.326

S3

Windows Low emission double-glazed 2.215 0.76 0.65
Doors Wooden frame—Double-glazed—Glaze against door 1.936

3. Results

The results obtained in the models for (i) energy demand, (ii) CO2 emissions and
(iii) energy cost are shown below.

3.1. Energy Demand

Figures 4 and 5 show that the total annual energy demand varied from 37.20 kWh/m2

in M5, located in the city of Concepción with an S3, to 348.98 kWh/m2 in M1, in Punta
Arenas, with an S1. Only 2.38% of the total energy is required to cool the building,
considering all the architectural designs and climatic zones. Detailed results of heating
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and cooling demands, in all models with different architectural designs in the six cities, are
shown in Tables A1–A6 in the Appendix A.

Figure 4. Annual energy demand of the models. Concepción, Temuco and Valdivia.
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Figure 5. Annual energy demand of the models. Puerto Montt, Coyhaique and Punta Arenas.

The results show that the city of Concepción (climatic zone 4) was the one that had
the lowest required total energy demand under any of the proposed construction solutions
and established models. In contrast, Punta Arenas (climatic zone 7) had the highest total
energy demand.
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Regarding the design characteristics of the envelope in the different construction
solutions considered, S1 is the solution with the highest energy demand in all the models
and areas studied, due to the high value of thermal transmittance.

Figure 6 shows the impact of SFv on the annual energy demand in each city, depending
on the type of construction solution used. The maximum variation in demand (considering
M1 and M5 for all cities) was: S1 between 135.30% and 198.70%; S2 between 162.89% and
235.12%; and S3 between 174.29% and 244.71%.

Figure 6. Annual energy demand versus SFv.

3.2. CO2 Emissions

Due to the large amount of data obtained, only the results of S2 will be shown, since it
is the most representative of all, considering, in turn, a representative city of each climatic
zone—Concepción (4), Valdivia (5), Puerto Montt (6) and Punta Arenas (7).

Figure 7 shows the CO2 emissions generated due to energy demand. The energy used
to cool the buildings was assumed as electric for all models. However, the energy source
used for heating was variable, based on the values presented in Table 1. For all climatic
zones, the least optimal is the exclusive use of electricity, independent of the SFv of the
dwelling. However, using biomass (wood and pellets) produces low emissions, mainly
due to the neutral emission factor [19].

A 160.62 to 235.12% increase in CO2 emissions between climatic zones 4 and 7 was ob-
served when using any heating system. In turn, implementing an S1 to an S3 in the thermal
envelope reduced CO2 emissions between 22.74% and 56.67% for all energy options.

3.3. Energy Cost

The energy cost of these alternatives is represented in Figure 8. In this figure, the
annual cost of heating and cooling the buildings is shown depending on the SFv and the
alternative used, expressed in USD/m2, based on the values presented in Table 2. The use
of propane gas as fuel for heating is the most expensive option of all in any area studied;
on the contrary, the use of pellets is the most economical.
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Figure 7. Annual emissions depending on the fuel used.

Figure 8. Annual energy cost depending on the fuel used.
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A 160.43 to 236.25% increase in cost between climate zones 4 and 7, when using any
heating system, was similar to what happened in emissions. Implementing an S1 to an S3
in the thermal envelope reduces the cost for all energy options between 22.74% and 56.72%.

Propane gas has had a wide variation in cost between 12.52% and 236.25% for all
the climatic zones analysed. The rate of decrease in cost varies depending on the climatic
zone. In Concepción its cost drop fluctuates from 6.00 to 26.09% between each SFv interval
considered; in Punta Arenas, this range was between 4.99% and 17.49%.

The cost of the heating system was reduced between 52.16% and 63.30% using M1
and M5, respectively, when implementing S1, 34.23 to 48.60% with an S2 and 27.82% and
42.65% with an S3.

4. Discussion

In the present study, implementing S2 represents a 19.68 to 48.01% decrease in required
power demand compared to S1; and a 22.74 to 56.16% decrease in consumption compared
to the S3, depending on the city where the building is located and the SFv. Comparing
our results with the study carried out by Danielski et al. [14], similar results are obtained,
where the slope between the total energy demand per square meter and the SFv increases
when using a construction solution with less thermal resistance in the envelope.

The impact on energy demand from reducing SFv was studied in various investiga-
tions. In Italy, different energy models, with form factors between 0.54 and 0.78, were
analysed in different cities, reaching 34.09 to 43.14% differences in energy demand [37].
In Lithuania, a 33.77% variation in the required energy was obtained by decreasing the
SFv from 1.35 to 1.17 [8]. In Sweden, heating demand was decreased between 18.00% and
20.00% by reducing the SFv from 1.70 to 1.01 in different cities [14].

Additionally, when comparing the energy demand of M1 and M5, 27.82 to 62.95%
reductions were reached depending on the city and the construction system considered.
The impact of SFv was less in the coldest city, Punta Arenas, where consumption only
decreased by 27.82 to 52.16%. In contrast, in Concepción, energy savings fluctuated between
42.57% and 62.95%.

Whenever the SFv decreases, so do the difference in emissions by improving the
architectural design. When the SFv is reduced from 1.067 to 0.302: implementing an S1
caused a CO2 decrease between 52.16% and 63.23%; while with an S3, they decrease from
27.82 to 42.64%. With these and similar data from other studies [15], it has been shown that
more significant benefits are obtained by improving the thermal resistance of the envelope
when there is a higher relation between the exposed surface and the m2 of the surface of
the building.

Finally, in Chile there are other studies on the form factor in buildings and its influ-
ence on energy demand. For example, Vásquez et al. [38] investigated with the SFv of
office buildings in the city of Santiago, Chile. They conclude that the SFv is essential in
architectural design along with other variables such as solar radiation, light, wind or the
immediate context.

5. Conclusions

This research showed an appropriate design considering a SFv suitable for cold
oceanic climates, which implied a decrease in energy demand and CO2 emissions. The
main conclusions derived from this research are the following:

• The architectural designs with high thermal transmittance values may require from
129.44 to 227.67% of the energy demand of the same building after implementing a
solution with a low U-value. Energy demand is widely affected by the weather where
housing is located; maximum variations between 135.30 and 244.71% exist for the
same SFv and architectural design, depending on the city where it is located.

• CO2 emissions depend directly on the climatic zone where the building is located
and the fuel used. For all cities, using biomass in heating systems has the lowest
emission and cost values, as opposed to what happens when using electricity for
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heating. Differences in CO2 emissions from 7.43 to 235.12% can be found between the
different climatic zones for the same model. Similarly, the cost of the heating system
is reduced by between 31.81 and 32.95% when switching from a fossil fuel, such as
propane, to a renewable fuel, such as biomass in the form of pellets.

• Overall, the impact of SFv, on both energy demand and CO2 emissions, is greater
when architectural designs with a high thermal transmittance value are implemented,
reducing energy demand between 22.75% and 56.16%, depending on the area located.
Based on the analysis, it is highly recommended to design buildings with a SFv below
0.767 for cold oceanic climates, such as in the southern zone of Chile. Among the
values shown, energy demand and CO2 emissions tend to stabilise for all the climatic
zones and construction solutions studied, with only 9.03% maximum differences in
the energy requirement for heating and 10.37% in CO2 emissions.

These results are fully extrapolated to any area with climatic conditions similar to a
cold oceanic climate. This study has considered the SFv as the main variable, although
for a comprehensive architectural design other variables must be taken into account, such
solar exposure, wind orientation and passive design characteristics.
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Abstract: This article performed a comprehensive review of the different state-of-the-art of roofing
technologies and roofing materials and their impact on the urban heat island (UHI) and energy
consumption of buildings. The building roofs are the main sources of undesirable heat for buildings,
especially in warm climates. This paper discusses the use and application of white roofing material
in emerging economies. The use of white roofing material is a suggestion because of its cooling,
evaporative and efficiency characteristics compared to traditional black roofing materials. Many re-
search studies have shown that the darker roofing surfaces that are prevalent in many urban areas
actually can increase temperature by 1 to 3 degrees Celsius to the environment surrounding these
urban areas. Additionally, improved temperature control and heat reflection also work to reduce
the energy requirements for the interior spaces of the structures that have white roofing surfaces.
The white or lighter colored roofs tend to reflect a part of the solar radiation that strikes the roof’s
surface. Consequently, one might believe that white roofing material would be commonplace and
especially so within emerging economies. Yet, this is hardly the case at all. This paper examines
the issue of white roofing materials in emerging economies from a dual perspective. The dual
perspective includes the technical details of white roofing material and its impact on lowering the
interior temperature of the affected structures, which consequently reduces hours of indoor thermal
discomfort and use of air conditioners in indoor spaces. The other element in this study, however,
involves the marketing aspect of white roofing material. This includes its adoption, acceptance and
cost-benefit in emerging economies.

Keywords: white roofs; cool roofs; reflective material; cost-benefit; energy savings; urban heat island

1. Introduction

Global warming occurs when CO2 and other air pollutants absorb solar radiation that
has bounced off the earth’s surface resulting in an increase in the air temperature near the
surface of the earth. As well, urban heat island effects contribute to global warming [1].
More recent research found that urban heat island effects contributed to climate warming
by about 30% of all other issues that contribute to climate warming [2]. The study by [3]
has shown increases in the severity of the effect of heat islands with the progress of climate
change. Unlike vegetation and other natural ground cover, urban surfaces absorb and store
more solar radiation, which leads to increasing the surrounding temperature [4,5]. It is
important to point out that the higher surrounding temperature would cause a greater
energy demand for air conditioning (A/C) systems [6]. Currently, there are five strategies
that can be applied in order to mitigate the effects of urban heat islands [7–13]). These
strategies include increasing vegetation and trees in urban areas [8], installing reflective

Sustainability 2021, 13, 9967. https://doi.org/10.3390/su13179967 https://www.mdpi.com/journal/sustainability99
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pavements on streets, sidewalks and parking lots [9,10], utilizing smart growth practices
that help protect the natural environment [11], installing green roofs by growing vegetative
layers on the rooftops [12], and installing cool/white/reflective roofing systems [6,13–17].
Throughout this paper, unless otherwise specified, cool roofs, white roofs and reflective
roofs have the same meaning.

According to [18], surfaces in urban cities that are exposed to solar radiation are
primarily rooftop surfaces. For residential buildings, the intense and prolonged solar
radiation heats up the roof assembly more than any other building envelope component
as the rooftop surface has the highest exposure to solar radiation [19]. Heat gain through
residential roofs is primarily in the form of radiation [20]) and accounts for about 50% to
70% of the total heat gain into the indoor spaces below the ceiling board [21].

Because of the urban expansion phenomena, several materials especially artificial
have been introduced into the market in order to replace the natural vegetation such as
asphalt, limes, etc., which have affected drastically the environment and its temperature,
thus energy consumption of buildings. To overcome to this phenomenon, many technology
solutions have been investigated such as the use of vegetation [22,23], phase change
materials (PCM) [22,24] and reflective coatings for claddings and roofing components [25]
especially the use of the roof coating with high near-infrared reflectance (NIR) as to be
an effective solution to mitigate the UHI. Therefore, 52% of absorbed heat is due to the
near-infrared component of solar radiation. Ref. [26] has demonstrated in his paper that
cool coating is one of the most effective solutions to mitigate the UHI on both facades and
roofing systems. He uses cool coating that contains color pigments, which do not absorb
the infrared portion of the solar spectrum.

Ref. [27] has studied the influence of traditional and solar reflective coatings on the
heat transfer of building roofs in four cities with warm climates in Mexico. He has proven
by simulation and experiments that uninsulated and insulated concrete slab white reflective
roofs to have a daily heat gain between 37 and 56% compared to uninsulated and insulated
traditional slab roofs (gray roof).

Ref. [28] have focused in their research study on the modern residential roofs in
Malaysia that employed mainly red and brown roof tiles due to aesthetic factors. The au-
thors reveal the findings of their research study on the effect of roof tile colour on heat
conduction transfer through roof tiles and ceiling boards, rooftop surface temperature and
cooling load. They demonstrated that the selection of white roof tiles significantly reduces
the peaks of heat conduction transfer and rooftop surface temperature as well as the values
of heat conduction transfer and rooftop surface temperature throughout diurnal profiles,
which consequently reduces hours of indoor thermal discomfort and use of air-conditioners
in indoor spaces. A decline in peak rooftop surface temperature of up to 16.00 ◦C that
results in annual energy savings of up to 13.14% can be achieved when the roof tile colour
is changed from red to white.

Briefly, green roofs are mainly constructed by planting the rooftops of residential
buildings [8,10–12]. In hot climates, shading the outer surface of the building envelope
with green roofs has been shown to be more effective than increasing the amount of
insulation. These roofs bring many benefits to the public, private, economic, social sectors,
and the local and global environments. Both installation and the thermal performance of a
green roof vary by the type and design, region, climate and building type. A list of benefits
as a result of installing green roofs include:

• Green roofs reduce stormwater runoff where retention and/or delay of runoff eases
stress on stormwater infrastructure and sewers.

• Green roofs enhance the energy performance of buildings due to reducing the heat
flux through the roof. This results in fewer energy requirements for cooling during
summertime and thus can lead to significant cost savings.

• Green roof’s plant leaves trap dust particles from the air, and evapotranspiration cools
ambient temperatures. This contributes to reducing global warming.
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• Green roofs cover the waterproofing membrane and thus protect it from UV rays and
extreme daily temperature fluctuations. This protection extends the lifespan of the
waterproofing membranes under green roofs in relation to traditional roofs.

• Green roofs can be designed to enhance urban food security through rooftop gardening
and food production.

Generally, the external surfaces of different types of roof systems (traditional, green
and cool) are exposed to several environmental factors that include dust/dirt, cloud cover-
age, sunlight, rain, snow, wind, outdoor temperature and relative humidity. The perfor-
mance of the roofs depends mainly on these factors and the roof specifications [6,14–17,29].
The absorbed solar radiation on the external surfaces of the roofing systems causes an
increase in the surface temperature of the roof, thereby increasing the cooling load in
summer and reducing the heating load in winter [30]. Unlike traditional roofing systems,
both green roofs and cool roofs are designed to reduce the amount of absorbed solar radia-
tion. The cool roofs, which are the focus of this paper, use reflective materials or coatings
that have high short-wave solar reflectivity (i.e., low short-wave absorption coefficient) to
reflect a substantial portion of the incident solar radiation.

The influences of dirt and/or particles such as dust accumulations on surfaces are
important for the solar photovoltaic (PV) panel and cool roof applications. For PV panels,
the dirt/dust accumulations on the panels obstruct or distract light energy from reaching
the solar cells, resulting in reduction in PV performance (e.g., see [31,32]) for more details).
As provided in [6,16,17] for cool roof applications, dust and dirt accumulations on the
reflective materials or coatings installed on the external surfaces of roofs can decrease
the short-wave solar reflectivity of these surfaces. This results in increasing the solar
heat gains. Additionally, a number of studies reported on the change in the properties
of roofing surfaces due to weathering factors and dirt accumulation, and also developed
cleaning processes/procedures so as to minimize the loss in the solar reflecting of the
rooftops [33–35].

The short-wave solar reflectivity is one of the most important properties for the
reflective materials that have a great effect on the amount of energy savings [14,15,36].
Most recently, experimental and numerical studies were conducted to investigate the
potential use of reflective roofing technology in hot, humid, dusty and polluted climates
such as that in Kuwait and Saudi Arabia [6,16,17]. In these studies, the dust concentration
on the surface of a Reflective Coating Material (RCM) that is currently available in the
markets was measured in terms of the turbidity when the RCM was subjected to the natural
weathering conductions of Jubail Industrial City (JIC). Additionally, due to the quite high
pollution level in JIC [37,38], black carbon, inorganic carbon and some isolated dark spots
of biomass can be seen on the surface of RCM as a thin layer between the coating and
the dust. Beside dust, this thin layer of the contaminants can contribute to reducing the
short-wave solar reflectivity of RCM. Furthermore, technical guide and cleaning processes
were developed to increase solar reflectivity of the RCM that would result in high energy
savings (see [6,16,17] for more details).

For cool roofing systems subjected to hot climates such as that in Gulf Coopera-
tion Council (GCC) countries, a simple and user-friendly design tool was recently de-
veloped [14,15]. This tool can easily be used by building engineers and architects for
determining all pairs of the insulation thickness and the corresponding solar reflectivity
of the reflective roofing materials/coatings that resulted in the same levels of the energy
performance as those for the black roofing systems of thicker insulation thickness. As well,
this design tool can be used to upgrade the building codes in order to allow using less
insulation in the roofs if cool/white/reflective roofing systems are installed [17].

This section has introduced the concept of the different roofing systems that exist
and made a difference between green/white/reflective/cool roofs, etc. and identified the
advantages of these different roofing systems.
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2. Technical Background and Cost-Benefit

The use of white roofing materials is known to have thermal performance that makes
it desirable in some climatic conditions and undesirable in others. The existing research
indicates that solar energy striking roof structures have a significant effect on the thermal
characteristics of the underlying structure. The use of white roofing material that is
classified as a reflective surface material, relies on brightness as a means to reflect much of
the short-wave radiation emitted by sunlight and striking the rooftop [36,39]. The result is,
of course, a lower surface temperature of the roof material and therefore of the underlying
structure. As such, the white roofing materials have affected significantly the interior
heating and cooling energy loads of the structure itself.

On the technical side of this paper, some work on the specific materials that can be
used in white roofs must be discussed. The feature of white roofs is much more involved
than simply painting a roof with a reflective coating. Rather, reflective roofing material
can be silicone-based and be painted or sprayed onto a structure or, alternatively, it can
be a membrane material that is attached to the roof via adhesive [40]. Regardless of the
specific material, the effectiveness of reflective roofing material is typically measured by
determining the material’s Solar Reflectance Index (SRI) rating. The SRI rating can see
some materials that can reflect as much as 90% or more of the solar radiation striking
the roof [41]. Regardless of the specific SRI rating, reflective roofing materials can take a
number of different forms and applications and these should be discussed in some depth.

The costs of the reflective roofing materials along with the cost-benefit analysis can be a
shared activity. The research process into costs of the materials itself is not technical but the
ideal reflective roofing material for emerging markets does require some technical details
such as its thermal properties, durability, etc. This is why costing and cost-benefit analysis
benefits from a shared input format in this particular proposed article. The marketing
element in the cost-benefit analysis can be integrated into the technical discussion either
with a separate heading or as part of the overall discussion.

2.1. Application and Maintenance

The application process of white roofing material requires technical knowledge as
does the maintenance processes involved. Yet, the maintenance processes involved in
white roofing materials must also be known from a marketing perspective. This is because
emerging economies typically have limited resources available. At a granular level, how-
ever, entities that utilize white roofing materials as a means to reduce the cooling energy
load of a structure, reduce environmental heat build-up and as well seek to control costs
have to consider the post-application phase of the material. As mentioned, the technical
application of the white roof depends upon the form of white roofing material selected.
Likewise, the maintenance is also dependent upon what material is selected. In effect,
cost factors must also be considered with respect to ongoing maintenance of white roofs in
developing markets.

2.2. Link between Reflective Roofing Material and Emerging Economies

This section introduces the concept of emerging economies and identifies the relation
that exists between the reflective roofing materials and emerging economies.

Emerging markets are the centrepiece of global economic growth. As such, it is im-
portant to identify the link between reflective roofing material and emerging economies.
In order to fully explore this link, one must first characterize what is meant by an emerging
market. Emerging markets are those markets that are in the process of transitioning from
a developing market to a developed market. They are characterized by some degree of
market volatility, high growth potential for investors, and tend to have low to middle per
capita income rates across their general populations. The link between energy demand,
energy consumption, and climate change through the production of greenhouse gas emis-
sions is irrefutable. While developed countries typically have the resources necessary to
both develop new construction designs and technologies to reduce energy consumption
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and emissions, emergent economies lack such resources. Consequently, without an un-
derstanding of how to improve building design, efficiency, and construction in emergent
economies, reducing global greenhouse gas emissions and especially carbon dioxide (CO2)
will be largely impossible. Research has demonstrated that as much as 75% of all energy
demand involves industrial activities and/or buildings located in emerging economies
globally [42]). Thus, even if developed markets are fully successful in reducing overall
energy consumption, emissions, and gaining sustainability, climate change will continue
unabated due to inefficient activities in emerging economies.

The use of passive energy efficiency designs is critical in any economy as a means to
reduce energy consumption, achieve sustainable energy usage patterns and to reduce the
human impact on global warming. Passive energy design-build techniques by definition
do not require ongoing energy commitments in the same way that active or non-passive
design-build solutions do. However, in emerging economies, such passive building designs
are extremely important. This is because emerging economies tend to lack the resources
necessary to reverse integrate more energy-efficient solutions with respect to energy-
efficient materials used in building construction. This importance with respect to emerging
economies can be seen in the degree to which energy consumption increases. For example,
on average, overall energy consumption globally among all countries is expected to increase
by more than 100% by the year 2050 but in emerging economies, this figure is believed to be
more than 300% on average [43]. Hence, if emergent economies can deploy energy-efficient
building designs and integrate energy-efficient building envelope materials at the outset,
they can reduce this dramatic gap in expected energy usage growth moving forward.
Specifically, in the design phase of new construction, passive energy-efficient solutions
greatly reduce forward energy demands per structure.

In fact, the design-build phase of construction in emergent economies can address
issues that have significant positive effects on energy consumption throughout the life of
the structure. Even more pertinent to emergent economies is the fact that such solutions
during the design-build process often do not come with excessive upfront costs if addressed
during this phase. This is as opposed to addressing them later on during a deep restoration
later in the structure’s lifespan. Such solutions during this design-build phase include
the simple use of increased insulating material, improved fenestration that reduces solar
loading, the use of reflective surfaces including roofing material on all structure envelopes,
improved sealing techniques, and designing out what are referred to as thermal bridges
beneath the roof structure that conduct heat into the interior of the building [44]. All of
these solutions reduce the energy use of the structure throughout its lifespan and work
in conjunction with reflective roofing surfaces. The use of supplemental design-build
solutions that address long-term energy use and demand work to amplify the positive
effect of reflective roof materials in the operating costs of the structure over its entire
lifespan. The result is structured so that it not only reduces the use of energy required
to operate them on a long-term basis but also reduces the cost or even the necessity for
major restorations in order to achieve long-term sustainability in the future. Such major
restorations are themselves very costly and resources dependent which presents additional
problems for emergent economies.

One aspect of energy-efficient building construction and materials such as the use of
reflective roofing material that is often overlooked involves the financial element. This par-
ticular element is especially important if it is considering an emerging economy. The ob-
servation is that most if not all emerging economies implemented more energy-efficient
design-build solutions if they were able to manage such solutions financially. Sustainability
in energy use, usage growth, and zero-carbon emissions may be able to be achieved without
significant cost increases but such solutions often require sophisticated financial structures
during the funding process of a structure. Thus, emerging economies can benefit greatly
from implementing sustainable finance methods as a precursor to new building design
and construction. These are financial structures that include instruments such as blended
financing, social responsibility factors, and green finance structures that are introduced as
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a criterion to foreign direct investment or FDI [42]. These types of financial structures are
focused on building design and construction techniques that are inherently more energy-
efficient than would otherwise be the case. This reduces the inclination within emerging
economies to award construction contracts based purely on upfront costs. In essence,
design-build solutions that are based primarily on upfront costs typically result in dramat-
ically higher operating costs over the lifecycle of a structure. In essence, such long-term
lifecycle costs ultimately end up costing more than the estimates for more energy-efficient
design-build solutions. That is, energy-efficient financial structures incentivize energy-
efficient design-build solutions for both local and outside economic participants.

Much of the need for both financial and technological energy-efficient solutions in
emergent economies relates to the specific idiosyncrasies of emerging economies them-
selves. In effect, while developed markets do tend to have a high percentage of established
infrastructure in place, emerging economies are still in the process of building out much
of their internal infrastructure. Thus, where developed markets are both implementing
new energy-efficient building construction techniques and directing enormous amounts of
capital towards deep restorations of existing structures, emergent economies are focused
primarily on building new infrastructure. This dynamic is expressed in certain ways with
an emphasis on the type of energy that is utilized to fuel economic activity itself. For in-
stance, countries such as Vietnam still rely heavily on dirty energy sources such as coal
to support economic activity and Ethiopia which still needs to electrify some 50% of its
market [45]. The net result is such that almost all of the downstream activity in these and
similar emergent economies such as new building construction, employ solutions that
themselves are inherently inefficient.

Still, in regards to emergent economies, the overall emphasis on sustainability in
building design and construction must remain on the integration of efficient building
techniques. Therefore, the use of reflective material in emerging markets is primarily the
same as it is in developed markets. Yet, the scope and scale of reflective building design and
construction techniques should be broadened for emerging markets simply because of the
lack of resources compared to developed markets. The resource has demonstrated that the
use of reflective roofing material as well as reflective material on other envelope structures
is quite simply the most effective way to reduce the energy requirements necessary to
cool/heat a structure. Yet, one other consideration that emerging markets can easily
integrate into their development plans during the design-build process for new structures
is to consider the reduction of urban heat islands in which heavily urbanized developments
themselves become heat sinks [46]. Such heat sinks contribute to the energy requirements
for the structures that exist within them. Hence, designing the development pattern
of economic centres can contribute to the reduction of heat loading of a given structure.
Additionally, emerging economies can further improve the effectiveness of reflective roofing
solutions but augmenting them with solutions such as radiant barriers that block the
transmission of any solar energy that does infiltrate the structure [47]. Regardless, emerging
economies have a range of alternatives within the design-build phase of new construction
that they can avail themselves of. Combined, the overall effect is the reduction not only of
energy requirements but of future energy requirement growth.

Emerging economies experience certain economic and construction issues that devel-
oped markets do not. These issues are primarily resource-related as well as technology-
related with respect to cost, affordability, and even availability. Yet, as this section has
indicated, emergent markets tend to also experience sustainability issues involving energy
efficiency due to a lack of financial sophistication in the funding process for new structures.
These particular issues can prevent a new structure from being able to maximize energy
efficiency at the outset resulting in the need for a deep restoration earlier in a structure’s
lifecycle than might otherwise be the case. Other solutions for emerging economies involve
design-build techniques such as site selection and radiant barriers that reduce the long-term
growth in energy demand itself.
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3. White Roofing Systems Cost-Benefits

Many previous studies [4,48–57] including this current study have shown that green
and reflective roofs are not only protection from solar radiation and rain but can save
energy, mitigate urban heat islands, decrease greenhouse gas emissions, and reduce local air
pollution while increasing the thermal comfort level (i.e., indoor air quality). The reflective
roofs are widely known in the markets as white roofs and cool roofs. Ref. [58] have used
the DOE-2 energy simulation tool to investigate if the reflective roofs have an effect on
the heating and cooling energy use for buildings in the USA. That study showed that the
estimated net saving of about $750 M in annual energy payments for an annual electricity
savings around 10 TWh and the peak electrical power reduction was about 7 GW.

Ref. [59] have shown in their study on a single-family one-storey building that by
increasing the reflectivity of the roof from 20% to 60% is equivalent to a 50% reduction
of the roof insulation thickness in hot climates. This comes to support the introduction
of the reflective roof materials in the proposed ASHRAE SSPC 90.2. Four prototypes of
commercial buildings in 236 US cities have been simulated by [60] in order to determine
their annual cooling and heating energy loads. In that study, a short-wave solar reflectivity
of 55% has replaced the cool roof and with short-wave solar reflectivity of 20% by a
conventional grey roof. The results showed that the cool roofs showed an annual energy
saving per unit conditioned roof area fluctuating from $1.14/m2 in Arizona to $0.126/m2

in West Virginia ($0.356/m2 the rest of the USA).
The study by [61] has shown that energy saving is highly dependent on roof type,

climate and quantity of insulation used for cool and green roofs. As an example, for a
typical one-storey building in Boston with a modified-bitumen roof and a thermal resistance
RSI of 2.7 m2 K/W (R-value of 15.3 ft2 F hr/BTU), if you double the insulation thickness,
you can save 13% in cooling and heating energy. However, when you install a green roof
instead, you can save 12% energy. However, for the same building in Lisbon (Portugal),
and by adding twice the quantity of the insulation, the results showed that there is almost
no energy saving, whereas by installing a green roof, the result shows 26% reduction in
energy use [61].

4. Energy Performance and Energy Saving in Buildings and Its Effect on the
Environment in Hot and Cold Climate Zones

The continuous increase for example of greenhouse gas (GHG) emissions, the precipi-
tation intensity and the atmospheric temperatures were the direct consequences of global
warming. A high percentage of the local and global effects of climate change have been
impacted by buildings and other infrastructures. In hot climate zones such as Saudi Arabia,
most of the energy is used for cooling, which impacts directly global warming.

Ref. [57] have shown that 30–40% of the total energy demand is due to the high
energy consumption in buildings. This can be different from one geographical zone to
another, such as in Europe, the buildings are responsible for about 40–50% of energy use.
A large portion of this energy is used for heating (European Commission 2010). Figure 1a,b
and ref. [62,63] show that in Canada, the third important sector of energy use and GHG
emissions is the building sector, just after industry and transportation, which is about 27%
and 23% respectively.
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Figure 1. (a) Secondary energy use by sector [62,63]. (b) GHG Emission by sector [62,63].

The secondary energy use (Figures 1a,b and 2a,b) is the energy used by final con-
sumers in various sectors of the economy, GHG emissions by sector and distribution of
residential and commercial energy use respectively. This includes, for example, the energy
used by vehicles in the transportation sector. Secondary energy use also encompasses
energy required to heat and cool homes or businesses in the residential and commer-
cial/institutional sectors. In addition, it comprises energy required to run machinery
in the industrial and agricultural sectors. Energy is used in all five sectors of the econ-
omy: residential, commercial/institutional, industrial, transportation, and agriculture.
The industrial sector accounted for the largest share of energy, followed by transportation,
residential, commercial/institutional, and agriculture.

Figure 2. (a) Distribution of residential energy use by end use [62,63]. (b) Commercial/Institutional energy use by end use [62,63].

On the contrary, in hot climate zones such as in GCC countries, a large portion of
the energy is used for cooling. Ref. [51] have shown in their study that in Kuwait, 90% of
the electricity consumption is due to buildings, where 70% of the electricity peak demand
in 2004 is due to the residential sector. The authors reported as well that in Canada
(Figure 1a,b), the residential sector used about 17% of the energy where about 10% for the
commercial and institutional sector are responsible for 14% and 9%, respectively, for the
GHG emissions. Figure 2a,b shows the distribution of secondary energy use in residential
and commercial/Institutional energy use by end-use. Figure 2a shows that the largest share
in the distribution of energy use by end-use in residential buildings is the space heating
which represents about 55–63% in commercial buildings (see Figure 2b).

In order to save energy in buildings, the building envelope design (i.e., walls, roofs
and fenestration systems) plays a pivotal role. The energy conservation efforts will mainly
not only reduce the energy consumption but also the GHG emissions by 50% (Figure 3)
(see [64] for more details). As such, having a holistic approach is the best for energy
efficiency. The first step is to improve the building envelope performance even before
improving the energy performance of the mechanical systems.
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Figure 3. Energy Consumption and GHG Emissions [64].

This research study focuses only on one part of building envelope, which is the cool
roof system. Using an urban canyon model coupled to a global climate model, [4] have
studied the impacts of globally installing cool roofs. The results showed that a reduction
by 33% in the annual heat island can lead to reducing the daily maximum and minimum
temperatures by 0.6 ◦C and 0.3 ◦C, respectively. In order to attenuate the effect of global
warming a reduction of the energy demand for building operation will help and which
imply a reduction of operating cost. This can be achieved by designing a high-performance
building envelope having roofing systems with high potential of energy savings at no risk
of condensation and its related problems such as mold growth [52,65–67].

Roofing systems have evolved in the construction industry. A “green” roofing has
evolved for many decades now, and it contributes more and more in helping the environ-
ment by reducing GHG emissions and fighting against global warming in general. In order
to enhance the roof’s contribution to environmental requirements, “green” roofing has
evolved into one of two types: highly reflective or “cool” roofing systems, and vegetative
roofing systems. Ref. [67] presented a practical decision-making procedure for designing
and selecting a sustainable green roofing system. In that study, the author considered
several roofing assemblies available in the market, compared the disadvantages and advan-
tages of each, and illustrated which assemblies meet cool roofing and vegetative roofing
guidelines. That study also offered a good understanding of “green” roof options that are
viable for different types of buildings [67].

Short-wave solar radiation consists of ultraviolet, visible light, and near-infrared
radiation from the sun that reaches the Earth. The latter is one of the key drivers of urban
heat islands. Urban surfaces reflect less solar radiation back to the environment. Instead,
more solar radiation is stored and absorbs resulting in an increase in the temperatures of the
surrounding [4,5,13,68]. Using cool pavements for example (either reflective or permeable)
on parking areas, sidewalks and streets to reflect more solar energy back to the atmosphere.
The temperatures of the surfaces of the pavement and the surrounding air are lower than
traditional pavements because of the use of cool pavements [11]. To improve the urban
climate during the heat waves, [21] used smart wetting of building materials and [69]
evaluated the effect of different cool pavement strategies on the heat island mitigation.
For example, in a city of 1 million inhabitants or higher, the annual mean air temperature
can be higher than its close environment by 1 ◦C and 3 ◦C. In the nighttime, however,
the difference can reach 12 ◦C or higher because the built environment radiates the heat
absorbed during the daytime [5].

When the surrounding temperature increases, it means not only air conditioning
systems demand will increase but also their coefficient of performance will decrease, which
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results in more energy consumption to operate these systems. Additionally, urban heat
islands are not only uncomfortably warm, but are also smoggier. This is due to smog
composition from the photochemical reactions of air contaminants can result in increasing
air temperatures. For example, [68] showed that in some cities, the incidence of smog
increases 3% for each degree higher than 21 ◦C.

According to the U.S. EPA [5], five approaches that can attenuate the impact of the
urban heat island were recommended. These approaches include:

(1) Growing more trees and green areas in places with a potential of the urban heat
island. This helps lower surface and air temperatures by providing shade and cooling
through evapotranspiration. Note that plants absorb water through their roots and
emit it through their leaves. This movement of water is called transpiration. As well,
evaporation also occurs from vegetation’s surfaces and the surrounding medium.
The transpiration and evaporation together are called evapotranspiration. Conse-
quently, evapotranspiration cools the air by absorbing the heat from the surrounding
air to evaporate water [13].

(2) Installing green roofs by increasing a vegetative layer on the rooftops. The vegetative
layer provides shade. This aids a decrease in the temperatures of the roof surface and
the surrounding air. Another benefit of installing green roofs is that they have high
thermal mass that attenuates the variations of the temperature on buildings during
the day, which can help improve building comfort and as well reduce peak energy
demands. Note that thermal mass is the ability of a material to store heat. During
peak temperature hours, a material with high thermal mass absorbs heat rather than
transfer it to the living space. This keeps the interior of the home comfortable during
peak temperature hours. At nighttime, the absorbed heat is released, helping the home
to stay warm. Correct use of thermal mass can delay heat flow through the building
envelope by as much as 10 to 12 h. This produces a warmer house at nighttime and
during winter months and a cooler house during the daytime and summer months.
As of July 2012, there were nearly 59,000 completed green home projects in the United
States, most of which were single-family homes with detached garages [70].

(3) Installing cool/reflective/white roofs, which is the focus of this paper. These roofs
use roofing materials (e.g., Membranes and coatings) with high short-wave solar
reflectivity. Good roofing systems can insulate, reduce heat transference and help save
electrical energy. This eventually reduces the carbon footprint due to the reduction of
the dependency on fossil fuels. In the United States, different types of reflective roofs
have been used for more than 20 years [13]. Several studies on reflective roofs have
shown a reduction in roof surface temperatures and energy demand that is needed
for buildings [14,15,36,39,55,71–73].

(4) Applying innovative practices. These cover a variety of development and preservation
approaches to protect the environment [5]. Because of the importance of reflective
and green technology for saving energy in buildings, a workshop [74] entitled “Green
Technologies and Energy Efficiency (GTEE 2017)”, was held on 26 April 2017, at the
King Faisal University in Saudi Arabia. Among many goals of this workshop, two of
these goals were to: (a) gather experts in green technologies and energy efficiency
and initiate communication and cooperation channels within the framework of the
Kingdom of Saudi Arabia (KSA) 2030 Vision, and (b) initiate green technologies and
energy efficiency-related research activities by institutions and companies.

This section explored how the energy demand has increased drastically in the last
10 to 20 years and what are the main factors that affect energy consumption negatively.
It clarified how roofing technologies can be part of the solution in energy savings in hot
climate zones, for example.

5. Marketing Considerations and Cost Benefit

The marketing discussion in this article addresses factors involving cost-benefit, main-
tenance and how the technology is adopted. In terms of the cost-benefit, it has to be
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understood that emerging economies often have limited capital and material resources.
These factors have to be accounted for when introducing a new technology such as white
roofing materials. If the cost to adopt the technology outweighs the long-term operational
savings of the white roof material, then there is little rationale for the technology to be sup-
ported by either government or private enterprise. Among some of the cost factors involved
in the cost-benefit are those such as the upfront cost of the material, the maintenance cost
associated with specific technology deployed, the long-term cost savings associated with a
particular white roof application and the durability of the specific material selected [40].
If not all of these factors are considered, then the targeted emerging economy is less likely
to consider any such technology adoption.

Still, as is often the case in emerging markets, the general population has certain reser-
vations about any technology uptake that is accompanied by increased costs. Furthermore,
the type of roof structures that predominates in a given market also affects the decision
to deploy the technology as well. If the constituents in the emerging economy believe
that the white roofing material selected is less durable and thus more costly in terms of
replacement frequency, no amount of marketing convinces them to adopt it. The fact is that
how this technology is marketed to the constituents in the emerging economy is ultimately
the factor that leads to its adoption or denial. One aspect of the marketing message with
respect to white roofing materials that must be emphasized is durability since temperature
is a main factor in durability where black roofs typically experience higher temperature.
Additionally, the associated benefits of cooler interior temperatures, lower cooling costs
and, in general, improved visual appearance of white roof materials should form the
nucleus of the marketing message. Increasingly, the most relevant themes then in white
roofing technology relate to global climate change.

The two unique features of white roofing materials that make its marketing and
advertising much more feasible in the open market involve their inherent energy efficiencies
and enhancing the indoor air quality (i.e., increasing the comfort level). White roofing
materials and cool roofs in general have two unique features that differentiate them from
other roofing materials vis-à-vis energy-related factors. The two unique features that have
been discussed from a technical perspective in other sections of this study include: (1) white
roofing materials have a higher solar reflectance factor than do traditional roofing materials,
and (2) white roofing materials or cool roofs have a greater capacity to release heat that
has been absorbed into the material and is usually given as a ratio somewhere in between
0 to 1 [75]. From a technical perspective, these two points are extremely important as
they essentially determine the overall energy efficiency of the roofing system. However,
from a marketing perspective, these two points offer enormous leverage in the marketing
collateral developed to sell and market these materials to the public, contractors, and civil
governments and agencies.

It should be noted, of course, that not all cool roofs are comprised of white roofing
materials. However, white roofing materials are typically the easiest method to capture
these benefits of cool roofing technologies because they are inherently more solar reflective
than other colors and usually has a higher level of thermal emittance (i.e., higher long-
wave thermal emissivity), which helps radiate more of the absorbed heat by the rooftop
back to the environment. Any type of product or service that is sold and marketed to
the public, corporate entities and government agencies benefit from marketing messaging
that accurately communicates what exact properties about the product or service that
differentiate them from others in their respective markets or industries [76]. Given this,
cool roof technologies and white roofing materials would both benefit from marketing
messaging that accurately captures what exactly differentiates them from traditional roofing
technologies. Thus, a marketing message that succinctly informs the targeted consumer
that white roofing materials and cool roofs save an enormous amount of energy and operate
much more efficiently due to their thermal emittance are two themes that immediately
capture the consumers’ attention due to global factors such as climate change, peak oil
and environmental decay [77]. Hence, consumers, whether public or private, government
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or corporate, all have some level of interest in cost savings. In addition, when such cost-
savings can simultaneously benefit the earth’s environment, the consumer benefits through
goodwill, public relations and corporate social responsibility-related factors.

Yet, developing an effective marketing plan along with associated marketing mes-
sages might be difficult when speaking of esoteric technologies such as roofing materials.
The marketing message that is developed for the target markets has to make the rationale
for adopting such roofing solutions palatable from a cost-benefit perspective but also
from a public relations/social equity perspective. In this regard, the marketing collateral
developed to sell and market white roofing materials and cool roof technologies should
address some or all of the following elements in one fashion or another [77]:

1. Characterize the lifecycle expectations associated with the roofing technology selected
2. Determine for the consumer how well the roofing technology will survive over time
3. Inform the consumer how the material resists the phenomena such as mold, mildew

and discoloration
4. The cost of repairing any damage to the roofing technology
5. The routine cost of maintenance and upkeep of the roofing technology
6. Identifying what the installation process requires in terms of time and cost
7. Who is installing the roofing technology and are the installers skilled in the selected

materials
8. The flexibility of the roofing technology selected during extreme fluctuations of

temperature.

It is important to spend the necessary effort to fully explore each of the eight factors
above prior to the development of a marketing platform for white roofing materials and
cool roof technologies in order to ensure that the resulting marketing plan comprehensively
responds to consumer needs. As well, some of these marketing-related initiatives must
be tailored to those markets where white roofing and cool roofing technologies are more
inclined to be installed.

6. Cool Roofs Pros and Cons and Its Relationship with the Weather

In the design stage of roofing systems, the energy savings and risk of condensation
are important. The moisture-related problems can lead to deterioration of roofing materials
and affect negatively the thermal performance by means of reduction in overall thermal
resistance and service life of the roofing systems. This can lead as well to mold growth
in those systems and affect the indoor air quality (IAQ) and the occupants’ health and
comfort [14,15,76–82].

The roof surface reflectivity can affect the quantity of the absorbed short-wave energy
of the roof. Since the short-wave solar radiation has the capacity during the summer and
daytime to dry out the roof, the solar reflectivity becomes an important parameter for the
selection of roofing materials [6,14,15,36,39,83]. The characteristic of the cool roofs is to
maintain surface temperatures lower than those from the black roof (dark) because of its
low short-wave solar absorption coefficient. This may lead to moisture-related problems
in cold climate zones [84] as such observed for both black and cool roofs [14,15]. Several
studies have investigated the moisture-related problems due to the colour of the roofing
membrane in commercial buildings with a low slope such as in [85] research. Their study
was done for cold climate with the focus on single-ply roofing systems with highly reflective
materials, white TPO/PVC and black membranes, where they are attached mechanically on
low slope roofs (≤2:12). In this research study, hygrothermal simulations were conducted
for a one-year period on those roofing systems for the following cities in the USA: Boston,
Albany, Chicago, Cleveland and Detroit. Two cases were studied: (i) 10% short-wave solar
reflectivity for black roofs, and (ii) 70% short-wave solar reflectivity for white roofs. Since
those systems are mechanically attached to the metal deck and to account for the leakage
due to the attachment, the vapour permeance of metal was taken at 0.75 perms. The results
showed that even there is condensation below the membrane TPO/PVC in the winter,
all roofs have dried out in the summer.
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Hygrothermal simulations were conducted [86] for a 5-year period. They explored
the moisture accumulation in different roofing systems (i.e., white with 80% short-wave
solar reflectivity and black roofs with 12%) for different cities in the USA and Germany
(Phoenix, AZ, Chicago, IL, Anchorage, AK, and Holzkirchen, Germany). The results of this
study showed that the white roofs have more moisture accumulation than the black ones.
Three roofing systems cases, dark, bright and shaded flat roofs, have been studied by [87]
for their hygrothermal performance with initial construction moisture. In the summer,
the results showed that the bright roofs have the lowest surface temperatures with a smaller
drying potential than the two other roofing systems. The highest surface temperature and
humidity fluctuations were shown in the dark roofs with high heat fluxes. The roof with
shaded surfaces has shown as well a low temperature and drying potential.

Hygrothermal simulations on white and black Modified-Bitumen (MOD-BIT) roofing
systems have been conducted by [14,15]) to evaluate their energy and moisture accumu-
lation for different climate zones in North America based on their Heating-Degree-Days
(HDD) such as Toronto (ON), Montreal (QC), St. John’s (NL), Saskatoon (SK), Seattle (WA),
Wilmington (AZ), and Phoenix (AZ). In the cities of St. John’s and Saskatoon, the white
roofs showed the highest moisture accumulation over time than the black ones which could
lead to moisture damage. On the contrary, there is no risk for the black roofs. The simula-
tion results for Toronto, Montreal, Seattle, Wilmington, and Phoenix, showed that the white
roofs have a low risk of experiencing moisture damage. The yearly heating loads of the
white roof were slightly higher than that of the black roof. Conversely, the yearly cooling
loads of the black roof were much important than the white roof. Thus, buildings with
white roofs in these locations are predicted to result in net yearly energy savings compared
to buildings with black roofs.

Most recently, several researchers [14–16,72–88] conducted several studies to inves-
tigate the performance of cool and black roofs in terms of energy and moisture when
they were subjected to different hot and humid climates in GCC countries. These studies
covered several thicknesses of roof insulation material and surface solar reflectivity. These
roofing systems showed no risk of condensation, thus, no risk of mold growth and roofs
with high solar reflectivity showed significant energy savings. For the Eastern Province
of Saudi Arabia and Kuwait City, respectively, the highest hourly surface temperatures of
the black roofs were found to be 93.2 ◦C and 84.0 ◦C compared to 65.4 ◦C and 61.5 ◦C for
a white roof at no cleaning condition, and 52.7 ◦C and 52.6 ◦C for white roofs at weekly
cleaning conditions. The full results of that study that include material characterizations,
installing guidelines, cleaning procedures, test results, three-dimensional numerical results,
etc., are available in [69,70].

7. Application and Maintenance of Cool Roofs

The application process of white roofing material requires technical knowledge as
does the maintenance processes involved. Yet, the maintenance processes involved in white
roofing materials must also be known from a marketing perspective. This is because emerg-
ing economies typically have limited resources available. At a granular level, however,
entities that utilize white roofing materials as a means to reduce the cooling energy load of
a structure, reduce environmental heat build-up and as well seek to control costs have to
consider the post-application phase of the material. As mentioned, the technical application
of the white roof depends upon the form of white roofing material selected. Likewise, main-
tenance is also dependent upon what material is selected. In effect, cost factors must also
be considered with respect to ongoing maintenance of white roofs in developing markets.

The exterior surface of the roofing system is exposed to dust/dirt, rain, snow, wind,
cloud index, exterior temperature and relative humidity, etc. All these external conditions
as well as the roofing systems specifications (components, dimensions, etc.) could affect
the roofing system’s thermal and hygrothermal performance. As shown in Figure 4,
when solar radiation hits the surface of a roofing system, a portion of this energy is
reflected and the other portion is absorbed. Due to this energy absorption, the roof’s
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surface temperature increased, thus in the summer, the cooling energy load increased and
in the winter, the heating energy load decreased. On the other hand, white roofing systems
use surfaces with low short-wave solar absorption coefficient to show a significant portion
of the incident short-wave solar radiation, and therefore, lowers the cooling energy load
and as well the roof’s surface temperature compared to black roofing systems.

Figure 4. Schematic of roofing surface subjected to incident solar energy.

The surface solar reflectivity can be affected negatively by the accumulation of dust
or dirt on those surfaces, which can result in increasing solar heat gains. Several re-
searchers [29,30,33–35] have investigated the negative effect of the dust or dirt accumula-
tion and weathering factors on the roofs’ thermal properties. Additionally, several cleaning
processes of dust or dirt on roofing systems’ surfaces have been established to bring back
roofing surfaces’ solar reflectivity to its original value such as in Levinson et al. [34] studies
on light-coloured roofing membranes’ solar heat gain.

In the study [34], several roofing membranes with white or light gray polyvinyl
chloride collected from different locations in the USA were tested. Black and inorganic
carbon were found on the surface of the sample. These contaminants reduce the solar
reflectivity of these membranes. To analyze the influence of several cleaning processes on
the solar reflectivity values, the sample surfaces were firstly wiped to mimic the action of
the wind action, then rinsed to mimic rain effect, and they were washed in the third step
to simulate a homemade cleaning process using a phosphate-free dishwashing detergent.
As a final step, all the surfaces were treated with sodium hydroxide and a mixture of
sodium hypochlorite to mimic real cleaning processes. The outcomes of study [34] showed
that after washing and rinsing processes, almost all the dirt deposited on the surface
was removed except for thin layers of organic carbon and some isolated dark spots of
biomass. Bleaching processes cleared these last two contaminants recovering the loss of
solar reflectivity.

Akbari et al. [35] used an identical cleaning process established in [34] on unweath-
ered (i.e., new materials) and weathered single ply roofing membranes from several North
American sites. In this research study, 16 types of roofing materials were tested at Lawrence
Berkeley National Laboratory (LBNL), following all the cleaning processes concerning
the weathered samples surface treatment, and 25 other types were tested at the National
Research Council of Canada, applying just wiping processes on the surface of the roof-
ing material. The results showed that all types of cleaning recovered near 90% of their
unweathered solar reflectivity and thus, showed their effectiveness.

To the best of our knowledge, most (if not all) previous studies related to characterizing
the impact of dust or dirt accumulation on the rooftops and its impact on cool roofs’ energy
performance were conducted in non-dusty climates. As such, a new joint research study
between the KSA’s Jubail University College (JUC) and Kuwait Institute for Scientific
Research (KISR), called “JUC-KISR project” was initiated to address this issue in a dusty
climate. Several roofing materials with different emissivity are currently being tested and
numerically modelled under the dusty and polluted climate of KSA’s Jubail Industrial
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City. The objectives of JUC-KISR project include: (i) motioning the short-wave solar
reflectivity’s variation of the tested materials, (ii) developing a technical guide for dust and
dirt cleaning processes for the tested materials, and (iii) quantification the effect of dirt and
dust accumulation of on the overall roofing systems’ energy and moisture performance.
The developed technical guide will be proposed later to International Organizations such
as ASTM or ASHRAE to develop an international standard for the cleaning procedure of
different reflective materials for use in residential and commercial buildings when they are
subjected to dusty and non-dusty climates.

In the JUC-KISR project, one of the reflective coating materials was characterized and
tested under the highly polluted and dusty weather of Jubail Industrial City. Thereafter,
this reflective coating material was used in one of the most common roofing systems in
GCC countries when it was exposed to Kuwait City and Eastern Province of Saudi Arabia’s
environmental conditions. For Saudi Eastern Province climates, Figure 5 shows that the
yearly cooling load (EC, Y) of the conventional/black roof (1077 Wd/m2) decreased to
706 Wd/m2 (i.e., a reduction in EC, Y by 53%) and 563 Wd/m2 (i.e., a reduction in EC,
Y by 91%) as a result of installing reflective coating material at no cleaning condition and
weekly cleaning condition, respectively. Furthermore, as shown in Figure 6 for Kuwait City
climates, the yearly cooling load of the black roof (1091 Wd/m2) decreased to 730 Wd/m2

(i.e., a reduction in EC, Y by 49%) and 592 Wd/m2 (i.e., a reduction in EC, Y by 84%) as a
result of installing reflective cooling material at no cleaning condition and weekly cleaning
condition, respectively.

For the Eastern Province of Saudi Arabia and Kuwait City’s environmental conditions,
respectively, the highest hourly black roofs’ surface temperatures were 93.2 ◦C and 84.0 ◦C
compared to 65.4 ◦C and 61.5 ◦C for white roof at no cleaning condition, and 52.7 ◦C and
52.6 ◦C for white roofs at weekly cleaning conditions. The full results of the JUC-KISR
project that include material characterizations, installing guidelines, cleaning procedures,
test results, three-dimensional numerical results, etc., are available in [71,72].

Figure 5. Comparison of the yearly cooling energy load of conventional/black roof and white
roof based on no cleaning condition and weekly cleaning condition and subjected to Saudi Eastern
Province climates [71,72].
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Figure 6. Comparison of the yearly cooling energy load of conventional/black roof and white
roof based on no cleaning condition and weekly cleaning condition and subjected to Kuwait City
climates [71,72].

In summary, a logical step towards achieving energy-efficient buildings in cities with
extreme climatic conditions is to design roofing systems with simultaneous energy savings,
no condensation and less risk of moisture problems. The main parameters affecting the
energy and moisture performance of roofing systems are a type of roof, environmental
conditions, amount of insulation and the solar reflectivity of the roofing surfaces. Several
cleaning processes have been used to increase the solar reflectivity to reach approximately
its initial value in case there is dust/dirt accumulation on the roofing surface.

8. Conclusions

This paper discussed in some depth the issue of white roofing materials and cool
roofing technologies with a view to identifying how these technologies affect technology
uptake and adoption. The technical aspects of what actually comprise white roofing
solutions and cool roof technologies are explored in some depth. This paper reviewed most
of the concepts of white roofing materials with the focus on their energy performance, cost-
benefit, maintenance process and their impact on the emergent countries. This paper gave
a retrospective as well on the concept of different roofing systems that exist and identified
differences among them such as Green/White/Reflective/Cool roofs. The emerging
economies concept was explored and a tight relation that exists between the reflective
roofing materials and these emerging economies were established. The link between energy
demand, energy consumption, and climate change through the production of greenhouse
gas emissions is irrefutable. While developed countries typically have the resources
necessary to both develop new construction designs and technologies to reduce energy
consumption and emissions, emergent economies lack such resources. On average, overall
energy consumption globally among all countries is expected to increase by more than 100%
by the year 2050 but in emerging economies, this figure is believed to be more than 300%
on average. Hence, the emergent economy has to deploy energy-efficient building designs
and integrate energy-efficient building envelope materials at the outset, thus, they can
reduce this drastic gap in expected energy usage growth moving forward. Specifically,
in the design phase of new construction, passive energy-efficient solutions greatly reduce
forward energy demands per structure. The design-build phase of construction in emergent
economies can address issues that have significant positive effects on energy consumption
throughout the life of the structure. This paper discussed as well in some depth the issue
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of white roofing materials and cool roofing technologies with a view to identify how these
technologies affect technology uptake and adoption. The technical aspects of what actually
comprise white roofing solutions and cool roof technologies are explored in some depth.
The study focused on cool roofing systems subjected to hot climates such as that in Gulf
Cooperation Council (GCC) countries. Factors such as a cool roof’s solar reflectance and its
overall thermal emittance were reviewed. These two factors in particular are extremely
critical from a technical perspective as well as a marketing-related perspective. This is
because these two factors (solar reflectance and thermal emittance) generally determine
the overall energy efficiency of the roofing technology selected.

Yet, these two factors also work to determine the character of a cool roof technology’s
marketing messaging, platform and purchase rationale because they directly relate to global
issues such as climate change, energy savings and environmental responsibility, and so
forth. In essence, while the technological characteristics of white roofing material and
cool roof technologies are critical from performance-based perspectives, and a technology
adoption perspective, these factors must be related to practical outcomes from a consumer-
related vantage point.

The adoption of white roof tiles or other non-white roof colours with high solar
reflectance in countries subjected to tropical climates can be increased by spreading aware-
ness among house owners, through various stakeholders, that emphasizes the cost savings
that the house owners can enjoy, which can potentially, from the stance of the house owners,
outweigh all of the other disadvantages. Thus, further research on the development of
solar-reflective paint or coating products that can significantly increase the solar reflectance
values of non-white roof tiles is essential to overcome issues related to maintenance diffi-
culties and lack of preference among house buyers towards white roof tiles.

This review study has shown the importance in achieving energy-efficient building
in cities with extreme climatic conditions by designing roofing systems that considered
simultaneously the energy savings with less risk of moisture problems. The main parame-
ters affecting the energy and moisture performance of roofing systems are types of roof,
environmental conditions, amount of insulation and the solar reflectivity of the roofing
surfaces. Several cleaning processes have been identified to increase the solar reflectivity
to reach approximately its initial value in case there is dust/dirt accumulation on the
roofing surface.
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Abstract: A seasonal adaptive thermal comfort study was done on university students in naturally
ventilated dormitories in the composite climate zone of India. A total of 1462 responses were collected
from the students during the field study spread over the autumn, winter, spring, and summer
seasons of the academic year for 2018 and 2019. A “Right Here Right Now” type of surveying
method was adopted, and the indoor thermal parameters were recorded simultaneously using high-
grade instruments. The subjects’ mean thermal sensation (TS) was skewed towards a slightly cool
feeling for the combined data. Most occupants preferred a cooler thermal environment during the
summer season, while hostel residents desired a warmer temperature during autumn, winter, and
spring seasons. During the summer season, the PMV−PPD model overestimated the subjects’ actual
thermal sensation, while it underestimated the their thermal sensation in the winter season. The mean
comfort temperature Tcomf was observed to be close to 27.1 (±4.65 ◦C) for the pooled data. Mean clo
values of about 0.57 (±0.25), 0.98 (±0.12), 0.45 (±0.27), and 0.36 (±0.11) were recorded during the
autumn, winter, spring, and summer seasons, respectively. Furthermore, switching on ceiling fans
and opening doors and windows improved occupants’ thermal satisfaction during different seasons.
The study results show the effective use of environmental controls and the role of thermal adaptation
in enhancing the subjects/overall thermal satisfaction in the composite climate of India.

Keywords: field surveys; thermal perceptions; adaptive actions; hostel dormitories; composite
climate of India

1. Introduction

In the last two decades, an increasing trend in the building sector’s energy consump-
tion has been observed worldwide, contributing to more than 40% of the total global green-
house emissions. With the ever-increasing expectation of the indoor thermal environment,
this is projected to increase further in the near future [1]. In India, the building sector is the
second-largest contributor to greenhouse emissions and overall energy consumption [2].
In the context of India, many educational buildings exist and are emerging as the leading
sector in overall building energy consumption [3]. A large chunk of the energy is consumed
by buildings to restore thermal comfort. According to ASHRAE Standard 55 and ISO 7730,
thermal comfort is the condition of the subject’s mind that expresses thermal satisfaction
with the thermal environment surrounding them. A questionnaire-based subjective eval-
uation methodology is generally adopted to evaluate the thermal comfort conditions in
different building types [4,5]. International standards such as ASHRAE Standard 55 [4] and
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ISO 7730 [5] are widely used to assess thermal comfort conditions in built environments.
Primarily, ASHRAE Standard 55 [4] and ISO 7730 [5] are based on Fanger’s heat balance
model (PMV/PPD) [6]. Over the last two and half decades, numerous field studies carried
out by researchers have shown that the PMV/PPD approach fails to capture the entire
spectrum of parameters associated with the psychological, physiological, and socio-cultural
aspects. These parameters play a vital role in the adaptation mechanism the occupants of
different built environments go through, thus impacting their thermal comfort perception
and expectations [7–12]. The above-mentioned parameters of thermal comfort become part
of the study when the adaptive thermal comfort principle is applied to record the thermal re-
sponse of the subjects in the field surveys. Adaptive thermal comfort through various field
studies has shown massive potential in evaluating the indoor thermal environment and
minimizing buildings’ energy consumption without compromising occupant comfort [13].

Recently, researchers have reported several comprehensive reviews [14–17] helping to
understand the causes of individual differences and thermal adaptation mechanisms of
human subjects in different buildings, climates, ventilation strategies, and other contextual
factors of thermal comfort. With the availability of the most extensive thermal comfort
data in the ASHRAE Global Thermal comfort database, researchers have pointed out that
thermal adaptation may significantly define the thermal acceptability ranges in different
buildings and climates [18–20]. In India, research on thermal comfort gained popularity
after the pioneering work of Nicol [21], and Sharma and Ali [22] in the late 1980s. After this,
many researchers started evaluating the thermal adaptation mechanism of Indian inhabi-
tants, considering the country’s diverse climatic and geographical diversity. For instance,
Indraganti [23] conducted a series of field monitoring in multi-story residential apartments
in Southern India and stated that regional static comfort limits were not applicable to define
the thermal comfort needs of residents in the hot and humid climate of Southern India.
The author also analyzed adaptive strategies to achieve thermal comfort, such as windows,
balconies, the use of external doors, fans, and clothing adaptations [24]. Singh et al. [9,25]
also reported results related to the thermal adaptation of residents in vernacular houses
in the north-east part of India. The authors argued that an adaptive approach to thermal
comfort is more suitable for analyzing the thermal adaptation of people under different
climatic zones of this region. The National Building Code of India [26] has adopted the
India Model for Adaptive Comfort (IMAC) [27] to define the 80% and 90% thermal accept-
ability ranges of thermal comfort for naturally ventilated and mixed-mode buildings in
different climatic zones of India. Since then, adopting similar approaches and methods,
researchers in India have conducted field studies considering different building types, i.e.,
classrooms [28,29], university buildings [30], offices [27,31,32], residential buildings [23,25],
hostel dormitories [33–35], and special metabolic activity spaces [36]. Researchers have
concluded that thermal comfort is a complex phenomenon and depends on the different
adaptation mechanisms and contextual factors inculcated in the adaptive approach to
thermal comfort.

Educational buildings and the associated built environment play a significant role in
students’ learning and wellbeing [3,17]. Students in university generally fall in the age
group of 18–26 years old and spend a lot of time in hostel dormitories for their under-
graduate or postgraduate studies. Thus, emphasis should be placed on designing and
constructing hostel dormitories so that they provide a conducive and quality thermal
environment to stimulate the learning process [29,30], without compromising students’
needs of comfort and health [37]. Moreover, the indoor thermal environment and air
quality in hostels are very different from other building types because of significant dif-
ferences in the age groups, occupancy patterns, behaviours, and activities carried out by
students [34,37]. Considering the importance of a quality built environment in students’
learning process, many researchers have carried out field studies to investigate the thermal
performance of educational buildings in different climates and their relation to occupants’
overall comfort requirements. For instance, Dalhan et al. [37] conducted a research study
on thermal comfort in three high-rise hostel buildings in Malaysia’s hot and humid climate.
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They found that the mean neutral temperature of hostel buildings was close to 28.8 ◦C.
Lai [38] used gap theory for a post-occupancy evaluation in order to explore the role of six
parameters, namely visual comfort, acoustic comfort, fire safety, hygiene, and information
and communication technology, in students’ expectation and satisfaction. In India, Dhaka
et al. [33] carried out a field study in a hostel building in a composite climate during the
peak summer season in Jaipur City. The study found a higher comfort bandwidth of
approximately 7.9 ◦C and a mean comfort temperature of 30.2 ◦C. Kumar et al. [34,35]
carried out a questionnaire-based field study in naturally ventilated hostel buildings in
Jaipur and Jalandhar City during the autumn and winter seasons, and compared the results.
The study found that students living in the hostel had different comfort expectations that
those in office or residential buildings. Mean Griffiths comfort temperatures (Tc) of 30.4 ◦C
and 29.7 ◦C were observed for Jaipur and Jalandhar City, respectively. The data analysis
also showed the extension of comfort boundaries by 1.8 ◦C at a high airspeed (ceiling fans).

University buildings consist of different built environments such as offices, residential
buildings, classrooms, lecture theatres, and hostel dormitories. In India, researchers have
carried out thermal comfort studies and found the expectation and preferences of occupants
in offices, residential buildings, and classrooms during the summer and winter seasons
for different climatic zones [9,22,27]. However, a literature review carried out here by the
authors showed that very few studies have been done in hostel dormitories that have
highlighted the subject’s behavioral adaptation, use of controls, and thermal adaptation in
different seasons of the composite climate of India. Therefore, the present study system-
atically investigates the thermal preferences and sensations of residents during different
seasons in hostel dormitories under the composite climate of India. Furthermore, the study
reports the behavioral adaptations and environmental controls of the occupants for their
thermal comfort requirements.

2. Methodology

2.1. Location and the Selected Hostel Buildings

A questionnaire-based field study was done in naturally ventilated dormitory build-
ings at the National Institute of Technology premises, Jalandhar (latitude = 31.3◦ N, lon-
gitude = 75.58◦ E, mean sea level = +228 m). Jalandhar City is in the state of Punjab and
is in the composite climate of India. The composite climate zone has a large geograph-
ical spread, so it has more climatic diversity than other climatic zones of India. It has
four distinct seasons, i.e., winter (November–February), spring (March), summer (April–
September), and autumn (October) [31]. The summer season is spread over six months. It
is characterized by scorching and dry weather conditions and a maximum temperature
exceeding 45 ◦C, while, during the winter season, the outdoor temperature dips below
2 ◦C. Figure 1 shows the recorded outdoor temperature and relative humidity profile in
different months of the year at the study location. It can be seen clearly that during the
summer season, the air temperature peaks start from March (mean temperature = 29 ◦C)
and attain a maximum temperature during May (mean temperature = 35 ◦C) and June
(mean temperature = 30.3 ◦C) at the study location. The relative humidity is generally very
low during the summer season, and the months are mostly dry. Following June, July and
August are considered rainy months, characterized by a high relative humidity and low air
temperature. Autumn and spring have generally moderate ambient conditions with a mean
air temperature not exceeding 25 ◦C. The winter season consists of December and January
months under the composite climate of India. During the winter season, the minimum air
temperature falls below 2 ◦C, with an average temperature range between 15–22 ◦C with
moderate relative humidity conditions.

A naturally ventilated dormitory environment with students in typical clothing on a
typical survey day is shown in Figure 2. The investigated hostel dormitories were multi-
story buildings and were constructed using high thermal capacity construction materials,
i.e., concrete mixture, brick burned, plaster, etc. The roofs of the dormitories were made
up of reinforced concrete cement (RCC) with a thickness of ~0.15 m, with ~0.015 m thick
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gypsum plaster on both sides. The external walls of the hostel buildings had a thickness
of about 0.20−0.23 m. The window assemblies consisted of a single piece of clear glass of
~0.003 m thickness with a U-value of ~5.7 W/m2K.

Figure 1. Ambient climatic parameters for different months at the location.

2.2. Sample Size Description

A total of 1462 questionnaire-based responses were returned during the field study.
The subjects were undergraduate and postgraduate students with a mean age of about 20
years and were healthy individuals. The field study was spread over different seasons of
the academic year for 2018 and 2019. Therefore, the number of subjects who participated
in the survey varied in each season, as shown in Table 1. Furthermore, all of the subjects
voluntarily participated in the field study.

Table 1. Information of the selected location, sample size, and gender (N = 1462).

City Location Season No of Samples

Jalandhar, India
Latitude—31.33◦ N,

Longitude—75.58◦ E,
Altitude—228 m

Autumn 135
Winter 181
Spring 248

Summer 898

2.3. Field Study and Survey Protocols

The “Right Here Right Now”-based questionnaire was employed to record the stu-
dents’ thermal sensation votes and preferences. The questionnaire used in the field study
is provided as “Appendix A”. The ASHRAE seven-point thermal sensation scale and
Nicol’s [39] five-point thermal preference scale were used to record the subjects’ thermal
sensations and thermal preferences in the indoor environment (Table 2). Laboratory-grade
industry calibrated instruments, with a high precision and accuracy, used in the field study
are shown in Figure 2d. The make, range, and accuracy of the instruments used in the
field study are presented in Table 3. During the interaction with the subjects, the indoor
thermal parameters were recorded using the instruments placed close to the students and
at a height of 1.1 m [4]. The clothing values of each student were estimated using the

124



Sustainability 2022, 14, 4997

insulation values of each clothing ensemble provided in ISO-7730 standard and ASHRAE
standard 55-2020 [4,5]. The subject’s metabolic rates were calculated according to the
checklist provided in the ISO-7730 standard and ASHRAE standard 55-2020.

 

Figure 2. (a,b) Pictures of studied dormitories, (c) typical survey environment, and (d) instruments
used to record the thermal parameters during the field study.

Table 2. Sensation and preference scales used in the present study.

Scale Values Thermal Sensation Thermal Preference Overall Comfort

+3 Hot
+2 Warm
+1 Slightly warm Cooler Uncomfortable
0 Neutral No change Comfortable
−1 Slightly cool Warmer
−2 Cool
−3 Cold

Table 3. Make, range, and accuracy of instruments used in the field study.

Description Make of Instruments Parameter Used Range Accuracy

Thermo-hygro CO2 meter TR—76Ui
Air temperature 0–55 ◦C ±0.5 ◦C

Relative humidity 10–95% RH ±5% RH
CO2 level 0–9999 ppm ±50 ppm ± 5%

Globe thermometer Tr-52i, globe
(dia. 75 mm) Globe temperature −60–155 ◦C ±0.3 ◦C

Infrared thermometer Fluke 61 Surface temperature −18–275 ◦C ±2 ◦C

Thermal anemometer Testo-405 Air velocity
Air temperature

0.01–10.00 m/s
−20–50 ◦C

0.01 m/s
±0.1 ◦C
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3. Results and Discussion

3.1. Indoor and Outdoor Thermal Environmental Conditions

Table 4 presents the descriptive statistical summary of measured indoor thermal
environment parameters during the field study. The mean indoor air temperature varied
between 17.3 ◦C to 30.8 ◦C, and the mean indoor relative humidity varied between 30–78%
from winter to summer at the study location. The average air was recorded to. Be higher
during the autumn and summer seasons than in spring and winter. The mean airspeed
was about 0.71 m/s for the combined dataset, and this value is well within the limits of no
paper blowing conditions as defined in ASHRAE Standard 55-2020 [4].

Table 4. Statistics of the indoor thermal parameters measured in different seasons.

Parameters
Autumn Winter Spring Summer All Season Data

Mean sd Mean sd Mean sd Mean sd Mean sd

Ta 25.6 2.52 17.3 1.8 21.5 3.5 30.8 2.9 27.3 5.6
Tg 24.6 2.69 16.6 1.6 20.8 3.5 30.3 2.5 26.7 5.7

Tout 28.7 3.45 14.5 2.8 24.5 2.8 35.4 3.7 29.4 6.4
Rhi 48.9 6.5 61.5 8.8 54.1 10.7 61.1 16.0 59.1 15.4
AS 0.29 0.47 0.13 0.28 0.18 0.30 1.06 0.72 0.71 0.69

N: no. of samples; Ta: indoor air temperature (◦C); Tg: indoor globe temperature (◦C); RHi: indoor relative
humidity (%); AS: airspeed (m/s).

3.2. Analysis of Seasonal Thermal Sensation Votes and Preference Votes

As the field study was carried out across the different seasons of the year, a significant
variation in the measured indoor and outdoor thermal parameters was observed. The
thermal sensation voting patterns of the surveyed subjects during different seasons and
from the pooled data are shown in Figure 3a,b. From the figure, a proportionally higher
number of subjects voted “slightly cool”, “cool”,” neutral”, and “slightly warm” during
the autumn, winter, spring, and summer seasons, respectively (Table 5). The subject’s
mean thermal sensation skewed towards “slightly cool” (mean TS = −0.15; sd = ±1.37)
in the pooled dataset. From Figure 3, it can be concluded that the students perceived the
existing thermal environment as being “slightly cool” rather than “neutral” in the surveyed
dormitories. About 71.2% of subjects voted in three central categories on the thermal
sensation scale, i.e., ±1, and can be assumed to be comfortable. Furthermore, 32%, 59%,
23%, and 5% of the subjects voted for the cooler side of the TS scale (TS ≤ −1) during the
autumn, winter, spring, and summer seasons. Conversely, only 18.1% of subjects voted for
the warmer side (TS ≥ +1) during the summer season.

The mean thermal preference was observed to be +0.98, +0.87, +0.01, and −0.72 during
the autumn, winter, spring, and summer seasons, respectively. The positive sign indicates
that the subjects preferred to be warmer, and the negative sign indicates that the subjects
preferred to be cooler. It can be seen that subjects preferred a cooler thermal environment in
the summer season, while a warmer thermal environment was desired by hostel students
in the autumn, winter, and spring seasons. A total of 39.5%, 19.9%, 25.5%, and 40.5% of
subjects voted for “no change”, i.e., “neutral” for the existing thermal environment during
the autumn, winter, spring, and summer season at the location. However, 39.2%, 65%, and
31.2% of students preferred warm thermal environments during the autumn, winter, and
spring seasons, respectively, whereas only 13% of occupants preferred a cooler thermal
environment during the entire study period.

We also recorded the overall thermal comfort of the students in the prevailing thermal
environment on a binary scale. The subjects voted on a binary scale, i.e., 1 indicating un-
comfortable and 0 indicating comfortable, corresponding to the prevailing indoor thermal
environment. Figure 4 shows the subjects’ voting patterns regarding overall comfort in dif-
ferent seasons and in the pooled dataset. About 88.8%, 76.2%, 92.3%, and 75.5% of subjects
voted “comfortable” in autumn, winter, spring, and summer, respectively. In the pooled
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dataset, about 87% of subjects indicated their immediate thermal environment as being com-
fortable, whereas about 13% of students found their thermal environment uncomfortable.
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Figure 3. Thermal sensation votes distribution (a) for different seasons and (b) on combined database.
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Table 5. Statistical summary of subjective and objective comfort parameters in different seasons.

Season
Thermal Sensation (TS) Thermal Preference (TP) Overall Comfort (◦C)

Mean sd Mean sd Mean sd

Autumn −1.16 0.81 0.98 0.78 0.11 0.32
Winter −1.73 0.95 0.87 0.72 0.24 0.43
Spring −0.78 1.03 0.01 0.87 0.08 0.17

Summer 0.51 1.20 −0.72 0.75 0.24 0.41
All seasons combined −0.15 1.37 −0.38 0.91 0.20 0.40
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4. Characteristics of Seasonal Comfort

4.1. Linear Regression and PMV−PPD Model Analysis

The adaptive thermal comfort principle assumes that people in built environments
are not only the recipients, but actively participate and take actions to adapt themselves to
the existing indoor environmental conditions through physiological, psychological, and
behavioral adaptation in different seasons and climates across the world [7–10]. Therefore,
in the current study, the seasonal comfort temperatures of the surveyed students were
estimated using the PMV−PPD model, linear regression, and Griffiths approach. The
procedure defined in standard ASHRAE 55-2020 calculated the PMV and PPD values [4].
The standard suggests that 80% of occupants will be comfortable within a PMV bandwidth
of ±0.5 [4]. It can be seen in Figure 5 and Table 6 that there is a discrepancy between PMV
with TSV for different seasons and pooled dataset. It can be concluded from Figure 5 that
the PMV values overestimated the actual thermal sensation of subjects during the summer
season. In the winter season, the PMV values underestimated the thermal sensation of the
subjects (Figure 5).

 
Figure 5. Linear regression analyses of PMV votes and TSV.
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Table 6. Statistics of the linear regression analysis of TSV and PMV on a seasonal basis.

Case N Regression Models * R2 Tn (◦C) Mean Tcomf ± sd (◦C)

All Season data 1462
TSV = 0.12 Ta − 3.12 0.11 26

27.1 0 ± 4.6PMV = 0.12 Ta − 3.24 0.21 27

Autumn 135
TSV = 0.08 Ta − 3.18 0.06 39.7

26.9 ± 2.68PMV = 0.07 Ta − 3.12 0.09 44.5

Winter 181
TSV = 0.13 Ta − 4.01 0.06 30.8

19.9 ± 2.11PMV = 0.14 Ta − 3.96 0.13 28.3

Spring 248
TSV = 0.12 Ta − 3.41 0.17 28.4

22.4 ± 3.2PMV = 0.12 Ta − 3.38 0.22 28.2

Summer 898
TSV = 0.12 Ta − 3.22 0.05 26.8

29.5 ± 2.6PMV = 0.12 Ta − 3.54 0.11 29.5

N = sample size; TSV = thermal sensation vote; Ta = indoor air temperature; Tn = regression neutral temperature;
Tcomf = Griffiths comfort temperature (◦C) with 0.50 as a coefficient. * The regression models are all significant at
(p < 0.001).

The mean indoor air temperature is considered a neutral temperature at which an
average subject will vote neutral “0” on the TSV scale [23,25]. Researchers extensively use
the linear regression method to estimate the thermal neutrality of surveyed subjects for
different building types and in other climates. We used the linear regression approach
to calculate the seasonal neutral temperature in hostel dormitories, as depicted in Fig-
ure 6. Behavioral adaptation is evident from the low regression coefficient values (R2) [25].
Analyzing the data, it was found that the mean neutral temperature was 26 ◦C for the
pooled data. A higher comfort bandwidth was also noticed, which varied by more than
16 ◦C (17.6–33.3 ◦C) from winter to summer for the hostel residents, showing the wider
thermal adaptability corresponding to the climatic variations. Interestingly, the findings
of the present study are supported by the studies done by Mishra and Ramgopal [30],
Dhaka et al. [33], and Dahlan et al. [37].

Figure 6. Linear regression analysis of TSV for different seasons.
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4.2. Mean Comfort Temperature (Tcomf): Griffiths Approach

Some researchers have challenged the applicability of the linear regression approach
in field studies due to the effects of the adaptive behavior [23,27,40]. Therefore, the mean
comfort temperature for each season was estimated using the Griffiths method [41]. The
Griffiths equation can be written as follows:

Tcom f = Ta +
[0 − TS]

GC
(1)

where Tcomf = Griffiths comfort temperature, Ta = air temperature, TS = thermal sensation
votes, and GC = Griffiths constant.

Previous studies carried out in the composite climate of India have suggested the use
of the Griffiths coefficient of 0.50/◦C for the calculation of a neutral temperature [20,27].
Hence, a 2 ◦C perturbation, i.e., 0.50/◦C, was considered for the analysis of the mean
comfort temperature (Tcom f ) in the present study. The mean comfort temperature ( Tcom f )
was found to be 27.1 ± 4.65 ◦C in the pooled data, and is shown in Figure 7. In addition,
the mean Tcom f was about 26.9 ± 2.68 ◦C, 19.9 ± 2.11 ◦C, 22.4 ± 3.2 ◦C, and 29.5 ± 2.6 ◦C
for the autumn, winter, spring, and summer seasons, respectively.

Figure 7. Distribution of the calculated mean comfort temperature using the Griffiths method for the
pooled data.

5. Investigation of Thermal Adaptation Behavior of Residents

The adaptive thermal comfort principle considers that subjects in a built environ-
ment are active agents and can exercise various thermal and behavioral adaptations to
restore their comfort or make themselves thermally comfortable [7,39]. Therefore, the
adaptive behavior of subjects in university hostel dormitories was analyzed in the con-
text of clothing adjustments; the application of environmental controls, i.e., opening and
closing of windows and doors, and the use of ceiling fans in different seasons; and in the
pooled dataset.
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5.1. Clothing Adjustments

Students mostly wore clothing ensembles such as shirts/t-shirts and trousers/jeans
during the daytime, and nightwear, i.e., pajamas and half sleeve t-shirts, during the holidays
and late evening hours. The clothing ensembles ranged between 0.32–1.84 clo for the hot
summer season to the cold winter months at the study location. Mean clo values of about
0.57 (±0.25) clo, 0.98 (±0.12) clo, 0.45 (±0.27) clo, and 0.36 (±0.11) clo were recorded during
the autumn, winter, spring, and summer seasons, respectively. An average clothing value
of about 0.49 ((±0.31) clo was recorded in the pooled database, matching closely with the
ASHRAE Standard 55 recommendation for the summer season.

To analyze the characteristic of the adaptation behavior related to the clothing, linear
and quadratic regression analyses for indoor air temperature were carried out to observe
the inflection points [7,9,31]. Figure 8 shows the linear and quadratic regression fit for
predicting the adaptive behavior of students regarding clothing corresponding to the
change in indoor air temperature during different seasons at the study location. The
inflection points were observed at 18 ◦C and 31 ◦C. A sudden change in clothing value was
observed at these points, showing adaptation. It can be seen that the correlation coefficient
was reasonably strong, which suggests that subjects adaptively use clothing adjustments to
restore their comfort. The authors also found similar observations in studies carried out in
different climates and building types [29,30,35].
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Figure 8. Seasonal variations of clothing insulation with indoor air temperature.

5.2. Impact of Controls and Exercised Controls on Comfort

Analyzing the use of controls plays an essential role in adaptive thermal comfort
studies. The effective use of controls in built environments by subjects enhances thermal
comfort and extends the comfort boundaries [16,24,34]. In this context, the authors recorded
the use of environmental controls by the students in the dormitory, i.e., windows and
ceiling fans, in binary variables (i.e., window open: 1; window closed: 0; fans on: 1; fans
off: 0) during the field surveys. Figure 9 shows the percentage of subjects voting feeling
comfortable (corresponding to three central categories of the TS scale) when available
controls were used. It can be seen that when subjects used the general controls, such as
opening windows and doors and switching on ceiling fans, the occupants’ thermal comfort
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during different seasons improved significantly. In addition, during the summer season, it
was observed that more than 80% of students voted feeling comfortable when ceiling fans
were operating. In contrast, only 60% of students voted feeling comfortable when windows
were open at the time survey.

 
Figure 9. Percentage of occupants voting feeling comfortable when environmental controls are in
operation during different seasons.

The study results have close resemblances with the finding of other studies conducted
under similar climatic conditions but at different locations. Rijal et al. [41] found that
about 81% of fans were in use when the indoor air temperature exceeded 28.5 ◦C in offices
at Pakistan. Indraganti et al. [42] noted about 80% fans were in operation at 30 ◦C in
office buildings of India. Manu et al. [43] analyzed the windows and fan use behavior
of office occupants based on the field data collected for different climatic zones of India,
and concluded that maximum fans as well windows were used under hot and dry, and
hot and humid climates of India compared to other climatic zones of India. Similarly,
Kumar et al. [31,34] observed that about 50% of windows and 80% of fans were used
when indoor air temperature peaked at 28 ◦C in university buildings situated under the
composite climate of India. Singh et al. [44] also predicted a similar observation in office
buildings located in the north-east part of India.

To gain more insight, we further plotted the comfortable [±1 TS votes] on the ASHRAE
Standard 55-2020 comfort zone when windows and ceiling fans were in operation. ASHRAE
Standard 55-2020 [4] graphically defines thermal comfort boundaries on a typical psychro-
metric chart describing the operative temperature and humidity range for occupants
corresponding to the sedentary activity level (1−1.3 met) and clo value in the range of
0.5−1 clo. Furthermore, ASHRAE Standard 55-2020 recommends a maximum indoor
airspeed of 0.80 m/s to avoid paper blowing conditions in office buildings. Figure 10a,b
shows the plotting of comfortable votes when windows were “open” or ceiling fans were
“on” during the field surveys. It was observed that when windows were open, subjects
felt comfortable at a high relative humidity and high indoor air temperatures. In addition,
the maximum airspeed was recorded at close to 2 m/s during the summer. The subjects
voted feeling comfortable even when the indoor air temperature was about 34 ◦C and the
relative humidity was more than 70%. These results are supported by the authors’ previous
findings under similar climatic conditions for office buildings [8,32,33].
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(a) 

 
(b) 

Figure 10. Plotting comfortable votes on the ASHRAE Standard 55 – 2020 comfort zone when
(a) windows are open/closed and (b) fans are on/off.
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6. Summary of Work and Conclusions

In this study, a seasonal comfort study was carried out in naturally ventilated hostel
dormitories under the composite climate of India. One of the prime objectives of the built
environment is to provide the desired thermal comfort to the occupants. If this is disre-
garded, occupants make use of mechanical and electrical devices to achieve the desired
thermal comfort. This involves costs at various levels and impacts sustainability of the
building sector. To improve the sustainability of the building sector, presently, the entire
world is working on various issues to reduce the energy consumption. Precise evaluation
of the comfort parameters of different built environments and occupants’ behaviour char-
acteristics are key for the reduction and optimal use of energy in buildings. To achieve
comfort in the built environment, it is of the utmost importance that the comfort parameters
of different built environments and occupants’ behaviour characteristics must be known by
building designers and architectures so that they can design buildings that will provide
optimum comfort to the occupants and consume less energy so as to provide the necessary
comfort. In this study, university students participated as subjects, under the composite
climatic of India, considering ASHRAE Class II protocols. The following is a summary of
the findings from the analysis of the collected data:

1. The mean thermal sensations for the students in the dormitory were recorded as
“slightly cool”, “cold”, “slightly cool”, and “slightly warm” during the autumn, winter,
spring, and summer seasons. The subject’s mean thermal sensation was skewed
towards “slightly cool” (mean TS = −0.15; sd = ±1.37) for the combined dataset.

2. A total of 39.5%, 19.9%, 25.5%, and 40.5% of subjects in the hostel dormitories voted for
“no change” in the persisting indoor thermal environment during the autumn, winter,
spring, and summer seasons. However, 39.2%, 65%, and 31.2% of subjects preferred a
warm thermal environment in the autumn, winter, and spring seasons, respectively.
In comparison, about 13% of students preferred a cooler thermal environment in the
combined dataset.

3. The PMV−PPD model overestimated and underestimated the actual thermal sensa-
tions in the summer and winter seasons.

4. The mean Tcom f was about 26.9 ± 2.68 ◦C, 19.9 ± 2.11 ◦C, 22.4 ± 3.2 ◦C, and
29.5 ± 2.6 ◦C for the autumn, winter, spring, and summer seasons, respectively.

5. Mean clo values of 0.57 (±0.25) clo, 0.98 (±0.12) clo, 0.45 (±0.27) clo, and 0.36 (±0.11)
were recorded in the autumn, winter, spring and summer seasons, respectively. An
average clothing value of about 0.49 ((±0.31) clo was recorded for the pooled dataset,
closely matching with the ASHRAE Standard 55 recommended clo value for the
summer season.

6. More than 80% of subjects responded that they were comfortable when ceiling fans
were operating. In contrast, only 60% of the subjects voted being comfortable when
the windows were open at the survey time.

The study put forth the idea of future studies involving subjects of university dormito-
ries regarding their comfort expectations and the use of environmental controls in different
climates and geographical locations. An effective quantification of their thermal adaptation
behavior and its impact on the comfort parameters will be advantageous for improving the
students’ thermal comfort and overall indoor thermal environment. It is also anticipated
that the findings of this study will help building designers, architects, and engineers in
designing energy-efficient and comfortable university hostel dormitories in the near future.
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Abstract: Urban climates are highly influenced by the ability of built surfaces to reflect solar radiation,
and the use of high-albedo materials has been widely investigated as an effective option to mitigate
urban overheating. While diffusely solar reflective walls have attracted concerns in the architectural
and thermal comfort community, the potential of concave and polished surfaces, such as glass and
metal panels, to cause extreme glare and localized thermal stress has been underinvestigated. Fur-
thermore, there is the need for a systematic comparison of the solar concentration at the pedestrian
level in front of tall buildings. Herein, we show the findings of an experimental campaign measuring
the magnitude of the sunlight reflected by scale models reproducing archetypical tall buildings.
Three 1:100 scaled prototypes with different shapes (classic vertical façade, 10% tilted façade, curved
concave façade) and different finishing materials (representative of extremes in reflectance properties
of building materials) were assessed. A specular surface was assumed as representative of a glazed
façade under high-incidence solar angles, while selected light-diffusing materials were considered
sufficient proxies for plaster finishing. With a diffusely reflective façade, the incident radiation at the
pedestrian level in front of the building did not increase by more than 30% for any geometry. How-
ever, with a specular reflective (i.e., mirror-like) flat façade, the incident radiation at the pedestrian
level increased by more than 100% and even by more than 300% with curved solar-concentrating
geometries. In addition, a tool for the preliminary evaluation of the solar reflectance risk potential of
a generic complex building shape is developed and presented. Our findings demonstrate that the
solar concentration risk due to mirror-like surfaces in the built environment should be a primary
concern in design and urban microclimatology.

Keywords: reflective materials; mitigation; urban heat island; outdoor comfort; visual comfort; heat
stress; optimization; skyscrapers

1. Introduction and State of the Art

The accelerating city climate change in combination with local and global climate
change heightens the need for decarbonization of the built environment through energy
efficiency and mitigation of urban overheating [1]. In particular, solar reflective roofs
and walls have been largely investigated to reduce the solar absorption by the urban
envelope and thus reduce the release of turbulent sensible heat that increases the ambient
temperature [2,3]. Cool surfaces have high reflectance and emissivity and are capable
of reducing both solar gains and surface temperatures, positively affecting the energy
use of the building and helping to mitigate heat island effects at the mesoscale and local
level [4–8]. Heat mitigation technologies can reduce the ambient temperature by 2–2.5 ◦C
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when combined with building positive synergies, with the reduction of the solar gains
being one of the main pathways to minimize urban overheating [9]. Cool walls in Los
Angeles, for instance, may reduce the peak temperature by approximately 0.60 ◦C [2].
Furthermore, increasing the albedo of walls by 0.10 reduces the cooling energy needs of
residential buildings in Mediterranean climates by 2.9 kWh/m2 and reduces the indoor
operative temperature of unconditioned buildings by 1.1 ◦C [10]. While the use of solar-
reflective walls has been common in the Mediterranean and other vernacular architecture,
there is an increasing concern among architects and urban designers about the potential
increased solar reflection towards pedestrians [11,12]. While there are some limitations in
current outdoor thermal comfort models, the need to limit the downward reflection of solar
radiation towards the bottom of street canyons has received considerable attention in the
literature [13–15]. This led to the identification and testing of retro-reflective surfaces as an
option to minimize the shortwave radiation entrapment within the urban canopy layer [16].
Retro-reflective materials reflect the direct component of the solar radiation back towards
the sun, thus upwards and not directed towards other urban surfaces. However, the
proliferation in the use of specular reflective (i.e., mirror-like) materials in architecture has
been underinvestigated with respect to their impact on outdoor visual and thermal comfort.

The research of eye-catching shapes for tall buildings, without considering its impact
on the urban context [17,18], sometimes leads to increased incident solar radiation on other
buildings and at street level due to unwanted reflections [19]. This phenomenon is due to
the geometry being able to concentrate increasing solar radiation and the materials used
in façade applications, especially high-reflectance glass or polish metal. Considering the
transparent part of the building envelope, reflecting glazing systems with a reflectivity of
more than 30–40% are chosen to reduce the cooling load of office and commercial buildings
with large, exposed curtain walls. Reflectance properties of glazing are angular-dependent
and influenced by the direction of the light source falling on their surface. The more the
rays strike toward a direction parallel to the surface, the more the reflectance of the surface
rapidly increases [20]. This is the case, for example, in temperate climates, particularly
during the winter months, for surfaces facing south and during the early and late hours of
the day, or in tropical climates for the same orientation and during the central hours of the
day. High-reflectance surface treatment increases the possibility of external reflections for
lower incidence angles as well.

Most unwanted reflections affect the vision and the visual comfort of pedestrians,
users of concurrent buildings, car drivers, train conductors, and plane pilots [21]. The
temporary visual disabilities resulting from these phenomena can also raise security issues
by potentially causing an accident due to visual impairment, risking people’s lives. Glare
has also been reported as a critical issue in an urban environment, concerning angular
reflective surfaces such as Photovoltaic panels [22] or concentrating solar collector plants
with small and large highly reflective surfaces [23].

More disturbing effects have been reported when concentrated solar energy led to
direct damage of properties, plants, and people caused by increased and focused solar
radiation. The consequences of these effects can be temporary or repeated cyclically during
the day/year, depending on the location, orientation, and urban context. Among the most
significant cases are the “20 Fenchurch Street” building in London (Figure 1a, Table 1) and
the “Vdara” building in Las Vegas (Table 1), which obliged the owners to either modify
the façade or change the previously programmed use of the surrounding area in order to
provide for costly subsequent mitigation and unplanned mitigation measures [24].
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Figure 1. (a) “Walkie-Talkie” Building, London, UK [25]. (b) Walt Disney Concert Hall,
Los Angeles, USA [25].

Table 1. Comparative analysis of the cited buildings.

Name of the Building
Façade

Material
Building

Geometry
Effects on the
Surroundings

Mitigation Strategies
Applied

20 Fenchurch
Street-London, UK

(Figure 1a)
Laminated glazing Concave, single

curvature

Reported focused solar
radiation spot at pedestrian
level six times higher than

direct sunlight

External fins and
shading systems

Vdara Building-
LasVegas, USA Reflective glazing Concave, single

curvature

Reported raised
temperatures in the

surrounding areas and
sunburns on

pedestrian bystanders

Application of
nonreflective solar
films on the façade

Walt Disney Concert
Hall-Los Angeles, USA

(Figure 1b)
Stainless steel panels Multiple double

curvature surfaces

Multiple disabling glare
sources, melted asphalt
pavements due to the
concentrated sunlight

Diffuse and
satin-finishing of

surfaces

A further representative example is the Walt Disney Concert Hall in Los Angeles
(Figure 1b, Table 1), in which the freeform façade cladding in polished metal was responsible
for glare and concentrated solar radiation phenomena. The latter caused the asphalt-
covered pavement around the building to melt. A measurement campaign for temperature
monitoring around the building recorded a 150 ◦C temperature over a piece of painted
black foam core blackboard used as a reference absorber [19].

Concentrated irradiance is reported as a source of possible damage for all plastic or
temperature-sensitive surfaces, which may experience localized melting or burns [26]. As
a reference, we report that a minimum value of 8000 W/m2 and 10 min of continuous
exposure is needed to ignite common combustible materials, although autoignition is
possible, depending on the material, only for values between 16,000 and 25,000 W/m2 [27].
User comfort boundaries are included under lower values of the irradiance threshold. For
short term exposures, but longer than the safe exposure time limit, which is 10 min, a
radiation exposure of 1500 W/m2 is considered a source of strong thermal discomfort. On
the other hand, 2500 W/m2 is considered the maximum value for people’s safety [28] with
a maximum exposure of 30 s [28]. The presence of clothing can contribute to mitigating
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this effect by allowing higher exposures times. A secondary effect related to the user’s
experience of the space, the risk of accidental damage due to direct contact with individual
urban surfaces increases as their general or localized temperature increases.

Only a few cities have implemented measures that are prescriptive for the reflectance
properties of the building surfaces. The city of Sydney applies a limit of 20% maximum
reflectance for all the façade materials [29], and the same limit is implemented by the city
of Hong Kong [30]. The planning strategies [31] mainly focus on reducing glazing areas or
reshaping the texture of building surfaces to avoid any interference with the surroundings.
In the literature, different approaches were tested to provide an adequate assessment of
the effect of the solar radiation at the local and urban scale, but at present, there are no
universally accepted criteria for the assessment of the maximum tolerance for reflected
solar radiation affecting urban areas [28]. An experimental campaign aiming at testing the
response of users exposed to glare found that users tend to be more tolerant to visually
uncomfortable scenes while resting in an outdoor environment and performing no task
or simple tasks, such as reading. Under these conditions, the subjects evaluated the glare
conditions between perceptible and disturbing [32].

Reflected sunlight is in some ways unexpected due to its dependency on a scenario
that is generally complex and the additional strict dependency on building geometry [33].
The definition of the right-angular optical properties of the involved surfaces [32] is also
critical. The general approach leads to simulations created with dedicated software, but
the results are unreliable when the accuracy of the surroundings, or of the building model
itself, is not adequate.

Typically, simulations are performed during the early design stages, considering only
the building masses and overlooking the presence of some façade details. Simplifications of
the model are generally performed to retain simulation times within a limit of acceptability.
How the building and its surroundings are simplified can strongly affect the results [34].

Raytracing methods can be used for caustics evaluation and identification of the
Reflection Glare Area (RGA) [35]. The main limitation of the computational approach
lies in the computing power and the level of detail requested for the model [36]. Custom-
made tools are a solution to effectively include the geometry of the buildings and the
optical reflectance properties of the material through the use of bidirectional reflectance
distribution functions (BRDF) [22].

Experimental procedures refer to direct analysis of the scenario with High Dynamic
Range (HDR) imaging of samples of exterior glare and a post-process digital analysis
through a bespoke MATLAB tool [32] to identify glare sources within the context. Some
other researchers have tested scale models of buildings with standardized geometries
and surface materials able to redirect or concentrate the solar radiation. This is the case
in [37], which tested cylindrical, concave, and triangular glass curtain walls, assessing
the peak shift and the intensity of the solar radiation on their surroundings due to the
building geometry.

The Boundary Reflection Area (BRA) was already proposed as a performance index
for the reflection glare [38]. This approach neglects the reflectance of the building surfaces
but identifies the type and the possible dimension of the region over which the reflected
radiation impacts. This region, as an example of a standard test cubic building, presents
a characteristic butterfly shape. All the reflections occur with the movement of the sun
at the horizon. A forward-sloping façade between 10◦ and 20◦ can reduce the BRA, but
determines an increase in the possible sun positions that can cause glare.

Other experiments were conducted with pure reflective surfaces resembling concave
building geometries, trying to understand the effect of different parameters on the caustics.
The variables considered in this study were building height, width, the radius of curvature,
orientation, sun elevation, and azimuth angles [39]. The research aimed to test mathematical
correlations, derived from optics, with simulations using precision software [40,41] and
scale models [39].
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However, as the critical review by Danks et al. evidenced [28], most of the literature
focused on glare issues and general visual comfort [32,42,43], with limited investigation
of the solar irradiance levels at the pedestrian level in front of tall buildings. While
measurements have been performed for some case studies, these were usually carried
out for a single building, without comparison between different design scenarios. A
comprehensive raytracing modelling campaign by Wong assessed different buildings, but
did not consider some of the geometries that lead to solar concentration [44].

Additionally, numerical modelling techniques are still in need of improvement [27],
probably due to issues in the representation of the diffuse fraction of solar radiation in
raytracing models, angular properties of materials, or a combination of these factors.

Yet, no systematic study compares the influence of building shape and material beyond
some modelling attempts that require validation.

It is therefore important to provide the designers with a clear overview of the problem
and its intensity in a way that prevents general errors during the early design stages and
guides a detailed analysis that will reduce the risk of future local environmental problems
that can lead to extra costs after the construction [45]. Therefore, the objectives of this
research are to:

(i) quantify the solar concentration (expressed in units of sun or suns) at the pedestrian level
in front of archetypes of tall buildings with diffuse and specular reflective facades;

(ii) identify the archetypes at risk of causing excessive solar concentration and harming
pedestrians; and

(iii) devise a measurement protocol that can be used to quantify shortwave radiative
impacts (and solar concentrations) in real buildings, to assist in the identification of
the need for façade retrofits and dispute resolution.

2. Methodology

This paper presents the measurement process and the results obtained during the
experimental campaign carried out in order to investigate the effects of reflections due
to sunlight for three standardized types of skyscrapers’ geometries with two different
façade finishings. The cases studied have been defined based on the preliminary review
carried out.

The three geometries identified as representative typologies are:

• Vertical planar façade;
• Planar façade with 10% of vertical tilt;
• Curved concave façade (with a curvature radius of 60 meters, rescaled then at model scale).

In addition to the geometries, two façade finishings were analyzed which represented
two possible extreme (worst- and best-case scenario) behaviors (detailed description in
Section 3.1): specular and scattering.

2.1. The On-Site Measurements
2.1.1. Experimental Scenario

The experimental tests were carried out in Milan, Italy (45◦28′45.713′′ North–9◦13′47.937′′ East,
121 m above mean sea level) on an unobstructed rooftop of a university building, equipped with a
complete weather and radiometric station.

The experimental set-up consisted of a 6 m × 1.5 m (Figure 2) grey coated work plane
placed at 1 m height (over the building roof). The dimension of the plane and optimal
measurement grid was defined using preliminary hourly simulations (with Rhinoceros
5.0 [46] and Grasshopper [47]), considering forward raytracing algorithms and Fresnel
geometrical reflections. The grey matte base (albedo = 0.36) was selected for the plane as a
representative mean reflectance of urban albedo.

143



Sustainability 2022, 14, 5781

Figure 2. (a) 6 H × 1.5 H measurement plane (H is the height of the Skyscraper model that in the
presented experiment is equal to 1 m) with measurement positions. (b) Moveable albedometer
(CMA11) with Datalogger. (c) Pyranometer CM21 and CM22 are part of the weather station that
provides undisturbed reference values. (d) Pyranometer CM6 with shadow-band that provides
undisturbed reference values.

Based on the results obtained from the preliminary analysis, the positions of the
measurement points were defined with a double construction: the points were placed
in the intersection between a radial subdivision (relatively 20◦ and 22◦ in the external
part and 24◦ in the central part) over a circumferential construction (relatively with a
radius of 100 cm, 75 cm, 50 cm, 33.6 cm, 22.5 cm), as shown in Figure 2. This approach
allowed the identification of the behavior of both diffuse and specular reflectors for the
three geometries. Furthermore, this configuration allowed the evaluation of the impact of
the façade on possible relevant context areas close to the building model, such as squares,
streets, and adjacent buildings.

2.1.2. Scale Models

In order to assess the increment of solar radiation generated by tall building solar
reflection, three skyscraper scale models were built based on a review of contemporary
skyscraper dimensions and shapes [35,41,45,48].

The 1:100 scale models were 20 × 50 × 100 cm parallelepiped-shaped wood structures
with white diffusive finishing, except for the front façade surface which could be replaced
according to the required analysis. Other authors have proposed another similar reference
model in a virtual scenario [35], where four buildings (with concave, convex, angular, and
planar geometries) with a façade dimension of 100 × 40 m were considered representative
(Figure 3).
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Figure 3. (a) Three skyscraper scale models with reflective film as a finishing surface. (b) Concave
skyscraper scale model with white scattered film as a finishing surface.

Two finishing materials were selected for the front changeable façade: a white scat-
tering diffusing surface and a specular reflective material, which are representative of the
extreme cases in façade applications.

These case study geometries permitted the investigation of the reflection phenomenon,
during a clear summer day, for three characteristic tall building shapes.

2.2. Experimental Sample Material Properties

To identify the adequate façade diffusive and specular materials for the tests, differ-
ent white finishing paints and mirror films were measured to find their relative spectral
reflectance values. Two of them with similar solar reflectance values were selected for the
experiment to ensure the differences were due to variations in their optical angular behavior
and not in their total reflectance. A Perkin Elmer Lambda 950 Spectrometer was used (for
wavelengths between 250 and 2500 nm) according to UNI 14500 [49], and the values were
post-processed following the ASTM E903 [50] procedure. Figure 4 shows the results of the
measurement procedure for the selected materials used during the experimental campaign.

Figure 4. Spectral and computed solar (sol), UV, visible (vis), and near-infrared (nir) reflectance
of the diffusive materials and specular film. The measurements are repeated for total (R tot) and
specularity-excluded (R Spex) reflectance.

As a scattering diffuse surface (Figure 4, blue line), a typical white painting with a solar
reflectance equal to 0.86 was chosen. It showed a typical spectral curve of light-diffusive
materials. The specular surface selected was a metallized mirror-like (especially for high-
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reflectance angles) polyester film (Figure 4, red line) that had a mean of 0.85 as its solar
reflectance value. From a preliminary qualitative analysis, not having the possibility to
perform complete BRDF for the material under analysis through the comparison of the
reflectance curves (total and specular excluded), we can say that the specular component
remains predominant regardless of the angle of incidence, although we cannot state this
with certainty.

With the aim of preliminarily evaluating if the mirror film is perfectly reflective, the
specular excluded reflectance was measured. Analyzing the obtained results, it is possible
to highlight that 95% of solar reflectance is due to a specular component. Both finishing
materials presented almost the same integral value of solar reflectance, and the choice was
intentional to compare the results of solar radiation insisting on the surroundings under
different reflective behavior of the building models.

Figure 4 also shows both total and specular excluded reflectance of the background
plane used. This grey surface was selected because it represents the standard urban surface
with an albedo of 0.35 [51–53].

Instruments and Measurements Procedure

Three different sets of instruments (some of which were from the weather station
placed next to the measurement site) were used:

• An albedometer (CMA11 by Kipp & Zonen), with data recorded by an M-Log logger
(by LSI) placed over a specific plastic support, was used to measure solar irradiance in
different positions over the test plane (Figure 2b). The CMA11 is a secondary standard
albedometer with a maximum solar irradiance value equal to 4000 W/m2 and 5 s of
response time.

• CM21 and CM22 pyranometers (by Kipp Zonen) were used to measure the undis-
turbed solar irradiance and calibrate the albedometer.

• A CM6 pyranometer with a shadow-band was used to measure the diffuse component
of solar radiation.

• A thermal infrared camera was used to verify the temperature increase on the plane
due to reflections.

All the measurements were carried out in one week in order to have similar sun
position and radiation values. The survey was performed during a typical Italian summer
clear-sky day, from the 19 to the 25 of September, during the daylight hours from 9 a.m.
to 6 p.m. with a maximum solar elevation of 46.04◦. The measurements were taken
under equal solar diffuse fraction, namely with the same diffuse/global ratio during the
same hour.

The Unit of Sun (UoS) was defined as a normalized value describing the ratio of the
reflected irradiance over the ambient solar irradiance measured on the horizontal surface
on the top of the scaled building mock-up, as defined in [34].

A total of 54 scenarios were measured, combining the three building geometries with
the two previously described alternatives for the façade finishing material.

During each measurement session, the solar irradiance values in the 14 points over
the plane were measured, moving the albedometer every minute (so that the measure-
ment readings could be considered as stable) and over each position. Data acquisition
time depended on the instrument response time lag and sky conditions. Tmeasurement
sequence, namede with with progressive letters; start from the acquisition of undisturbed
solar radiation (above the skyscraper), passing through the points over the measurement
plane and concluding with a vertical solar irradiance. All the geometries and materials
have been analyzed with the same procedure, as previously explained. All the recorded
values were compared with the ones gathered from a reference weather station located on
the same floor of the measurement plane.
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2.3. The Simulations Workflow
2.3.1. The Façade Material Benchmark

The optical performance of glass is typically angular; namely, it depends on the
angle of incidence of radiation that hits the surface. In general, and for incidence angles
α < 60–70◦, the visible solar transmittance of a single or double glass is close to the value
measured for a normal incidence (α = 0◦). For angles of incidence above this threshold, the
transmittance value decreases, while the reflectance increases exponentially.

In order to understand how representative the choice of a highly reflective finishing
was for our building model, the yearly high solar reflectance behavior of a typical glazing
façade made with a Double-Glazed Unit (DGU) was evaluated.

Two types of glass were selected to describe two common DGUs that could be installed
in a new skyscraper building in accordance with its optical and energy needs (Table 2). The
two selected materials also allowed us to evaluate the extreme behaviors that could include
all the possible causes related to intermediate properties of systems and components. The
selected DGUs included one with high reflectance and solar control properties, penalizing
light transmission properties, and a second DGU with good solar control values and a high
selectivity index.

Table 2. Solar and visual properties of the Double-Glazed Units (DGUs) selected as a reference for
our analysis, considering solar transmission (τs), solar reflectance (ρs), and visual transmittance (τv).

Description Code τs [%] ρs [%] τv [%]

High Reflective Sun Control_DGU HR_SunC 9.9 53.3 15.1
Selective_DGU SEL 31.6 23.9 66.5

In Figure 5, the angular solar transmittance and reflectance properties are reported
for the DGUs listed in Table 2. The values were computed using LBNL WINDOW 7.7 [54].
The normal reflectance value of the HR_SunC case was approximately twice that measured
for the Selective (SEL) DGU. For high incidence angle of solar radiation (i.e., >70◦), the
percentage increases of the reflectance of the two analyzed DGU types are comparable,
regardless of whether the two measured reflectance values at normal incidence (ρs) are
very different.

Figure 5. Angular solar transmittance—τs (a) and angular solar reflectance properties—ρs (b) of a
selective (SEL) and High Reflective Sun control (HR_SunC) double glass unit. On the x-axis, the
incidence angle α is reported.

2.3.2. A Parametric Analysis Script for Unwanted Reflections of a Glazed Façade

Regarding the above considerations (Section 2.3.1) on the variation of the optical
performance of transparent systems, a parametric script was developed in Rhinoceros
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5 [46] within the Grasshopper [47] environment to evaluate the probability of occurrences
of unwanted solar reflection phenomena for a generic curtain wall surface. The script
considered: the variability of the site (latitude/longitude); the orientation of the building
masses; and the slope of the surfaces [55].

The script considered the solar rays as vectors to reduce calculation time, allowing
a comprehension of the number of rays that hit the surface. The script was based on the
following hypotheses:

• Every “solar ray” represents the sun’s position in the middle of each sun hour of radiation;
• A quad mesh subdivision of the building mass surface was used in order to replicate a

realistic building façade panelization, made through the use of discrete glazed elements.

The working flow proposed (Figure 6) lists the incident solar rays coupled with the
related normal vector of every mesh tile. This approach allowed the script to correlate the
initial vector list with the angular degree, excluding (by the use of filters) the portion of
rays not required, based on the designer criteria.

Figure 6. Grasshopper script workflow.

The parametric model defined is capable of parsing sunrays incidence angles based
on their inclination for each surface normal vector. The system creates a virtual circular
radiation cone (Figure 7a), with its vertex on the surface’s central point and a perpendicular
orientation to the face.

Figure 7. (a) The extent of the radiation cone that has a lower probability of creating unwanted solar
reflections. (b) The model for evaluating the incidence solar radiation angle. (c) Representation with,
highlighted in red, the hourly annual solar positions that have the maximum probability of creating
unwanted reflections.

Such geometry allows the control of the cone angle by increasing or reducing the
number of rays hitting the surface beyond a certain degree. As shown in Figure 5, an angle
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between 70◦ and 90◦ could generate reflected radiation on the surroundings. Considering
this, the scripts can directly provide the number of hours over the entire year in which a
mesh tile has this behavior (Figure 7c).

For every mesh tile, a virtual circular cone of a certain amplitude, based on the glass
properties, was created in its center. The cone represents the solar rays filter; in this way, it
is possible to visualize the number of vectors between 90◦ (the tile plane) and the angle α

of the cone.
The generic incidence angle of the solar radiation over the surface was evaluated in

accordance with [56], using the following equation (based on Figure 7b):

tan(α) =
tan(αs)

cos(Δγ)

where:

• (α) is the incidence angle;
• (αs) is the hourly solar altitude; and
• (Δγ) is the difference between the hourly solar azimuth (γs) and the azimuth of the

surface normal (γ), both measured from the South.

Based on the geographical location and orientation of each mesh, the script can
evaluate the entire spatial distribution of solar rays hitting the interested surfaces over
a year. Complex façade geometries and double-curved envelopes can potentially create
over-shadowing effects, hiding a façade portion from solar rays, because of the coverage of
part of the sky vault.

The parametric script (Figure 8) provides a double filter level which excludes from
the analysis all the rays screened by the obstructions and the ones out of the portion of
the skydome seen by each analyzed surface. Once the filtering has been performed, it is
possible to retrieve the amount of the reflected radiation by using the radiation cone.

Figure 8. Example of the parametric script developed in grasshopper.

3. Results

3.1. Experimental Measurements

The experimental measurement presented in the following section is a part of the
entire measurement campaign carried out and completely reported in Appendices A–F. In
order to present the recorded value in a comparable way the undisturbed values recorded
by the weather station will be taken as reference.

The 25th of September had almost a completely clear sky condition; during the other
two days, some atmospheric turbidity was present in the central part of the day (Figure 9b).

Tables 3 and 4 and Appendices A–F include all the irradiance values recorded for the
registered interval and for the points that were selected as representatives to describe the
magnitude of the solar radiation over the surroundings of each model.
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Figure 9. (a) Test site plan view (Politecnico di Milano, Nave Building) with September sun path.
(b) Global horizontal radiation during test days (19, 21 and 25 September).

Table 3. Reflection for flat façade models: preliminary analysis and measurement results for 10:00,
13:00, and 16:00. For each point and in bold: the measured value (Meas.), the non-disturbed measure
(N.d.Meas), the Unit of Sun (UoS), and the time (Time) of the measure. All the measurements are
shown in Appendix B. In grey the measurements points within the solar reflection area.

Flat Reflective Façade

Meas.
[W/m2]

N.d.Meas UoS Time

[W/m2] [-] [hh:mm]

A 406 410 0.99 10:00

B 422 413 1.02 10:01
C 754 416 1.81 10:02
D 431 420 1.03 10:03
E 467 422 1.11 10:04

F 445 424 1.05 10:05

G 444 424 1.05 10:05

H 450 428 1.05 10:06

I 458 428 1.07 10:06

L 439 431 1.02 10:07
M 870 434 2.00 10:09
N 441 439 1.01 10:10

O 438 442 0.99 10:11

h. 10:00

P 437 446 0.98 10:12

h. 13:00 Meas.
[W/m2]

N.d.Meas UoS Time

[W/m2] [-] [hh:mm]

A 693 686 1.01 13:06
B 1321 687 1.92 13:07
C 705 685 1.03 13:08

D 698 685 1.02 13:09

E 694 685 1.01 13:10

F 708 684 1.03 13:11

G 711 684 1.04 13:12

H 691 685 1.01 13:13

I 697 686 1.02 13:14

L 686 681 1.01 13:15

M 685 676 1.01 13:16

N 704 676 1.04 13:17
O 1327 683 1.94 13:18
P 1374 684 2.01 13:19
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Table 3. Cont.

Flat Reflective Façade

h. 16:00
Meas. [W/m2]

N.d.Meas UoS Time

[W/m2] [-] [hh:mm]

A 462 456 1.01 16:14

B 481 452 1.06 16:15

C 468 452 1.04 16:15

D 486 449 1.08 16:16

E 455 449 1.01 16:16
F 782 446 1.75 16:17
G 428 441 0.97 16:19
H 635 441 1.44 16:19
I 453 439 1.03 16:20

L 445 438 1.02 16:21

M 442 434 1.02 16:22

N 440 428 1.03 16:23

O 440 428 1.03 16:23

P 435 428 1.02 16:24

Table 4. Reflection for curved façade models: preliminary analysis and measurement results at 10:00,
13:00, and 16:00. For each point and in bold: the measured value (Meas.), the non-disturbed measure
(N.d.Meas), the Unit of Sun (UoS), and the time (Time) of the measure. B_2 was introduced to better
characterize the reflection next to the façade. All the values are shown in Appendix F. In grey the
measurements points within the solar reflection area.

Concave Reflective Façade

h. 10:00
Meas. [W/m2]

N.d.Meas UoS Time

[W/m2] [-] [hh:mm]

A 341 350 0.98 9:35

B 370 365 1.01 9:40

B_2 375 367 1.02 9:41

C 394 367 1.07 9:41
D 450 371 1.21 9:42
E 419 374 1.12 9:43

F 396 377 1.05 9:44

G 395 377 1.05 9:44

H 404 379 1.07 9:45

I 409 381 1.07 9:46
L 422 383 1.10 9:47
M 464 386 1.20 9:48
N 389 388 1.00 9:49

O 386 390 0.99 9:50

P 384 390 0.99 9:50

h. 13:00
Meas. [W/m2]

N.d.Meas UoS Time

[W/m2] [-] [hh:mm]

A 689 678 1.02 12:42
B 1286 677 1.90 12:43

B_2 1521 678 2.24 12:44
C 696 678 1.03 0:00

D 680 677 1.00 12:45

E 694 679 1.02 12:46

F 701 683 1.03 12:48

G 702 684 1.03 12:49

H 696 686 1.01 12:50

I 713 689 1.03 12:51

L 701 688 1.02 12:52

M 687 684 1.00 12:53

N 718 684 1.05 12:54
O 1103 683 1.62 12:55
P 812 683 1.19 12:56
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Table 4. Cont.

Concave Reflective Façade

h. 16:00
Meas. [W/m2]

N.d.Meas UoS Time

[W/m2] [-] [hh:mm]

A 547 533 1.03 15:37

B 554 530 1.05 15:38

B_2 557 530 1.05 15:38

C 540 524 1.03 15:39

D 557 524 1.06 15:39
E 719 524 1.37 15:40
F 1237 524 2.36 15:40
G 522 523 1.00 15:41
H 653 523 1.25 15:41
I 571 522 1.09 15:42

L 534 522 1.02 15:42

M 531 519 1.02 15:43

N 531 519 1.02 15:43

O 533 518 1.03 15:44

P 527 517 1.02 15:45

Experimental measurements showed a significant increase in solar irradiance values
due to solar reflection, both for specular and scattered materials. For all the geometries,
the irradiance values were strictly connected with the façade shape and measurement
position. With the white scattering surface, it is possible to notice an overall increase in
solar irradiance depending on the distance between the measurement point and the scale
models. No significant variations were observed with a change in the geometries of the
building models, meaning that for the scattering material, the only significant variable is
the distance from the façade.

The analysis of the specular reflective surface showed a completely different pattern.
Indeed, outside the reflection area, all the geometries show values equal to the undisturbed
one, while inside the reflected area the values recorded are up to five times greater than
the solar radiation on the horizontal plane (façade with a concave geometry presented in
Table 4).

Considering the concave surface, this unique building geometry concentrates the
reflected sunlight in a small focal point characterized by a strong increase of perceived
light (Table 4) and of surface temperature intensity, which can only be estimated due to the
nature of the urban environment that is also influenced by the surface’s thermal mass, solar
absorbance, and emissivity, such as transient local parameters (such as wind velocity and
water presence, as in [28,34]).

Indeed, for the flat and 10% tilted façade, the values doubled the undisturbed solar
irradiance for the concave shape. This was due to the Fresnel effect on light reflections,
which is greater than five times in the focal point (no precise value has been measured, as it
was higher than the full scale of the Table 4. For this reason, Tables 3 and 4 show the results
obtained for the flat reflective and the concave reflective façades in three parts of the day.

Compared to scattering material, where the solar irradiance curves at ground level
and presents a flat upward shift with respect to horizontal irradiance, for high specular
material, it is possible to notice peaks depending on the measurement points and solar
position. For the flat reflective façade and in every analyzed position (Figure 2a), a peak
value between 1200–1350 W/m2 was reached during different hours of the day, and a result
was obtained that is two times more than the measured horizontal irradiance (Table 3).

Curved façades behave like a solar concentrator, generating reflection tracks and high
irradiance values on the ground. Inside the reflection path, the irradiance values exceed
40–60% of the undisturbed radiation values, while on the shape edges it is possible to reach
100–130% higher irradiance values. The critical area for collector shapes is the focus; near
the focus the irradiance value can reach 1800–2200 W/m2 compared to the global horizontal
irradiance of 650–700 W/m2. Inside the focus, values higher than 3000 W/m2 have been
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reached, and at noon, the instrument limit (4000 W/m2) was overtaken, implying that it
reached values far above this threshold. Table 4 shows different light-track geometries and
the respective recorded values for each measurement position.

Figure 10 shows a comparison, assuming the same type of façade (flat) and same mea-
surement position, between the scattered and the specular façade materials. In Figure 10a,
it is possible to see that during the day, the increase of reflectance of the scattering material
is affected by the distance from the façade. However, in Figure 10b, it is possible to see
that regarding the specular material, when the measurement point is inside the reflected
area there is twice the irradiance. When outside, the values are the same as those of the
undisturbed one.

Figure 10. Time-dependency value of solar radiation for five measurement points (A, B, C, M, N) for
scattering (a) and specular (b) planar façade geometry (21 September).

The use of the selected light-diffusing material shows radiation values constantly
increasing in all the directions around the building model with an intensity that changes
only in relation to the distance from the façade (the measured peak is ~133% at 15 cm
distance from the façade, equivalent to a H/D ratio of 6.66 in a real building scenario and
in which D is the Distance from the façade and H the Height).

Regarding the reflective materials, the behavior of the three geometries is completely
different. For the flat geometry, the value of solar irradiance in the reflected area reached
a peak of ~200%; while outside of the “reflection zone”, the values were almost similar
to the irradiance measured on the horizontal plane. The curved façade can have an easy
prediction of the caustic shape. The curvature of the façade itself must be adequately large
to reduce the intensity of the solar radiation in the focal point, otherwise, the extent of the
reflective or specularly reflective façade material should be reduced. The behavior of the
10% tilted flat geometry is similar to that of the flat vertical one, with a similar shape of the
reflected area, but with less extension from the building façade (due to its 10% inclination)
and radiation values inside that are slightly higher. The convex curved geometry produced
a focal point in which the solar irradiance reached values higher than ~300%.

Some authors [57] suggest the use of alternate finishings on the façade, or different
materials to avoid reflections problems over the pedestrians. A standard geometry building
facing an urban canyon was considered as the reference example. In this case, the use of
reflective materials under the fourth floor was discouraged, while the use of retro-reflective
or purely diffuse materials was suggested.

A further measurement carried out was thermography. Thanks to these measurements,
it was possible to indirectly identify the temperature reached by the surface (with the grey
coating shown in Figure 4) due to reflection. With this approach, it is also possible to
identify the behavior of the concave façade from a quantitative point of view, as shown in
Figure 11. In the focus of the parabola, describing the geometry of the parabolic façade,
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a severe concentration of solar radiation is present, but on a very limited portion of the
surrounding plane. A zone in which the surface temperature considerably exceeds the
reference of the temperature scale, set at 100 ◦C, is clearly identifiable. The distribution of
temperatures in the other cases examined is uniform over a larger area of reflection and
with values between 60 and 80 ◦C. The surface temperature results for the curved vertical
façade are comparable with the literature findings.

Figure 11. (a) The reflection shapes (photo on the top and thermography on the bottom) of the
skyscraper scale model with a flat vertical façade coated by the reflective film. (b) The reflection
shapes (photo on the top and thermography on the bottom) of the skyscraper scale model with a
flat 10% tilted façade coated by the reflective film. (c) The reflection shapes (photo on the top and
thermography on the bottom) of the skyscraper scale model with a curved vertical façade coated by
the reflective film.

3.2. Simulated Frequency Distribution of Solar Reflection Occurrences: Hourly Annual Distribution

Among the results of the preliminary assessment of the building masses, and ob-
tainable through the developed script, it is possible to derive a temporal evaluation of
the hours and days during the year in which a generic façade glazed tile and part of the
façade meshes are likely to be subject to phenomena of reflection and/or concentration
of solar radiation. This can be considered a preliminary risk assessment that depends on
geometry, latitude, longitude, and orientation. The following results are exemplificative of
the potential risk of a glazed vertical façade module.

The analysis was carried out to determine all the possible angles of incidence of solar
radiation that annually can insist on a building with a flat vertical façade facing South (S),
East (E), or West (W), in addition to the two intermediate positions, South-East (SE) and
South-West (SW). This model is representative of one of the test cases analyzed during the
experimental campaign. This hourly analysis was developed considering the latitude and
longitude of Milan.

A representative hourly annual distribution of the solar reflection occurrences is
presented in Figure 12 for the South-exposed façade.
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Figure 12. Annual hourly distribution of the incidence angles of the solar radiation over the façade of
the classical vertical South-oriented skyscraper model.

In the following carpet graph, the different days of the month are reported on the
x-Axis and the different hours of the day on the y-Axis. It is then possible to highlight that
the first and the last hours of the day during the winter months are critical, and particular
attention must be paid to the central hours of the day during the summer months when the
incidence angles distributions are greater than 80◦.

In general, we considered the 70◦ angle of radiation incidence as a threshold that
could generate negative phenomena of concentrated reflection of solar radiation on the
surrounding context. Since the facade of the building model considered is planar and
vertical, it is possible to assume that each module of the facade, i.e., each portion of it, has a
uniform and homogeneous behavior, respecting the previously identified rules for possible
unwanted reflections.

Table 5 shows the incidence angle frequencies compared to the total number of hours
of light during the year. The results show that the phenomenon is not negligible, since it
afflicts the façade of the building between 22% and 28% of the time, in the same way. We
note that the most critical exposure for this type of façade geometry is South, followed by
the East (or West), and finally the couple SE/SW. Other façade geometries and alternative
locations could lead to different distributions of the angles of incidence, increasing or
decreasing the number of critical hours.

Table 5. Percentage of solar radiation incidence angles per orientation over the flat façade of the
vertical building. The percentages are related only to sunlight hours.

Incidence Angle α of the Solar Radiation Per Orientation—Flat Vertical Façade

α E/W SE/SW S

α < 50◦ 51% 42% 34%
50◦ < α < 60◦ 15% 22% 16%
60◦ < α < 70◦ 11% 15% 21%
70◦ < α < 80◦ 8% 11% 16%
80◦ < α < 85◦ 10% 5% 7%
85◦ < α < 90◦ 5% 5% 6%

Total > 70◦ 23% 21% 29%

3.3. Simulated Frequency Distribution of Solar Reflection Occurrences: Spatial Surface Distribution

In case of any complex façade surfaces, and for every single mesh, which describes
the panelized surface of the generic building mass, the number of hours per year, or the
possible occurrences of unwanted reflection, they can be represented using a false color
scale. The model is simplified, not considering the solar deflection of the glass, which could
modify or amplify the occurrence of the phenomenon.

Unlike the analysis presented in the previous section, it is not possible to know which
hours and periods of the year unwanted reflections phenomena occur. However, it is
possible to identify which portions of the building mass surface are characterized by the
highest number of negative occurrences. The script, in this case, was therefore used as a
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pre-assessment of the proposed geometry, favoring the designer’s activity in suggesting
possible variations to provide effective proposals for the modification of the geometry
during the design phase or to provide local treatments to mitigate the effects.

Therefore, it is possible to make qualitative deductions comparable to the following:

• In the southern-exposed facades with parabolic sections, the possibility of negative
effects becomes greater while moving away from the geometric focus of the parabola
that describes the surface (Figure 13a);

• In the case of east-facing exposed parabolic surfaces, the area that is close to the focus
of the parabola seems more critical (Figure 13b).

Figure 13. (a) Building mass with a parabolic façade facing South. (b) Building mass with a parabolic
façade facing East. Both buildings are located in Milan.

Further developments will be the subject of analysis in future publications, in which
the script will be expanded in its possibilities of use.

4. Discussion

Our results quantify the risk of solar concentration posed by buildings with specularly
reflective facades, especially with a concave façade geometry facing the equator. A single
high rise building with a flat diffusive façade with an albedo of 0.86 (i.e., an unsoiled white)
causes an increase of the incident solar irradiance on the ground by a maximum of 20%
(i.e., 1.2 suns at pedestrian level). This is still a significant increase, although the hardware
model represents a worst-case scenario, without windows or overhangs.

As in [16], if we consider a building of indefinite length, we can compute the fraction
of incident radiation that returns to the sky, which is 36% for a Lambertian wall and
pavement with albedo equal to 0.60 and 0.20, respectively. In our case, the fraction of solar
radiation returning to the sky was 58% [computed as 0.86 wall albedo × (0.5 sky view
factor + 0.5 ground view factor × 0.36 ground albedo)]. Levinson et al. computed that a
retro-reflective wall with albedo of 0.60 increases the solar radiation escaping the city to
55% (with a Lambertian street pavement with albedo = 0.20) [16].

Instead, the mirror-like finish, both in the flat and concave configuration, leads to peak
irradiances reaching the ground, even three times the incoming irradiance (i.e., 3 suns).
This does not approach the degree of solar concentration achieved by Fresnel reflectors
designed for high concentration photovoltaics [58], which can exceed 1000 suns. However,
local effects and some polished metal cladding might achieve higher values than those
we measured, possibly approaching the 25–50 suns of the early developments in solar
concentration PV [59]. Indeed, the façades of buildings might perform as modular Fresnel
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lenses. Therefore, our results do not constitute a worst-case scenario, but rather a realistic
scenario of downward reflection of solar radiation with a specularly reflective façade.

Some authors [57] suggest the use of alternate finishings on the façade, or different
materials to avoid reflection problems for pedestrians. A standard geometry building
facing an urban canyon was considered as the reference example. In this case, the use of
reflective materials under the fourth floor was discouraged, while the use of retro-reflective
or purely diffuse materials was suggested.

Retro-reflective materials have been proposed as a solution. However, like high-albedo
materials [60], they are subject to ageing problems, which decrease their reflectance and
retro-reflection over time. Their performance is almost fully recovered after cleaning only
by prism-type retro-reflectors [61]. However, only a limited number of studies have been
performed on the durability of retro-reflectors. Furthermore, retro-reflectors display the
maximum upward to downward reflection ratios for low angles of incidence [62]. This may
provide a positive performance at sunrise and sunset, but the retro-reflection ratio is limited
to 30–50% during peak hours. Therefore, the application of retro-reflective materials cannot
be a panacea for solving careless design. Much attention has been paid in the literature to
the potential negative effects on thermal comfort of pedestrians that would be produced by
high-albedo diffusely reflecting walls [11,12], while the solar concentration produced by
specular reflective materials is of an order of magnitude greater, as demonstrated in this
paper and by the empirical evidence from relevant case studies listed in Table 1.

Herein, we argue that outdoor thermal comfort models should be enhanced to repre-
sent the directional components of the reflection of solar radiation. Furthermore, develop-
ment control plans and building codes should include a threshold on solar concentration by
buildings in order to avert a radiatively induced urban heat island. In fact, a review of more
than 220 projects reports a peak ambient temperature reduction by approximately 2 ◦C
when the albedo of an urban area is increased by 0.3 [9]. This also means that decreasing the
amount of solar radiation that escapes the urban canopy layer due to downward reflection
increases the ambient temperature. The ambient temperature increase caused by specular
reflective (glazed) facades is to be determined, but the canyon albedo with specular reflec-
tors and glazed facades is known [63]. If the façade is fully glazed, with a high window
to wall ratio, the canyon albedo is lower than 0.05 with high solar elevations [63], while
it is more than 0.15 with wall albedos of 0.50 (as also documented experimentally [64]).
Additionally, values lower than 0.10 for the canyon albedo are computed when walls are
covered by purely specular reflectors [65]. Therefore, fully glazed facades may decrease the
urban albedo by approximately 0.10–0.15, thus leading to ambient temperature increases
of the order of magnitude of 0.6–0.7 ◦C, based on the mitigation reported in the literature
with increases in urban albedo [9].

5. Conclusions

We analyzed the impact of building geometries and reflection behavior of finishing
materials (i.e., diffuse or specular) on the irradiance values measured at street level. The
three selected representative geometries (curved convex, vertical flat, and 10% tilted flat)
coupled with two different façade materials suggested avoiding caustic curve formation
and that the effect of highly reflective surfaces is perceived differently in accordance with
the distance from the building.

The measurements taken were an example of the two extreme possible behaviors for
approximately Lambertian and specular reflective materials. In a real scenario, the glazing
facade material has a behavior that is not perfectly matching both of the boundaries, but
rather is in the middle. For a high angle of solar incident radiation, its behavior became
almost similar to that of the specular one.

For all these reasons, it is recommended that designers perform a detailed study
of the consequences of the materials used for the building envelope during the design
phase in accordance with the building context to avoid severe comfort and visual issues
in the surroundings of the buildings. In the case of severe impairment, any kind of
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post-construction mitigation strategy could be impossible, inadequately expensive, or
incompatible with the building architecture. All the façades can be critical, and the coupled
effect of the wrong geometry and material choices can magnify glare and solar concentration
problems. For these reasons, all the surrounding areas particularly sensitive to the reflected
light must be carefully identified to understand the impact that reflected sunlight can have
on safety and comfort issues.

Among the alternatives, a speditive evaluation (both in the preliminary and construc-
tion phase) can be performed by using a parametric script to evaluate any surface under
a general orientation only by changing the cone amplitude, as described in Section 2.3.2.
This approach can enhance the design of complex envelopes, providing the possibility to
evaluate the amount of reflected radiation and, indirectly, to know how much energy is
passing through the surface in case of a glazed façade.

The proposed method helps to understand which glazed units can be problematic and
for hour many hours, enhancing the design by developing shading strategies.

Future developments of the test and procedure presented can facilitate the analysis of
other geometries and materials and be applied to shading strategies such as local overhangs,
fins, and external shading systems that can mitigate or exclude critical sunlight reflections,
considering sensitive areas as local constraints.

The relevance of this study concerns two aspects. We evaluated the impact of tall
buildings and their geometry, with the quantification of solar concentration by archetypical
combinations of façade geometry and materials and the identification of a measurement
protocol. This research also sheds light on the need for considering solar concentration in
research on urban overheating. With an increasing use of specularly reflective materials
in the built environment, urban climate models need to embed this capability beyond
what has already been reported in studies supporting the performance analysis of retro-
reflective materials.
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Appendix A. Flat Diffusive Façade

Figure A1. Flat diffusive façade—Experimental setup and measurement points position (Figure 2).

Table A1. Irradiance and Unit of sun per each measurement point over the sample plane. All the
measurements have been performed on the 19 of September with the exception of the underlined
number that refers to the 21 September.

Start
Time

End
Time

MIN
N.d.

MAX
N.d.

A B C D E F G H I L M N O P

[hh:mm] [hh:mm] [W/m2] [W/m2]
The Upper Value Refers to the Measure in Each Point [W/m2] While the Lower

Is the Ratio [-] with the Undisturbed Measure (Unit of Sun)

9:00 9:15 254 294
267 323 310 292 339 337 333 328 333 316 321 338 346 336

1.27 1.21 1.11 1.27 1.24 1.21 1.16 1.17 1.09 1.09 1.13 1.13 1.09

10:00 10:16 420 458
430 521 495 458 504 517 506 490 495 478 483 505 509 492

1.24 1.16 1.06 1.16 1.18 1.15 1.10 1.10 1.06 1.06 1.10 1.10 1.05

11:00 11:17 549 578
556 673 628 585 627 657 640 614 620 600 597 625 625 602

1.23 1.14 1.06 1.13 1.18 1.14 1.09 1.10 1.06 1.05 1.09 1.09 1.05

12:03 12:20 654 676
647 799 753 695 717 748 743 723 732 710 650 711 739 703

1.22 1.15 1.06 1.09 1.13 1.12 1.09 1.10 1.06 0.97 1.06 1.10 1.04

13:02 13:18 546 734
732 895 832 761 773 830 798 754 760 747 749 784 790 755

1.64 1.45 1.27 1.18 1.22 1.13 1.03 1.04 1.02 1.02 1.07 1.08 1.04

14:00 14:16 690 712
695 852 789 727 713 766 732 706 720 713 721 754 761 727

1.20 1.11 1.03 1.01 1.09 1.05 1.01 1.04 1.03 1.04 1.09 1.10 1.05

15:00 15:15 631 656
648 782 720 680 655 696 671 649 667 656 655 684 691 672

1.19 1.10 1.04 1.01 1.07 1.04 1.01 1.04 1.03 1.03 1.08 1.09 1.06

16:00 16:18 510 570
550 656 591 575 527 550 525 512 530 520 535 553 560 540

1.15 1.05 1.03 0.97 1.02 0.99 0.97 1.01 1.00 1.03 1.07 1.09 1.05

17:00 17:17 347 398
374 461 421 420 364 376 356 344 360 361 365 374 378 361

1.16 1.07 1.08 0.94 0.98 0.94 0.91 0.96 0.98 1.00 1.05 1.07 1.03
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Appendix B. Flat Reflective Façade

Figure A2. Flat reflective façade—Experimental setup and measurement points position (Figure 2).

Table A2. Irradiance and Unit of sun per each measurement point over the sample plane. All the
measurements have been performed on the 25 September.

Start
Time

End
Time

MIN
N.d.

MAX
N.d.

A B C D E F G H I L M N O P

[hh:mm] [hh:mm] [W/m2] [W/m2]
The Upper Value Refers to the Measure in Each Point [W/m2] While the Lower

Is the Ratio [-] with the Undisturbed Measure (Unit of Sun)

9:00 9:11 256 279
248 255 263 467 304 282 285 294 297 403 281 281 280 278

1.00 1.02 1.80 1.15 1.06 1.06 1.08 1.09 1.47 1.01 1.00 0.99 0.98

10:00 10:10 416 439
406 422 754 431 467 445 444 450 458 439 870 441 438 437

1.02 1.81 1.03 1.11 1.05 1.04 1.05 1.06 1.02 2.00 1.01 0.99 0.98

11:00 11:11 550 563
540 905 987 557 590 575 575 580 592 572 1099 1075 564 557

1.65 1.79 1.01 1.06 1.04 1.03 1.03 1.05 1.02 1.95 1.91 0.99 0.97

12:05 12:16 653 662
661 1179 1201 657 680 677 676 673 688 675 663 1294 1190 662

1.81 1.84 1.01 1.04 1.03 1.02 1.02 1.04 1.02 1.00 1.96 1.80 1.00

13:06 13:17 676 686
693 1321 705 698 694 708 711 691 697 686 685 704 1327 1374

1.92 1.03 1.02 1.01 1.03 1.04 1.01 1.02 1.01 1.01 1.04 1.94 2.01

14:01 14:1 660 669
672 1290 680 682 667 1242 1259 665 688 677 671 675 684 667

1.92 1.02 1.02 1.00 1.86 1.90 1.01 1.04 1.03 1.02 1.02 1.03 1.01

15:18 15:24 558 565
569 602 576 585 558 1075 565 1309 582 578 573 573 571 563

1.05 1.02 1.04 1.00 1.93 1.01 2.33 1.03 1.02 1.02 1.02 1.02 1.01

16:14 16:23 428 449
462 481 468 486 455 782 428 635 453 445 442 440 440 435

1.06 1.04 1.08 1.02 1.75 0.97 1.45 1.03 1.02 1.02 1.03 1.03 1.02

16:57 17:08 308 334
334 347 339 359 525 314 296 297 462 314 313 310 311 308

1.03 1.01 1.09 1.60 0.97 0.92 0.93 1.46 1.00 1.00 1.01 1.02 1.02
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Appendix C. Flat 10% Tilted Diffusive Façade

Figure A3. Flat 10% tilted diffusive façade—Experimental setup and measurement points position
(Figure 2).

Table A3. Irradiance and Unit of sun per each measurement point over the sample plane. All the
measurements have been performed on the 21 September.

Start
Time

End
Time

MIN
N.d.

MAX
N.d.

A B C D E F G H I L M N O P

[hh:mm] [hh:mm] [W/m2] [W/m2]
The Upper Value Refers to the Measure in Each Point [W/m2] While the Lower

Is the Ratio [-] with the Undisturbed Measure (Unit of Sun)

9:03 9:19 257 302
268 329 311 289 342 340 343 333 329 316 311 328 329 318

1.28 1.20 1.10 1.29 1.26 1.25 1.20 1.16 1.10 1.07 1.12 1.11 1.05

10:00 10:21 426 474
430 534 500 457 500 516 518 499 498 485 482 509 513 490

1.28 1.17 1.07 1.15 1.18 1.18 1.13 1.12 1.08 1.06 1.11 1.11 1.05

11:18 11:33 590 605
595 744 687 614 652 685 674 639 656 638 642 671 678 636

1.27 1.16 1.04 1.10 1.15 1.13 1.07 1.10 1.06 1.07 1.12 1.12 1.05

12:23 12:39 685 702
692 848 798 715 725 795 775 735 745 727 728 771 774 733

1.24 1.16 1.04 1.05 1.14 1.11 1.06 1.07 1.04 1.04 1.10 1.10 1.04

13:00 - - -
- - - - - - - - - - - - - -

- - - - - - - - - - - - - -

14:06 14:51 554 690
686 850 790 735 713 775 735 702 710 699 694 726 730 690

1.23 1.15 1.07 1.04 1.13 1.33 1.24 1.20 1.16 1.12 1.15 1.14 1.08

15:01 15:16 620 630
632 686 720 673 652 702 673 641 648 642 643 675 683 651

1.09 1.15 1.07 1.04 1.12 1.07 1.02 1.03 1.02 1.03 1.08 1.10 1.05

16:01 16:32 425 498
516 646 587 566 524 557 530 443 456 453 468 487 498 463

1.30 1.19 1.16 1.09 1.17 1.14 1.04 1.06 1.05 1.07 1.10 1.14 1.07

17:00 17:13 333 356
340 426 392 395 343 369 351 339 348 348 349 358 363 349

1.16 1.10 1.11 0.97 1.05 1.00 0.97 1.01 1.01 1.02 1.05 1.07 1.04
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Appendix D. Flat 10% Tilted Reflective Façade

Figure A4. Flat 10% tilted diffusive façade—Experimental setup and measurement points position
(Figure 2).

Table A4. Irradiance and Unit of sun per each measurement point over the sample plane. All the
measurements have been performed on the 25 September.

Start
Time

End
Time

MIN
N.d.

MAX
N.d.

A B C D E F G H I L M N O P

[hh:mm] [hh:mm] [W/m2] [W/m2]
The Upper Value Refers to the Measure in Each Point [W/m2] While the Lower

Is the Ratio [-] with the Undisturbed Measure (Unit of Sun)

9:17 9:28 302 328
292 312 509 487 363 337 337 344 346 437 331 332 331 329

1.05 1.68 1.59 1.18 1.08 1.07 1.08 1.08 1.36 1.02 1.01 1.00 0.98

10:20 10:31 469 490
455 494 846 488 526 503 504 508 518 500 906 512 498 492

1.06 1.80 1.04 1.11 1.05 1.05 1.06 1.08 1.03 1.86 1.04 1.01 0.99

11:20 11:31 588 603
581 1155 1113 596 628 616 614 615 627 613 1002 1146 616 605

1.97 1.89 1.01 1.06 1.05 1.04 1.03 1.05 1.02 1.67 1.90 1.02 0.99

12:20 12:31 663 675
654 1292 1337 669 680 696 699 687 697 685 677 1313 1288 680

1.95 2.02 1.00 1.02 1.04 1.05 1.03 1.05 1.03 1.00 1.95 1.91 1.01

13:21 13:32 642 685
685 1229 696 682 686 722 1299 686 702 695 688 708 1314 694

1.79 1.02 1.03 1.06 1.08 1.95 1.01 1.03 1.01 1.03 1.10 1.93 1.02

14:20 14:31 650 657
656 1219 675 675 658 1249 1232 663 676 667 662 669 679 659

1.85 1.03 1.03 1.00 1.91 1.89 1.01 1.04 1.02 1.01 1.03 1.04 1.01

15:27 15:35 540 549
546 976 563 579 551 1159 515 1063 560 554 552 553 558 547

1.77 1.03 1.06 1.01 2.12 0.95 1.95 1.03 1.02 1.02 1.02 1.03 1.02

16:27 16:38 390 411
420 435 421 443 414 709 388 394 411 406 401 399 401 398

1.05 1.02 1.08 1.02 1.75 0.96 0.99 1.04 1.04 1.03 1.02 1.04 1.03

17:20 17:31 248 270
270 288 280 304 456 263 244 244 604 262 263 259 261 257

1.05 1.04 1.14 1.74 1.01 0.95 0.95 2.39 1.05 1.05 1.04 1.05 1.05
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Appendix E. Concave Diffusive Façade

Figure A5. Concave diffusive façade—Experimental setup and measurement points position
(Figure 2).

Table A5. Irradiance and Unit of sun per each measurement point over the sample plane. All the
measurements have been performed on the 19 of September with the exception of the underlined
number that refers to the 21 September.

Start
Time

End
Time

MIN
N.d.

MAX
N.d.

A B B_2 C D E F G H I L M N O P

[hh:mm] [hh:mm] [W/m2] [W/m2]
The Upper Value Refers to the Measure in Each Point [W/m2] While the Lower

Is the Ratio [-] with the Undisturbed Measure (Unit of Sun)

9:28 9:47 335 384
351 413 - 402 373 417 416 412 405 410 395 397 417 419 407

1.23 - 1.18 1.09 1.19 1.18 1.15 1.12 1.12 1.06 1.06 1.10 1.10 1.06

10:26 10:49 494 530
511 604 625 574 530 573 586 575 559 564 543 545 571 573 550

1.23 1.26 1.16 1.06 1.14 1.15 1.13 1.09 1.09 1.04 1.04 1.09 1.09 1.04

11:41 11:57 623 645
618 744 798 725 664 693 731 715 686 693 658 665 694 708 677

1.20 1.28 1.16 1.06 1.10 1.16 1.13 1.08 1.09 1.03 1.04 1.08 1.10 1.05

12:45 13:01 694 708
713 815 841 792 729 754 801 779 734 751 726 720 762 760 692

1.17 1.21 1.14 1.05 1.09 1.15 1.12 1.05 1.07 1.03 1.02 1.08 1.07 0.98

13:30 13:44 716 720
733 865 898 809 741 740 795 773 740 751 739 740 775 780 746

1.20 1.25 1.12 1.03 1.03 1.11 1.08 1.03 1.05 1.03 1.03 1.08 1.09 1.04

14:31 14:46 663 668
669 800 831 746 701 682 734 711 682 690 683 690 720 730 701

1.20 1.24 1.12 1.05 1.02 1.10 1.07 1.03 1.04 1.03 1.04 1.09 1.10 1.06

16:28 16:44 441 476
480 572 576 506 498 447 472 447 432 447 449 456 470 476 458

1.18 1.20 1.06 1.05 0.95 1.01 0.97 0.95 0.99 1.00 1.02 1.06 1.08 1.04

17:30 17:44 262 296
295 341 345 304 314 258 274 256 251 264 273 275 279 282 270

1.13 1.15 1.03 1.07 0.90 0.97 0.92 0.91 0.97 1.01 1.03 1.05 1.08 1.04
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Appendix F. Concave Reflective Façade

Figure A6. Concave reflective façade—Experimental setup and measurement points position
(Figure 2).

Table A6. Irradiance and Unit of sun per each measurement point over the sample plane. All the
measurements have been performed on the 25 September.

Start
Time

End
Time

MIN
N.d.

MAX
N.d.

A B B_2 C D E F G H I L M N O P

[hh:mm] [hh:mm] [W/m2] [W/m2]
The Upper Value Refers to the Measure in Each Point [W/m2] While the Lower

Is the Ratio [-] with the Undisturbed Measure (Unit of Sun)

9:35 9:53 350 397
341 370 375 394 450 419 396 395 404 409 422 464 389 386 384

1.01 1.0207 1.07 1.21 1.12 1.05 1.05 1.07 1.07 1.1 1.2 1 0.99 0.99

10:42 10:55 512 539
517 526 533 1402 865 562 545 544 549 560 608 668 553 536 529

1.02 1.03 2.71 1.67 1.08 1.05 1.04 1.05 1.07 1.15 1.26 1.04 1.00 0.99

11:41 11:56 620 634
631 651 667 690 631 657 650 649 648 663 649 853 1022 647 637

1.04 1.07 1.10 1.00 1.04 1.03 1.03 1.03 1.05 1.03 1.35 1.62 1.02 1.00

12:42 12:56 678 689
689 1286 1521 696 680 694 701 702 696 713 701 687 718 1103 812

1.90 2.24 1.03 1.00 1.02 0.00 1.03 1.03 1.01 1.03 1.02 1.00 1.05 1.62

13:40 13:48 674 682
692 1055 1823 695 689 686 702 1492 686 704 694 687 693 752 1089

1.55 2.68 1.02 1.01 1.01 1.03 2.18 1.00 1.03 1.02 1.01 1.02 1.11 1.61

15:07 15:17 573 601
611 620 627 606 617 602 1095 607 681 623 590 - - 592 -

1.03 1.05 1.01 1.04 1.01 1.85 1.04 1.17 1.07 1.02 - - 1.04 -

15:37 15:44 518 533
547 554 557 540 557 719 1237 522 653 571 534 531 531 533 527

1.05 1.06 1.03 1.06 1.37 2.37 1.00 1.25 1.09 1.03 1.02 1.02 1.03 1.02

16:45 16:55 346 372
379 383 384 376 396 380 363 340 569 433 360 358 354 355 351

1.04 1.05 1.03 1.09 1.04 1.00 0.95 1.60 1.23 1.02 1.03 1.02 1.03 1.02

17:37 17:47 197 228
237 237 231 251 238 203 192 196 225 214 213 208 210 208

1.04 1.04 1.03 1.14 1.10 0.94 0.91 0.94 1.09 1.05 1.05 1.04 1.07 1.06
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Abstract: The thermal environment in educational buildings is crucial to improve students’ health
and productivity, as they spend a considerable amount of time in classrooms. Due to the complexity of
educational buildings, research performed has been heterogeneous and standards for thermal comfort
are based on office studies with adults. Moreover, they rely on single dose-response models that do
not account for interactions with other environmental factors, or students’ individual preferences and
needs. A literature study was performed on thermal comfort in educational buildings comprising
of 143 field studies, to identify all possible confounding parameters involved in thermal perception.
Educational stage, climate zone, model adopted to investigate comfort, and operation mode were
then selected as confounding parameters and discussed to delineate the priorities for future research.
Results showed that children often present with different thermal sensations than adults, which
should be considered in the design of energy-efficient and comfortable educational environments.
Furthermore, the use of different models to analyse comfort can influence field studies’ outcomes
and should be carefully investigated. It is concluded that future studies should focus on a more
rational evaluation of thermal comfort, also considering the effect that local discomfort can have on
the perception of an environment. Moreover, it is important to carefully assess possible relationships
between HVAC systems, building envelope, and thermal comfort, including their effect on energy
consumption. Since several studies showed that the perception of the environment does not concern
thermal comfort only, but it involves the aspects of indoor air, acoustic, and visual quality, their
effect on the health and performance of the students should be assessed. This paper provides a way
forward for researchers, which should aim to have an integrated approach through considering the
positive effects of indoor exposure while considering possible individual differences.

Keywords: thermal comfort; indoor environmental quality; educational buildings; energy consumptions;
local discomfort

1. Introduction

Students spend a good part of the day in schools, and, especially when considering
children, they are particularly exposed to an unfavourable indoor environmental quality
(IEQ) [1]. Therefore, the relations between classroom characteristics and comfort should
be carefully investigated [2]. As the aim of educational buildings is to provide the best
learning conditions for students and teachers [3], classrooms should be designed to improve
concentration and to stimulate the learning process [4–6], but also be climate-responsive [7].
Since the thermal environment can largely affect students’ wellbeing, it is also fundamental
to ensure thermal comfort in classrooms to improve students’ health and productivity [8].

For the assessment of thermal comfort, several indices have been developed [9], but
Fanger’s rational (or heat-balance) [10] and the adaptive models [11–13] are the most
commonly used. Indeed, it is necessary to raise questions regarding students’ possibility
to adapt, as at different educational levels adaptation may differ, and, especially at low
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educational levels, teachers are the only ones who can actively modify the thermal environ-
ment [14]. Nevertheless, it should be noted that children and adults do not always have the
same thermal perception, therefore pupils’ preference on the thermal environment should
be considered, as it could help to co-design classrooms [15]. Furthermore, in educational
buildings, different activities are carried out, which can influence the thermal comfort
evaluation especially at a high metabolic rate [16].

In educational buildings, the duration of field studies varied largely from less than a
week to a whole year [17], and they were performed according to three classes [18]: (i) Class
III, based on measurements of indoor temperature and humidity at a certain height; (ii)
Class II, including field measurements of the six basic parameters in one location at a certain
height; (iii) Class I, comprising the measurement of all the environmental parameters at
three different heights (0.1, 0.6, 1.2 m) to evaluate local discomfort. Most studies in schools
were performed according to Class II [17], while Class III was used for investigations of
the adaptive model [19,20]. Only a few papers have been based on Class I [21–24], and
in these cases draught, radiant asymmetry, vertical air temperature difference, and floor
temperature were measured [22,25,26]. Alternatively, other IEQ aspects were included in
the investigation, such as CO2 concentration [4,27,28] or other factors of IEQ, such as noise
level [29–31] or illumination level on the work plane [32–34]. Furthermore, as the goal for
the buildings of tomorrow is to combine the aspects of energy efficiency and comfort [35],
studies were also focused on the impact of thermal comfort on energy efficiency [22,36].
Indeed, due to the complexity of the parameters that influence buildings’ performance and
indoor environment, it is crucial to focus on the aspects that contribute to determining the
health and wellbeing of the occupants, also in relation to architectural and HVAC system
design, towards a multi-objective approach to building performance.

The measurement of environmental parameters has been often combined with sub-
jective measurement, which consisted of various types of questionnaires [17]. The first
ones included questions regarding thermal sensation and preference, while recent studies
also include the evaluation of local thermal comfort, humidity sensation and preference,
air velocity sensation and preference, personal regulation, preferred adaptive strategies,
information on the clothing worn, and the activity performed prior to the survey [25,37,38].
Simplified questionnaires for children were also provided, to ensure the correctness of
the collected data [39,40]. Recently, questionnaires have also included aspects of health
and performance of students [6,41,42]. Both longitudinal and transversal surveys were
used by researchers, but it was never defined how long the survey should be and how
many respondents are necessary for the evaluation of thermal comfort in educational
buildings [17,43].

Given the complexity of these environments, there is a lack of standards dealing with
thermal comfort in educational buildings, as current regulations such as ISO 7730 [44],
ASHRAE 55 [45], and EN 16798-1 [46] seem to be not sufficient to provide comfortable
conditions for students and teachers. Indeed, these standards refer to data recorded in
laboratories [44] or field studies using comfort data recorded on healthy adults in buildings
across the world [11,13], which do not take into account student and teacher individual
preferences. Indeed, standards were often developed for environments such as offices,
thus, they do not include the peculiarities of educational buildings and they are often
based on dose-response models that are not able to explain people’s individual preferences
and needs.

In conclusion, thermal comfort in educational buildings has been largely investigated
and there are many models and indices that have been used with this purpose. However,
there are still problems that should be solved, which do not emerge clearly due to the rapid
growth of scientific literature. Studies have been often carried out based on the experience
of single researchers, rather than adopting a coordinated effort of predetermined directions
to develop consistent solutions and guidelines. There is then the need for a collection, a
rationalised classification, and analysis of these studies to inspect the present state, aimed
at identifying the current issues and to guide future research towards solutions to such
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problems. This paper aims at filling this gap, highlighting the current issues in thermal
comfort studies, and proposing new directions for research with the purpose of integrating
the interactions between humans and the environment.

2. Methods

2.1. Search Strategy

The literature search was performed on the electronic databases Scopus, ScienceDi-
rect, Google Scholar, and Researchgate in the period from March to November 2020. The
search keywords used in the databases were {“thermal comfort”} AND {“classroom” OR
“class” OR “educational buildings”}, using an integrated search in the title, keywords, and
abstract of the papers. Moreover, the selected references were analysed individually to
extract relevant information. The following inclusion criteria were selected: (i) original
peer-reviewed articles; (ii) field studies investigating thermal comfort and related aspects
of IEQ in educational buildings; (iii) full text published in English. Exclusion criteria were:
(i) studies not focused on building engineering (e.g., articles focused on physiological or
psychological aspects only); (ii) articles investigating energy consumptions only; (iii) simu-
lation studies which did not include field measurements; (iv) books, book chapters, and
conference reviews. Review articles were inspected, but not included in the classification
of the studies in educational buildings.

Thanks to the possibility to analyse the number of resulting articles, Scopus was used
as the primary database to continue this review. From the initial search using the selected
keywords, 958 documents were extracted, and following removal of the ones without an
English full-text, 916 articles remained. Of these, 445 were research articles, 409 conference
papers, 27 were reviews, 18 book chapters, 2 books, and 15 conference reviews. In total,
854 papers (research and conference articles) were then analysed, as well as the 27 review
articles. From the title and abstract inspection, the final number of articles considered was
143. Figure 1 shows the geographical distribution of thermal comfort studies in educational
buildings, while Figure 2 shows the increase in thermal comfort studies in educational
buildings over time.

 
Figure 1. Geographical distribution of the studies on thermal comfort in educational buildings over time.
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Figure 2. Normalized number of studies (N) on thermal comfort in educational buildings. The
normalization is done with respect to the total number (143) of considered publications.

2.2. Data Extraction and Analysis

Data were extracted from the selected articles, analysing the full text. For the dis-
cussion, the year, location of the study, educational stage, climate zone, model used to
determine thermal comfort, building’s operation mode, and period of the survey were
derived, when available. These characteristics were selected because they can possibly
explain individual differences in thermal perception. From the analysis of the existing
literature, the current issues were identified, and new directions of research were proposed
(Figure 3).

Figure 3. Methodology and supporting material used to define the directions for future research.

3. Classification of the Studies

By conducting a detailed analysis of the obtained results, it was possible to identify
the main categories in which the studies, currently present in the literature, can be grouped.
The investigation was based on manual grouping, which was conducted after an accurate
inspection of the full text of the selected papers. It resulted that there were four main
confounding parameters often identified by researchers as the main causes of differences
in thermal sensations among students: the educational stage, climate zone, the model
adopted, and operation mode. Table 1 shows the variability of comfort temperatures
between the different categories found in the analysed studies. The influence of these
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confounding parameters on the thermal perception and the results of the analysis are
discussed below.

Table 1. Variability of comfort temperatures between the different categories found in the analysed
studies. The number of papers considered are reported in the parenthesis. Data extracted from [47].

Characteristics
Comfort Temperature

Min (◦C) Max (◦C)

Educational stage

Kindergarten (4) 20.7 26.0

Primary school (40) 14.7 30

Secondary school (39) 14.7 35

University (60) 15.5 31.5

Climate zone

Group A (21) 20.0 31.0

Group B (13) 14.7 25.0

Group C (97) 14.7 35.0

Group D (12) 16.0 26.0

Model adopted

Rational (38) 15.0 30.7

Adaptive (23) 14.7 29.2

Both (34) 16.0 31.0

Others (48) 14.7 35.0

Operation mode
Air conditioned (38) 14.7 26.9

Naturally ventilated (51) 14.7 31.5

Mixed mode (45) 15.7 30.0

3.1. Educational Stage

The educational stage is the most important aspect that should be evaluated when
considering thermal comfort in educational buildings. At different educational stages,
students present various ages, diverse possibilities to adapt, and carry out different ac-
tivities, which can influence their metabolic rate and their capability to respond correctly
to questionnaires regarding thermal sensation and preference. Indeed, the age can be
a crucial factor for the perception of the thermal environment, also due to the different
physiological and psychological characteristics of the pupils. Furthermore, the presence
of outdoor activities and stationary or transient conditions, which are determined by the
duration of lectures, is also a function of the educational stage. Finally, the density of the
classroom can also affect the perception of the thermal environment. Most studies were
carried out in universities, followed by secondary and primary schools, and kindergartens
(Figure 4).

The evaluation of thermal comfort in kindergartens is a recent topic, developed for
the first time in 2012 [48], and only a few works can be found in the literature. The
focus of previous studies was mostly on the development of new comfort models for the
children, both rational [49] and adaptive [50]. Since children at that age do not present with
reading or writing skills yet, researchers also aimed at creating a specific questionnaire
for thermal comfort assessment [51]. Studies indicated that pre-school children present
comfort temperatures 0.5 ◦C lower in summer and 3.3 ◦C in winter [52].

In primary schools, the first work on thermal comfort dates back to 1975 [19], which
estimated thermal neutrality from over 6000 assessments obtained. At this educational
stage, in most cases children prefer cooler environments, showing that the PMV model
underestimates mean thermal sensation up to 1.5 scale point [53], and children present
comfort temperatures about 4 ◦C to 2 ◦C lower than the predictions from rational and
adaptive models, respectively [54]. It is also important to highlight the differences between
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children’s and teachers’ thermal sensation [55], as it is more difficult to reach thermal
comfort for pupils. Indeed, children present with a lower comfort temperature [56], at
least 3 ◦C lower than adults during cooling seasons [57], and they are also less sensitive
to temperature changes than adults [11]. This different perception can be attributed
to children’s higher metabolic rate, as their activities involve several games including
physical exercise, as well as their limited possibility to adapt [52], the influence of the
characteristics of their home environments, and outdoor playing, which may alter their
thermal perception [47]. It was also demonstrated that social background and behaviour
can influence children’s thermal preference [58]. Furthermore, thermal comfort models
seem to predict inaccurately the thermal sensation of pupils, as the PMV index usually
overestimates the perception of scholars, while the adaptive model predicts higher comfort
temperatures than the actual ones [59–61].

   
(a) (b) (c) 

Figure 4. Number of studies divided according to the educational stage in different climate zones (a), the model adopted (b),
and operation mode (c). Legend: NV = naturally ventilated, AC = air-conditioned, MM = mixed-mode, N/A = not available.

In secondary schools, students can give more reliable information on their thermal
state and preference, therefore it is easier for researchers to compare their subjective
response to the objective analysis. At this educational stage, several studies showed
differences in thermal sensations and neutral temperatures despite the climate, season,
and operation modes being the same [17], which can be a specific problem when trying
to set the comfort temperatures for the achievement of students’ wellbeing. For example,
children preferred cooler environments than adults [62–64] even in the tropics [65], and
thermal preference changed during summer months [66]. Moreover, students generally
accepted cool thermal sensations faster than warm thermal sensations [67]. In the past,
more emphasis has been given to the importance of energy savings rather than learning
conditions [68,69], therefore there are gaps in the literature considering the improvement
of students’ performance in relation to the indoor environmental conditions. For air-
conditioned buildings, there is evidence that HVAC systems do not always enhance comfort,
but they may also be a cause of global and local thermal discomfort [70].

In universities, students have a greater possibility to adapt, and they may be in
transient conditions since the duration of the lectures is shorter than at other educational
stages. However, even though Fanger’s theory was based on experiments carried out on
university students, researchers found some divergencies between the predicted thermal
sensation obtained with PMV and the real thermal sensation from questionnaires. This
can be attributed to several problems related to students’ possibility to adapt, adjusting
their clothing [24,38,71], or controlling the environment [38,71,72]. Even psychological
adaptation can play a fundamental role in adapting to the thermal environment [24].
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Furthermore, students may be in transient conditions, as the time they remain in the
classroom is limited and they often move outdoors. Differences in neutral temperatures
were found in laboratories and classrooms [73,74], in different seasons [23,75,76], and due
to gender differences [77].

3.2. Climate Zone

The classification per climate zone is relevant, since different climatic conditions can
influence the thermal perception and preference of students due to adaptive processes.
Considering that thermal history can affect students’ thermal comfort [78], the classification
per climate zone is relevant in the perspective of improving environmental conditions and
reducing energy consumptions in the global warming era. Indeed, the current challenge for
building designers is to provide low-energy buildings while enhancing thermal comfort,
especially under warmer conditions caused by climate change [79]. According to the
Köppen–Geiger climate classification [80], there are five different climate groups (from A to
E), divided according to the seasonal precipitation and temperature patterns. The climate
zone can influence students’ possibility to acclimatise, influences the indoor environment
from the outdoor conditions, but also affects the thermal insulation of the clothing worn by
students. Most studies have been carried out in the climate Group C, as can be noticed in
Figure 5.

   
(a) (b) (c) 

Figure 5. Number of studies divided according to the climate zone at different educational stages (a), model adopted (b) and
operation mode (c). Legend: NV = naturally ventilated, AC = air-conditioned, MM = mixed-mode, N/A = not available.

Group A includes the tropical climates and about 15% of the studies (22 studies)
were carried out in this climate, mostly in naturally ventilated classrooms, applying both
rational and adaptive models (Figure 5). Studies were carried out in India, Brazil, Indonesia,
Malaysia, Singapore, Nigeria, USA, and Ghana, as reported in Appendix A. In Group
A, the range of comfort temperature varied between 20.0 ◦C and 31.0 ◦C, indicating
large differences in the same climate zones [17], which makes the comparison of neutral
temperatures difficult. In Group A, students had a higher heat tolerance and they adapted
to the thermal environment, while the temperatures largely exceeded the comfort range
given by the standards [17]. These facts are particularly relevant, as they can have a
consistent impact on energy conservation strategies, although some studies show that in
the past twenty years the comfort temperature has decreased due to the increasing use of
air conditioners [81].

Group B includes dry (arid and semi-arid), hot, and cold climates. In this climate zone,
only 9% (13 studies) of the studies were carried out. Thermal comfort was investigated
during the whole year and used both rational and adaptive models (Figure 5). Studies were
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carried out in Jordan, Cyprus, Chile, Iran, China, Kuwait, and Saudi Arabia (Appendix A).
In Group B, comfort temperature varied between 14.7 ◦C and 25.0 ◦C, indicating less of a
difference than in Group A [17]. Nevertheless, these values also exceed the comfort range
given by standards, probably due to adaptation.

Group C includes temperate climates and comprises various types of climates, there-
fore temperature variations and adaptability within it can be large. Most studies were
carried out in this group (69%, 99 studies) (Figure 5), and included investigations in several
countries (Appendix A). Studies were carried out in all the seasons in naturally ventilated
and air-conditioned buildings, using both adaptive and rational models (Figure 5). The
first studies were carried out in the UK [66,82], which also presents the highest number
of investigations along with China and Italy. The comfort temperatures varied between
14.7 ◦C and 35.0 ◦C [17]. This variation is probably because in Group C there is a wide
range of climates, therefore students are exposed to various weather conditions. In this
climate zone, students showed a great capability to adapt, especially the ones exposed to
wider climate variations [83].

Group D includes continental climates, and limited research has been performed in
this climate zone (8%, 12 studies). Studies were conducted in naturally ventilated and air-
conditioned buildings during all the seasons using rational and adaptive models (Figure 5).
They were carried out in China, Korea, Romania, Sweden, Finland, Turkey, and Nepal
(Appendix A). The comfort temperature ranged between 16.0 ◦C and 26.0 ◦C [17], showing
a large variability in students’ preferences.

Group E includes polar and arctic climates, with an average temperature below 10 ◦C.
No study on thermal comfort in educational buildings was found for this climate zone.

3.3. Model Adopted

The model adopted to analyse thermal comfort in educational buildings is relevant, as
it can influence the predicted thermal sensation. Studies were carried out using the rational
model (27%, 38 studies), adaptive model (16%, 23 studies) separately or together (24%,
34 studies), or other indicators (33%, 48 studies) (Figure 6). Indeed, different models can
lead to diverse conclusions on the thermal state of students; therefore, it is fundamental to
choose the model that is the closest to their real thermal sensation, according to their diverse
characteristics and needs. Studies showed that none of the models accurately predict the
thermal sensation of students. Rational and adaptive models should be combined to
improve the prediction of the thermal environment, as they are complementary and not
contradictory [18].

The rational model is generally applicable to air-conditioned spaces where occupants
are in steady-state conditions with limited possibility to adapt. However, these conditions
do not always occur in educational buildings, which leads to an overestimation or underes-
timation of the thermal sensation. Furthermore, the rational model is often incompatible
in temperate and tropical climates [17]. To overcome these problems, corrections of PMV
index, such as ePMV [63,67] or aPMV [84] have been provided and used by researchers to
assess the thermal environment in educational buildings (Appendix A). Even though this
model seems to be, in most cases, too inaccurate to predict thermal comfort in educational
buildings, it is still widely used by researchers. However, it should be noted that the
reliability of the PMV index largely depends on the precision of the assessment input
parameters [85], which must be carefully evaluated to avoid misleading results.

In educational buildings, students often have adaptive opportunities. Most studies
reported higher comfort temperatures than the ones predicted by the adaptive model,
while lower comfort temperatures were found in secondary schools and compatible results
in universities [17]. These results are consistent with the assumption of the adaptive model
that considers occupants as able to modify their environment to achieve thermal comfort.
This type of adaptation is typical of university students, which show comfort temperatures
in line with the ones predicted by the adaptive model [17].
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(a) (b) (c) 

Figure 6. Number of studies divided according to the model adopted, at different educational stages (a), climate zone (b) and
operation mode (c). Legend: NV = naturally ventilated, AC = air-conditioned, MM = mixed-mode, N/A = not available.

3.4. Operation Mode

The operation mode of the classroom can also influence the thermal perception of the
students, as they experience diverse thermal environments in them (i.e., steady-state in air-
conditioned, transient in free-running buildings). The operation mode influences the indoor
environmental conditions also as a function of the outdoor climate, and different comfort
temperatures can be found in relation to the operation mode. Furthermore, it defines the
adaptation of the students and their control of the thermal environment, which can regulate
their thermal perception. Most studies were carried out in naturally ventilated (NV)
classrooms, followed by mixed-mode (MM) and air-conditioned (AC) schools (Figure 7).

In naturally ventilated buildings, the possibility to adapt is limited to the open-
ing/closing of doors and windows. Several studies on primary schools were performed in
naturally ventilated classrooms, and less in secondary schools, universities, and kinder-
gartens (Figure 7). In climates A and B, natural ventilation is often used as the operation
mode of classrooms, and less in climates C and D, as the colder climates need the presence
of HVAC systems to achieve comfort in buildings (Figure 7). In most studies, the adaptive
and rational models were both used, while when considered separately, the adaptive model
was used in more cases than the rational (Figure 7). In particular, in hot-humid climates, ob-
served comfort temperatures in naturally ventilated classrooms were found to be about 1.7
◦C lower than the ASHRAE-recommended value [86], showing the importance of carefully
evaluating comfort temperature also for energy savings. Furthermore, in naturally venti-
lated classrooms, students expressed comfort even when the environmental parameters
were out of the standard’s comfort zone [67,87]. These results are consistent with the adap-
tive hypothesis [13], which implies that humans can adapt behaviourally, physiologically,
and psychologically to the environmental conditions to which they are subjected.

About 30% of the studies (38 papers) were performed in air-conditioned classrooms
(Figure 7), where HVAC systems were switched on during the investigation period. The
highest number of studies in air-conditioned classrooms was in universities, followed by
secondary, primary schools, and kindergartens (Figure 7). The heating system was switched
on during the winter in temperate climates and longer in colder climates (Group D), while
the increasing use of cooling systems during summer, especially in warmer climates,
could be detected. Climate Groups C and D were often investigating air-conditioned
classrooms, and researchers usually used the rational model to assess thermal comfort.
Only a few studies used the adaptive model as well as both models (Figure 7), even if
adaptive behaviours were observed in air-conditioned schools [87]. Field studies in air-
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conditioned schools were also carried out to design energy efficient classrooms [88], with
evident implications on students’ wellbeing and energy consumptions.

   
(a) (b) (c) 

Figure 7. Number of studies divided according to the operation mode, at different educational stages (a), climate
zone (b) and model adopted (c). Legend: NV = naturally ventilated, AC = air-conditioned, MM = mixed-mode,
N/A = not available.

Studies in mixed-mode buildings were often investigating the thermal environment
during several seasons (Appendix A). Most studies in mixed-mode classrooms were equally
distributed in secondary, primary schools, and universities (Figure 7). Climate Group C was
the most investigated and both rational and adaptive models were used, both separately
or together (Figure 7). This operation mode should be carefully evaluated, as the comfort
temperatures and needs of the occupants vary according to the season of investigation
and the operation mode of the classroom. Differences in students’ performance between
conditioned and naturally ventilated classrooms were also evaluated [89], but no significant
difference was found. In this direction, studies comparing air-conditioned and naturally
ventilated spaces did not show different neutral temperatures, preferred temperatures, and
thermal acceptability [75].

4. Current Issues

In this section, the complete selection of the studies was analysed to identify the most
common issues that are present in the evaluation of thermal comfort in classrooms, which
are reported in the following paragraphs.

4.1. Evaluation of Global Thermal Comfort

Most of the investigations on global thermal comfort have been focused on field
measurements only, both objective and subjective, while few studies compared on-site
measurements with simulations. There is no agreement on how global thermal comfort
should be assessed, as different models and indices to assess thermal comfort were ap-
plied (Figure 8). Among them, the most common were the rational and the adaptive
models (Appendix A). Some researchers were focused on the assessment of air temperature
and relative humidity only in Portuguese school buildings [68,69], evaluating the impact
of refurbishments on the indoor environment [69] and also in relation to other aspects
of IEQ [2,34]. Indices such as effective temperature ET [19], new effective temperature
ET* [73,77], corrected effective temperature CET [19], tropical summer index TSI [90], or
the PMV correction for naturally ventilated buildings [91] were also calculated. The correc-
tions of PMV index, ePMV [63,67] and aPMV [84], were also applied. In several studies,
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the operative temperature was assessed, and the neutral temperature was derived from
the subjective responses of the students [75,92,93]. It was deduced that pupils’ thermal
sensation is higher than adults [59], and that their thermal sensation is not related to
indoor temperature only, but also to their home environment [58]. Furthermore, thermal
sensation changed during the class hour and adaptation occurred after about 20 min after
entering the classroom [94]. In some cases, the outdoor environmental conditions were
considered [49,58,95], as they can also influence the perception of the indoor environment.
The main purpose of these studies was to assess the environmental conditions in edu-
cational buildings [51]. For this reason, new algorithms and models were provided for
scholars [49,96,97], and adaptive comfort equations obtained from regression analysis were
developed for children [50,61] to assess the comfort temperatures in different educational
stages and all classrooms [47]. Ranges of comfort temperatures were also provided for
classrooms, considering different educational stages and climate zones [17,47]. To consider
the applicability and the differences between predictive models of thermal comfort, some
researchers performed a comparison between them [63]. However, it lacks agreement
among researchers in regards to the model that should be used to evaluate global thermal
comfort, which is one of the current issues that should be faced.

4.2. Evaluation of Local Discomfort

Recently, the assessment of local discomfort has become increasingly relevant, as it
can have a great influence on people’s wellbeing, but also on energy consumption. How-
ever, it lacks sufficient scientific evidence regarding the importance of local discomfort
on students’ wellbeing. The main causes of local discomfort found in classrooms were
draught risk [21,31,98], vertical air temperature difference [21,99,100], warm and cool
floors [21,99,101], and radiant asymmetry [21,25,98,99,101]. Studies were performed us-
ing the UCB Berkeley model for thermal comfort [26], questionnaires including specific
questions on local discomfort [21] and its causes [25], and in some cases, occupants were
asked to report the part of the body that was subjected to local discomfort [22]. The pur-
pose of these studies varies from evaluating the percentage of dissatisfied students due
to local discomfort [98] and the difference between global and local thermal comfort [22],
to investigating the relation between local thermal comfort and productivity [25]. Even if
a growing interest in this topic can be detected, only a few studies were carried out, and
broader knowledge on the issue of local discomfort is needed.

4.3. Energy Consumptions and Thermal Comfort

The impact of thermal comfort on energy consumption is a debated topic that was
faced by researchers in different ways. The evaluation of energy consumption has been car-
ried out through on-site measurements, simulations, or in climate chambers approximating
the conditions of the typical classrooms. In some cases, researchers investigated the direct
relationship between energy consumption and thermal comfort [22,36,102]. Energy con-
sumption was also compared to thermal comfort in association with indoor air quality [103]
and visual comfort [104,105]. The concerns about energy savings were compared to ven-
tilation strategies [95,106], HVAC systems operation, and architectural features [107,108].
Researchers also compared refurbished and non-refurbished educational buildings, which
resulted in a reduction of consumption for renovated schools [93,102,109]. An investiga-
tion into the influence of shading devices on indoor environmental quality and energy
consumption was also performed [110]. Finally, an algorithm to improve thermal comfort
and indoor air quality and reduce consumption, using the least amount of energy from
air conditioning and ventilation fans, was developed [111]. This analysis showed the im-
portance of combining the issue of consumption with thermal comfort studies to enhance
students’ wellbeing and reduce energy requirements. However, it is still difficult to propose
solutions that reduce energy consumption without compromising thermal comfort for
children and adults.
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(a) (b) 

Figure 8. Indices used by researchers to investigate global (a) and local (b) thermal comfort in classrooms.

4.4. HVAC Systems and Thermal Comfort

The evaluation of thermal comfort is fundamental for heating, ventilation, and air
conditioning system installation and settings, and has become increasingly important in
recent years [17]. Regarding heating and cooling systems, studies have been carried out to
compare traditional and innovative systems in terms of thermal comfort improvement [112].
Other investigations have been carried out to design better conditioning systems in edu-
cational buildings [88]. Through assessing comfort temperatures, it is possible to reduce
the need for heating and cooling systems and maximise the energy savings without im-
pairing thermal comfort [113]. Concerning ventilation strategies, their impact on thermal
comfort and IAQ was investigated [27]; as well as the effectiveness of different types of
ventilation, such as natural, hybrid ventilation, and air conditioning [114]; the acceptance
of thermal conditions; and energy use considering different ventilation strategies and
exhaust configurations [106]. Thermal comfort was also analysed considering stratum
ventilation using a pulsating air supply [115], and in relation to gender differences [116],
showing an improved thermal comfort in comparison to a conventional constant air sup-
ply. Then, field studies were carried out to compare the conditions found in educational
buildings with the criteria in the standards [117]. Since ventilation systems often create
a non-uniformity into the environment due to the air distribution, researchers analysed
the possibility to improve comfort through managing these non-uniformities, considering
thermal preferences [118]. The investigations of the HVAC systems’ impact on thermal
comfort are very heterogeneous because different types of conditioning systems exist. To
provide guidelines for their design and installation, it is necessary to understand their
impact on students’ wellbeing, while being aware of their individual needs, and not only
focusing on energy consumption.

4.5. Indoor Air Quality and Thermal Comfort

Indoor air quality (IAQ) has been often investigated together with thermal comfort,
as they are important aspects to ensure health and wellbeing in classrooms. CO2 concen-
tration was the parameter measured most frequently [68,119] and was compared with the
threshold limit values given by standards. In some cases, the CO2 concentration was found
to be below the threshold values given by standards [117,120,121], and, in other cases, no
correlation was found between CO2 concentration and number of people [94]. Instead,
in naturally ventilated buildings, CO2 concentration was found to be very high when
windows were closed [122]. No correlation was found in classrooms between CO2 values
and students’ feelings of tiredness [59]. From CO2 concentration decay in classrooms, the
air change per hour and the ventilation effectiveness in these spaces were determined [123].
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From a comparison between refurbished and non-refurbished buildings, it was seen that
the renovated constructions improved thermal comfort, but increased the CO2 concentra-
tion, and therefore reduced indoor air quality [109]. The impact of different ventilation
modes on thermal comfort and CO2 levels was also evaluated [27,69,124], as well as the
relation between IAQ and thermal comfort [2]. In some cases, the concentration of other
pollutants, such as VOCs, NO2, and CO was measured and correlated to the outdoor
conditions [125–127]. The subjective perception of air quality was correlated to the envi-
ronmental conditions, which showed that the perceived environmental quality was highly
correlated to parameters, such as air temperature and ventilation rates [6]. There is a need
to understand the relationship between indoor air quality and thermal comfort perception,
and to understand how to improve them without increasing energy consumption.

4.6. Indoor Envrionmental Quality

Indoor environmental quality (IEQ), which includes thermal comfort, air quality, vi-
sual, and acoustic quality, can affect students’ health, comfort, and productivity. Indeed,
research is increasingly focusing on multi-domain approaches to indoor environmental
perception and behaviour [128,129], inspecting the various aspects of IEQ on people’s
comfort and satisfaction [130]. The evaluation of IEQ through objective and subjective
measurements has been often carried out, while also considering the psychological and
physiological impact on occupants’ comfort [4,33], and pupils’ performance [131] or symp-
tomatology [132]. Indeed, the perception of the environment includes the four aspects
of IEQ and can have an impact on students’ health and learning abilities [41,70,131], but
also on their wellbeing [6,32]. In some cases, the subjective assessment was performed
through questionnaires to evaluate the perception, preferences, and needs regarding IEQ in
classrooms [133], but also statistical surveys have been carried out [134]. Thermal comfort
was frequently associated with lighting quality, considering different configurations of
architectural characteristics [32,110] and the impact on energy consumption [105,108]. Since
thermal perception is strongly related to acoustic, visual, and air quality, researchers should
not focus on the evaluation of thermal comfort only, but on all the aspects of IEQ.

4.7. Architectural Features and Thermal Comfort

Thermal comfort in buildings is closely related to their architectural features, including
dimensions, window-wall ratio, presence of shading systems, building orientation, articu-
lation of classrooms, and the properties of the building envelope [17]. Most researchers
considered classrooms as uniform spaces, however, due to solar radiation or to the position
of ventilation systems, classrooms are usually non-uniform environments, and therefore
thermal discomfort may occur locally. The influence of buildings’ envelope on thermal
comfort was evaluated [110], considering the effect of different types of insulated roofs
(e.g., PCM, composite) on the possibility of overheating of classrooms [135]. In addition,
dynamic characteristics of the envelope were evaluated and through the application of films
that allow the control of solar radiation [136,137]. In some studies, researchers assessed the
improved conditions of a renovation [138] or compared different types of school building
constructions (light weight and medium weight) [60]. The relation between classroom
characteristics and thermal comfort was also investigated [2,139], including the influence
of a façade design to prevent overheating and improve daylight requirements [140], and
the use of natural ventilation and ceiling fans to improve comfort [141]. The influence of
shading systems and window configuration, including the glass ratio and glass properties,
on occupants’ comfort and energy demands were also assessed [97,142]. Additionally,
studies were performed to allow building designers to choose the best configurations to
improve comfort and reduce energy demands [108], in addition to considering the influ-
ence of the local climate on the architectural project [107]. Finally, the effect of building
design on learning rate and perception was investigated in some works [143,144]. Despite
its importance, studies on thermal comfort involving these aspects are not frequent and
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should be increased to provide guidance to building designers, aimed at improving indoor
conditions and reducing consumptions.

4.8. Health and Productivity and Thermal Comfort

In the past, students’ productivity has been inspected in regard to air quality [27]
through the analysis of their performance in relation to different aspects of schoolwork
(numerical or language-based) under different ventilation rates [145], or through pro-
viding them diverse tests measuring arithmetic concentration, performance speed, task
performance accuracy, and visual memory [124]. Students’ learning efficiency was also
evaluated in relation to the characteristics of the shading systems [142] and increased
classroom temperature [146]. Scholars’ performance has been related to all the aspects of
indoor environmental quality [41,131,147] and to the thermal environment only [148,149].
The influence of IEQ on health and productivity has been demonstrated as a function of
Fanger’s PMV and personal factors [25]. Researchers showed that students’ health and
productivity depend on buildings’ features [2,143]. Thermal sensation as well as IEQ have
been correlated to health-related issues that can occur as students pass a considerable
amount of time in educational buildings [6,42,150]. It must be noted that the assessment of
the influence of the thermal environment on health and productivity is not easy, as several
variables can influence students’ performance and wellbeing. Researchers have tried to
determine students’ performance through questionnaires, in which they were self-reporting
their productivity [41], or through the measurement of speed errors [149]. Furthermore,
the effect of the microclimate in classrooms was assessed through the measurement of
cardiac autonomic control (ECG) and cognitive performances of the students [151]. This
issue remains a very interesting and debated topic, as it still lacks a generally accepted
scientific method to assess the influence of the thermal environment on students’ health
and productivity.

5. Conclusions and Directions for Future Research

The investigation of the current literature showed that researchers focused on different
issues, adopting diverse models and indices to investigate thermal comfort in classrooms.
However, to provide healthy and human-centred buildings, it is important to focus on
students’ individual needs and preferences, and not only on single dose-response relation-
ships that have been established for the average adult. It is also clear that the focus should
be on preventing negative effects as well as creating positive effects for human health.
Indeed, even if the environmental conditions comply with guidelines, in several cases the
prolonged stay indoors is not healthy [152]. An integrated approach that considers the pos-
itive and negative effects of indoor exposure is therefore needed, including the individual
preferences and needs of the occupants [152]. To achieve this integrated approach, several
aspects must be accounted for (Figure 9), while considering the individual differences that
may be present in relation to the diverse educational stages, climate zone, model adopted,
and operation mode.

From this analysis, it was possible to outline the current issues and delineate the
directions for future research. However, it is important to note the limitations that the
present study may have. The manual grouping of the confounding parameters, which was
useful for the direct control of the information contained in the scientific literature, could
be combined with statistic methods to test other possible classifications (e.g., country in
which the study was carried out, period of investigation, year). Furthermore, the grouping
per climate zone may present some limitations, as they include different countries that
are characterised by diverse sociocultural backgrounds, and therefore the variability of
comfort temperature can be very high. Even the different educational systems might affect
the opportunities to adapt and therefore the comfort temperature. These considerations
highlight that it is difficult to generalise indications regarding thermal comfort in educa-
tional buildings. On the contrary, from this review, it emerged the necessity of studies
aiming at meeting the needs of the students, in order to provide human-centred buildings.
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Figure 9. Directions for future research on thermal comfort in educational buildings.

The evaluation of global thermal comfort was carried out using different models and
indices, but, in several cases, individual needs were not analysed. Given the variety of
indices that have been used for comfort assessment, it is important to define a model for
the evaluation of global thermal comfort in classrooms, which should take into account the
individual needs and preferences of occupants.

The same concerns are related to local thermal discomfort, even if few studies were
carried out on this topic. From this review it can be concluded that local discomfort is an
important issue that should be assessed not only to inspect students’ satisfaction but also to
investigate the reasons for the higher productivity of students located in certain positions
in the classrooms, to provide solutions that are more individual-centred.

Regarding energy demands, the literature showed that high consumptions are often
connected to the characteristics of the building’s envelope and to the improper control
of HVAC systems. Students’ dissatisfaction was often related to warm sensations during
winter and cold sensations in summer, due to the extensive use of HVAC systems [47].
Since thermal comfort is also a function of the ventilation strategy, building designers
need to consider the configurations that minimise consumptions and improve occupants’
wellbeing. The aim is then to provide comfort in classrooms and reduce energy demands
by looking at occupants’ needs and preferences [153].

In this direction, HVAC systems can have a great impact on people’s comfort and
energy consumptions. Studies including different ventilation regimes are necessary. More-
over, in order to inspect people’s needs, studies on personal comfort systems (PCS), which
operate at the individual level are needed.

However, thermal comfort evaluation should not overlook the interaction with other
environmental aspects since they all contribute to the human perception of the environment.
The integration of IAQ in thermal comfort studies is necessary and should include objective
and subjective measurements, working towards human-centred buildings. There is a need
to consider the differences between perceived and measured IAQ, combined with its effect
on thermal comfort.

Moreover, future studies should focus on the healing power of indoor environments
that involve all the IEQ aspects, including thermal comfort, air, visual, and acoustic qualities.
Indeed, people are subjected to a combination of them, and only through the analysis of
their combined effect is it possible to understand humans’ perception.
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This review showed the need for research in order to understand the relation between
thermal comfort and architectural features, to improve indoor environmental conditions
and wellbeing in classrooms. This is necessary to guide building designers, which should
be aware of the importance of occupants’ conditions, as architectural features can influ-
ence the perception both at human (i.e., influence of personal control on perception) and
environmental (i.e., providing uniform/non-uniform environments) levels.

Furthermore, as the indoor environment can affect students’ health and productivity, it
is fundamental to investigate it not as a single dose-response system only, but include inter-
actions at both human and environmental levels to define a methodology for understanding
the impact of the indoor environment on them.

All these issues showed that thermal comfort in educational buildings is still a very
debated topic. In this way, there is the need to analyse them, considering their effect on
individuals and their interactions with the environment. After the COVID-19 pandemic,
the importance of ensuring healthy environments became even more evident, also due to
the increasing amount of time that people spend indoors. Indeed, the pandemic period
revealed the difficulties in providing sufficient indoor air quality, which should be enhanced
without compromising thermal comfort and energy consumptions. There is the necessity to
adapt educational buildings to the pandemic and post-pandemic periods, which should be
considered together with climate change issues and needs identified before the pandemic.

This review, which critically analyses the studies according to different confounding
parameters, highlighted the current issues and defined a way forward in research, repre-
sented a contribution in this direction, and will guide researchers and building designers
towards a human-centred approach, which is currently lacking.
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Appendix A. Studies on Thermal Comfort in Educational Buildings

In this Appendix, the analysis of the 143 selected studies is reported. Table A1 shows
the studies on thermal comfort in educational buildings extracted from the literature,
including the relevant information necessary for the analysis:

- Author(s).
- Year of publication.
- Location of the study (country).
- Educational stage, which comprises kindergartens, primary, secondary schools,

and universities.
- Climate zone, which is analysed according to the Köppen–Geiger classification (where

A: tropical climates; B: dry (arid and semi-arid) hot and cold climates; C: temperate
climates; D: continental climates; E: polar and arctic climates).

- Model adopted, which includes rational, adaptive, both (rational + adaptive), and
others (where other indices or models were adopted, as described in Section 4).

- Operation mode, which consists of naturally ventilated (NV), air-conditioned (AC),
and mixed-mode (MM) buildings.

- Period of the survey, which expresses the season of measurements.
- Reference.
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Abstract: Thermal comfort can impact the general behavior of the occupants, and considering that
humans currently perform 90% of their daily work indoors, it is necessary to improve the accuracy of
thermal comfort assessments, and a correct selection of variables could make this possible. However,
no review integrates all the variables that could influence thermal comfort evaluation, which relates
them to their respective capture devices. For this reason, this research identifies all the variables
that influence the thermal comfort of a building, together with the measurement tools for these
variables, evaluating the relevance of each one in the research carried out to date. For this purpose,
a systematic literature review was carried out by analyzing a set of articles selected under certain
defined inclusion/exclusion criteria. In this way, it became evident that the most used variables
to measure thermal comfort are the same as those used by the predicted mean vote (PMV) model;
however, research focused on the behavior of the occupants has focused on new variables that seek
to respond to individual differences in human thermal perception.

Keywords: thermal comfort; capture devices; building; variables

1. Introduction

The quality of the environment has a relevant influence on people’s physical and
mental health. Therefore, and considering that 90% of human beings perform 90% of their
daily work in indoor environments, it is important to control indoor air quality and comfort
for the occupants [1]. Thus, it has been sought to achieve greater comfort and satisfaction
with the indoor environment to provide an environment that does not affect the perfor-
mance of the activities performed by occupants, considering alternatives that have a lower
energy cost [2]. Thermal comfort is defined according to the American Society of Heating,
Refrigerating, and Air-Conditioning Engineers (ASHRAE) as “the mental condition that
expresses satisfaction with the thermal environment and is evaluated subjectively” [3]. This
can impact occupants’ behavior, for example, in a classroom, where dissatisfaction with
thermal comfort can cause a reduction in concentration and productivity, essential elements
to improve the performance of students and teachers [4,5].

There are two main models used to study and analyze thermal comfort: the stationary
and adaptive models. The stationary model, based on Fanger’s theoretical basis, is based
on the thermal balance that the human body undergoes with the environment, under the
same air conditioning conditions throughout the study, where thermal comfort is evaluated
as the combination of environmental factors and individual factors employing an equation
called predicted mean vote (PMV). This is an index that predicts and represents the mean
vote of thermal sensation on a standard scale for many people under certain combinations
of variables given by the indoor thermal environment [3,6]. On the other hand, in the
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adaptive model, the user is an active actor who interacts with their environment, adapting
it according to their preferences and comfort, considering that environmental conditions
can vary and do not remain static, giving way to naturally ventilated spaces. In this way,
human thermal comfort combines the subjective sensation of a group of people and the
objective interaction with the surrounding environment [2,7].

Now, in terms of using each model, different approaches to indoor climate research
are adopted depending on the researcher’s specialty. First, engineers are inclined toward
deterministic research results with a stationary approach since it fits their view of the role of
a stable climate in an indoor environment, where occupants are not expected to attenuate it
or interact significantly with their environment. On the other hand, architects are inclined
to consider occupants interacting with their environment, adapting it better to their needs
and expectations, through strategies such as opening windows or building orientation
rather than considering static and unchanging environments [8,9].

However, both the adaptive and stationary models do not consider the individuality
of occupants in thermal comfort, as both approaches have been developed based on the re-
sponses of large groups of people. These two models do not use several static and dynamic
factors that influence occupants’ satisfaction with their thermal environment [10]. Static
factors, e.g., gender, are independent of time, whereas dynamic factors, e.g., acclimatization
or age, contribute to the change in thermal comfort over time [11].

Thus, more and more research has focused on studying these new variables, where
the understanding of the causes of individual differences in human thermal perception has
gained popularity in recent studies on comfort [12]. For example, in Wang L. et al. [13],
a model is developed based on the neutral clothing variable, looking at the influence of
contextual factors. On the other hand, Wang X. et al. [14] address individual occupant
differences in thermal comfort, the variables that produce it, and possible solutions to
address these problems.

Thus, understanding the importance and effectiveness of variables will facilitate the
development of solutions to minimize negative impacts. A correct selection of variables
could improve the accuracy of predictions when using the results of traditional analytical
models. Added to this, the acquisition of data from the environment is the first step on the
way to obtain information from the environment—i.e., through different capture devices
for the variables encountered, it is possible to obtain information with useful and relevant
meaning, an implication or input for decisions or actions [15].

Currently, the ASHRAE Global Thermal Comfort Database II [16] is an online database
covering many variables that influence thermal comfort, containing objective climatic
observations from field studies in indoor environments with the corresponding subjective
evaluations measured at the time of building occupants [17]. However, no review integrates
and reviews all the variables that influence thermal comfort, both the stationary model and
the adaptive and dynamic ones.

In this context, this research aimed to identify all the variables that influence the
thermal comfort of a building through a literature review that can represent the relevance
of each factor in various investigations of thermal comfort. In addition, it sought to identify
the devices and tools for capturing these variables, to discuss the conditions that should
be considered at the time of making the measurements. In this way, this article aims to
contribute to future research that seeks to include new variables in studies. By analyzing
the most relevant variables in the literature, both the traditional ones used in existing
models and the variables attributable to occupants, we seek to contribute to improving the
accuracy of thermal comfort measurements.

2. Materials and Methods

To meet the aim of this research, a bibliometric study was carried out and, subsequently,
a systematic literature review. Through a qualitative and quantitative analysis, a set of
selected articles were analyzed under certain parameters that are in accordance with
the objectives of this study research. Complementarily, through the review carried out,
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the metrics of the associated publications were analyzed, in addition to an analysis and
discussion through a manual review of the variables that affect thermal comfort.

The work is divided into three main stages: (1) identification of variables affecting
thermal comfort, (2) frequency study of variables in the literature, and (3) identification
of devices to capture the variables. Figure 1 shows the tools, activities, and deliverables
for each of the stages this research addresses, where the acronym TCV refers to “thermal
comfort variables”.

 

Figure 1. Research methodology.

2.1. Identification of Variables Affecting Thermal Comfort

First, a systematic review was carried out to identify, select, and include the articles
to be evaluated in this study, following the guidelines of the Preferred Reporting Items
for Systematic Reviews and Meta-Analyses (PRISMA) methodology. Figure 2 shows the
phases followed to obtain the publications analyzed in this study.

For the first phase, the keywords and the database for the search were chosen. The Web
of Science database was used to obtain the articles in this study since it offers a wide variety
of disciplines related to the topic to be addressed in this work. The keywords selected were
(a) thermal comfort, (b) building, (c) variables, and d) management. Thus, combinations
I (“thermal comfort” AND “building” AND “variable”) and II (“thermal comfort” AND
“building” AND “management”) were used to search for articles. Then, a series of filters
was applied in the database to work with the study areas of interest to evaluate articles in
this work, corresponding to (1) construction building technologies and green sustainable
science technology and (2) civil and environmental engineering. Additionally, a filter was
applied with the time of publications from 2001 to the present, giving 761 articles.
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Figure 2. PRISMA flow diagram for the systematic review.

For the next eligibility phase, 34 duplicate publications were eliminated from review-
ing titles after applying combinations I and II. Then, the articles considered relevant for
evaluation in this study were filtered, where a series of inclusion and exclusion criteria
were defined. Inclusion criteria included (1) articles that could study variables that af-
fect thermal comfort, (2) case studies of buildings where thermal comfort is evaluated,
(3) methodologies to evaluate thermal comfort, (4) studies that address capture technologies
for thermal comfort variables, and (5) publications in journals, conferences, and reviews.
On the other hand, the exclusion criteria were (1) studies in structures other than offices,
residences, and educational buildings; (2) studies that address the evaluation for phases
other than the operative phase of the structure; (3) studies in languages other than English
or Spanish; and 4) studies without full text available.

In all, 389 articles were excluded through a review of title and abstract, leaving a
total of 338 articles, which were filtered again through a full-text reading, thus excluding
202 articles that did not meet the inclusion/exclusion criteria to be considered in this
study. In addition to this, a manual search was included within the same references of
the selected studies since there were articles that could contribute to the evaluation of
variables that affect thermal comfort. Thus, 2 articles were added in the inclusion phase of
the publications, leaving a total of 138, which were considered for this research.

Once the set of articles was selected, a bibliometric study of the associated publications
was carried out, reviewing the sources, countries with the highest incidence in research,
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and annual distribution of the publication. In addition, using the VOSviewer visualization
tool, a map of co-occurrence of keywords of the authors was represented to analyze and
rectify the central theme covered in this research and deepen the area of study. For the
elaboration of the map, first, 82 terms were reduced to 55 by replacing those terms that
alluded to the same concept. For example, adaptive model, adaptive thermal comfort,
and adaptive comfort were unified into a single term called adaptive model, or those that
alluded to the same term in plural or singular, such as educational buildings, which was
unified to educational building.

Then, a systematic literature review of the articles was carried out. In this way, based
on certain studies, the TCVs were defined and classified, analyzing possible repetitions or
variables with the same name, to have a defined list and subsequently perform a manual
search of the TCVs in the literature.

2.2. Frequency Study of LCTs in the Literature

After identifying the TCVs, a systematic literature review was carried out by searching
for each variable in the articles. An Excel spreadsheet was used to create a matrix of
occurrence of TCVs in the literature, where the TCVs were arranged in a row and then the
articles in a column, considering the relationship between each one in case the variable was
used for research purposes and not only mentioned. This allowed a count to be carried out
of the TCVs in the total number of articles, with the help of which, finally, in order to obtain
the ranking, the frequency of the TCVs was plotted and ordered in a histogram.

On the other hand, with the matrix of occurrence of variables in the literature, a
co-occurrence matrix of TCVs was developed, corresponding to a triangular matrix where
the variables are ordered in the first row. A column was used to count how many times
the variable appears together in the same document, considering the matrix as an upper
triangular and diagonal 0, avoiding analyzing a variable with itself. Through this quanti-
tative work, the researchers sought to identify those variables that have a greater weight
in the literature. In this way, the authors were able to analyze the impact that different
approaches to thermal comfort analysis have had.

To conclude this stage, the network diagram of the TCVs was represented using Gephi
software, together with the network metrics generated, so that it was possible to carry out a
qualitative study by obtaining the most central variables and thus analyze those that were
most influential within the network.

2.3. Identification of TCV Capture Devices

At this stage, the devices that capture each TCV were identified. A table was drawn up
with the variables that could be measured and their corresponding measuring instruments,
which was obtained from the classification table of variables previously used in the variable
identification stage, in addition to the literature review carried out in the TCV frequency
study stage, where the capture devices for TCVs were found based on certain articles.

This section discusses the main problems encountered, the need for standardization,
and the guidelines required for thermal comfort evaluations to be carried out as homoge-
neously as possible.

3. Results and Discussion

This section presents the main results obtained from the bibliometric study and the
literature review. Characterization of the articles considered in this work and a map of
co-occurrence of keywords are presented. Then, the TCVs, their frequency in the literature,
and network analysis are presented to determine the most influential ones. Further, the
TCVs capture devices or tools and an analysis of the conditions that should be considered
when making the measurements.
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3.1. Characterization of Articles

This section seeks to validate the articles selected for this research. To that end, a
characterization of the selected articles is presented, including an annual distribution by
year of article publication, distribution of articles by country of publication, and the most
influential journals of publication.

3.1.1. Associated Publications Metrics

Figure 3 shows the annual distribution of publications of the selected articles. The
138 articles are distributed according to their year of publication, ranging from 2002 to
2021. Thus, it is possible to observe a trend in the increase in article publications from
2013 onwards. Then, it is visualized that the number of publications does not vary greatly,
ranging between 8 and 10 annually; however, they have increased considerably since 2018.

1 1 1 1 1 2 3
5

11

8
10 10 9

19

22

17 17

2002 2003 2004 2008 2009 2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 2021

A
rt

ic
le

s n
um

be
r

Publication year

Figure 3. Articles’ annual distribution.

Even though for 2021, there is an incomplete number of publications due to the date of
recovery of the database, there has been a growing increase in research in recent years. Based
on what was observed during the review, possible causes may be the need for research on
the impact of thermal comfort on people’s health and new technologies. The first is given
by the climatic conditions that afflict certain areas of extreme climates, and the second by
the development of automatic learning models that can optimize energy resources without
transgressing the thermal comfort of occupants. It should be noted that one of the keywords
used for this research was management, to focus on the operative phase of infrastructure so
that within the research are monitoring systems that focus on creating ventilation and heating
systems with new technologies that develop continuous learning models which deliver tools
that optimize energy resources, which opens a new area of research. On the other hand, the
increase in sustainable structures and energy efficiency is a topic that has gathered moment
through the years, hence the increase in this research [18].

Concerning the impact of the selected articles in the literature, according to the Web of
Science databases, 81% have at least one citation. Of the total, 43% have 20 or more citations.

Figure 4 shows the countries that have researched and published on thermal comfort.
A light shade is observed for those countries in which fewer articles have been published,
starting from a single publication, and a darker shade for those in which more research
has been carried out, reaching a maximum of 22 publications. Thus, the countries with the
highest scientific production on this subject are the United States, China, and the United
Kingdom, with 22, 20, and 17 publications, respectively.
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Figure 4. Distribution of published articles by country.

It is possible to observe which countries have thermal comfort as a research front with
this. Although countries appear as leaders in publications, such as the United States or the
United Kingdom, some countries researching thermal comfort in health and sustainability
gave their geographical location with complex climatic conditions. Examples of this are
China, South Korea, Japan, India, and Brazil; as such, although China presents publications
to a greater extent than the other countries, during the review, it was observed that the other
countries present a large number of evaluations and field studies to visualize the conditions
of occupants in the infrastructures. This was due to the extreme climatic conditions
prevailing in each area, which was one of the causes for research on several occasions, as
was the case with Brazil and India. One possible cause may be the prevailing climatic
conditions of each area. Field studies reflected a greater variability in thermal comfort
perceived by subjects based on different climates in naturally ventilated environments.
Therefore, to conduct an in-depth investigation to quantify these adaptations, the collection
of sufficient data from field measurements becomes a useful avenue of research.

Figure 5 shows the number of articles published by the journals identified in this study.
In this way, it is possible to evaluate the impact generated by thermal comfort research in
the different disciplines. Of the 138 articles selected, a total of 30 journals were identified,
covering research areas focused on engineering and architecture, sustainability, and energy,
among other research areas. However, within these categories, it is also possible, to a
lesser extent, to find journals that focus on evaluating the impacts of thermal comfort on
occupants’ health. This shows that the research focuses analyzed in the articles considered
in this work cover a broad spectrum of disciplines, leading to a comprehensive review
of TCVs. The literature review provides many studies from which conclusions could be
generalized, and certain recommendations for future work could be made.

3.1.2. Keyword Co-Occurrence Analysis

Figure 6 shows the map of co-occurrence of keywords, where each node with its
respective label represents a keyword, and its size reflects the number of occurrences
it had in total; the larger it is, the higher its frequency. The centrality reflects the most
influential nodes within the network since they are the ones that present a greater amount
of co-occurrence with another term within the network [19]. Thus, the central domain
of the research is found in the thermal comfort term, being the node with the largest
size and centrality within the network. With this, it is concluded that the main research
area that unifies the whole network is thermal comfort and the research branches taken
for its evaluation. On the other hand, the color of each node represents the grouping
that VOSviewer delivers, which is called a cluster [19]. Figure 6 shows a total of four
clusters represented by four different colors: the red and blue clusters correlate with
energy efficiency that interrelates thermal comfort and energy optimization strategies using

203



Sustainability 2022, 14, 1773

machine learning; and the yellow and green clusters focus on operational strategies and
behavior perception.
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Figure 5. Number of articles published by journal.

Figure 6. Co-occurrence of authors’ keywords.

1. The red cluster displays the terms thermal comfort, energy efficiency, naturally venti-
lated, and occupant behavior as those with the highest number of occurrences given
their size. In addition, the energy efficiency term acts as an intermediary between the
red and blue clusters. This cluster contains great variability of terms, including key-
words of authors attributable to TCVs, such as relative humidity or air temperature,
which represents that the articles in this cluster study thermal comfort from different

204



Sustainability 2022, 14, 1773

research fronts, with a focus on one TCV or several variables. On the one hand, the
personal attitudes of users represent a key factor to consider when predicting the over-
all thermal–energetic performance of buildings [20]. It has often been observed that
the operational energy used is higher than that predicted in the design, and adaptive
behavior driven by occupant comfort is a potential source of this discrepancy [21].
For example, in the field study by Liu J. et al. [22], it can be seen that, although there
are central heating systems (radiators), occupants use heating equipment (heaters)
to satisfy their thermal preferences. Thus, occupants’ comfort requirements regard-
ing thermal conditions and indoor air quality in buildings represent a high energy
expenditure. Therefore, in the challenge of reducing the environmental impact, it
is important to understand occupants’ interactions with the indoor environment to
provide comfort conditions in the most efficient way [20,22]. In contrast, in natu-
rally ventilated spaces, this ventilation condition could effectively decrease energy
consumption. For example, Park B. and Lee S. [23] found that improving natural
ventilation strategies reduced energy consumption by 30% compared to a mechanical
ventilation strategy.

2. In the blue group are those terms linked to machine learning models. Here, larger
nodes are distinguished as the predicted mean vote (PMV) model, office buildings,
machine learning and heating, ventilation, and air conditioning (HVAC) systems. Both
PMV and adaptive models have limitations when used to predict occupant comfort
in buildings under real conditions. Both models show poor predictive accuracy
when applied to a small group of people or individuals because they are designed
to predict the average comfort of a large group of people [24]. On the other hand,
machine learning is a subfield of artificial intelligence (AI) mainly concerned with
programming computers to interpret complex data and evolve in performance with
experience [11]. Thus, integrating machine learning algorithms with thermal comfort
data analysis could be a very promising direction [25]. Predictions about the thermal
preference of individuals can help HVAC systems to provide preventive or corrective
control strategies to improve the comfort satisfaction of building occupants [26]. This
is evidenced by the growing number of such studies and model development using
these techniques. For example, Kim J. et al. [26] developed a predictive model on the
thermal preference of individuals based on six machine learning algorithms. Now,
regarding the input parameters, different studies may vary for the development of
these algorithms. However, most of them used common comfort attributes such as
the same environmental and personal factors incorporated in the PMV model [25].

3. The yellow color shows the cluster associated with those terms associated with the
evaluations and field studies in the operational stage, evaluating based on standard-
ized guidelines. Thus, the terms with the highest occurrence correspond to indoor
environment quality (IEQ), comfort standards, and post-occupancy evaluation. IEQ
refers to the quality of indoor spaces concerning the health and wellbeing of users. It
is a concept that considers several components of overall indoor comfort: thermal,
lighting, air quality, and acoustic [27]. Improving workplace comfort levels positively
affects several domains, affecting wellbeing, productivity, energy efficiency, and re-
lated economic benefits. However, these areas may conflict each other, so managing
a building during the operation phase must take all these into account to balance
the weight of each aspect [28]. At present, there are different standards to follow
regarding the quality of the environment. There are standards for its evaluation and
measurements regarding thermal comforts, such as ASHRAE and ISO7730. On the
other hand, if we talk about air quality, CO2 concentration as the main variable can
increase in indoor environments due to the combination of human respiration and
insufficient ventilation. This is linked to thermal comfort due to the action of doors
and windows. Thus, the WELL Building Standard certification recommends a certain
threshold of parts per million of CO2 concentration to avoid falling into the “sick
building syndrome” [29,30].
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4. In green color, it is possible to observe the terms adaptive model, thermal adaptation,
comfortable temperature, and children’s perception. Thus, it is possible to observe
that the research front of these studies is to evaluate the behavior and perception
caused by thermal comfort levels in occupants. According to the adaptive approach,
if a user is in a state of discomfort, they will restore their state of wellbeing [31].
Psychological adaptation has been considered the most important factor in explaining
discrepancies in observed and predicted thermal sensations and acceptability [22].
People’s responses are highly dependent on their thermal experiences [32].

3.2. Variables Affecting Thermal Comfort

This section presents the variables selected for the systematic review. They are classi-
fied, and a definition is provided to contextualize each one of them. A search is conducted
to determine the presence of each in the literature, and then a discussion is carried out
based on the results obtained.

3.2.1. TCV Classification

Based on the article Development of the ASHRAE Global Thermal Comfort Database
II [14], the categories are defined, and variables that affect thermal comfort are described in
accordance with analysis in field studies. In addition, variables that were not found in the
database but were relevant during the review are added, complementing the initial set of
variables. It should be noted that these were classified based on what was visualized within
the 138 articles analyzed, giving them the classification that resembled each of them. Thus,
Table 1 classifies the TCVs. The classification column is the category to which each variable
is assigned, the variable column, and finally, an identifier corresponding to an abbreviation.

Table 1. TCV Classification.

Classification Variable Identifier

Basic identifiers

Structure type STC
Season SN
Climate CLI

Cooling strategy CSTR

Occupant’s personal
information

Gender GEN
Age AGE

Occupant characteristics

Metabolic rate MET
Clothing insulation CI
Skin temperature ST

Window/door use WD

Building characteristics

Orientation OR
Artificial air conditioning AR

Materials MAT
Natural ventilation NV

Environmental conditions

Operative temperature OPT
Dry bulb temperature DBT

Air temperature AIRT
Globe temperature GLT

Mean radiant temperature MRT
Mean outdoor temperature MOT

Air velocity AIRV
Relative humidity RH

Solar radiation SR
CO2 concentration CO2

Table 1 shows the five groups into which the TCVs are classified. Within the category
of basic identifiers, some variables are attributable to contextual factors specific to each
building. Given geographic location, variables such as the predominant season and climate
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of the area are in this category. Also within this category, we have the TCV type of structure
and refrigeration, which are contextual variables to know the building and ventilation
conditions. Then, this group provides in a general way the conditions for the evaluation of
thermal comfort in a building.

In the category of building characteristics, two variables are given by the cooling
strategy (artificial air conditioning and natural ventilation), although there is also a combi-
nation called mixed mode. However, for this study, only the first two ones mentioned are
considered. There are also variables attributable to the materials of the structure, although
it is important to note that this variable is not considered in greater depth in this study since
the scope of the study includes a literature review at the operative stage. Therefore, the
authors do not delve into construction issues by not focusing on the materials in the design
stages; these are only considered in comparisons in operational structures and evaluations,
among others. Finally, the structure’s orientation is taken as a particular characteristic of the
infrastructure since in the same building, different rooms can have different orientations,
and different conclusions can be drawn from this variable in the same structure.

For the category of personal information of the users, the TCVs contained are at-
tributable to the occupants who are participants in an evaluation carried out on the premises
of the structure to be analyzed or users in the development of a thermal comfort measure-
ment model. Therefore, variables such as gender and age are descriptive and are variables
from which conclusions can be drawn.

On the other hand, the category of user characteristics includes those TCVs that are
used within the comfort measurement process, either directly, such as metabolic rate and
clothing insulation, or physiological variables of the user that are part of the PMV model,
or user behavioral variables, such as interaction with the environment through the opening
of doors and windows or the temperature of the skin.

Finally, environmental conditions classify the physical TCVs specific to the envi-
ronment, where variables that can be measured utilizing measuring devices or tools are
distinguished. In addition, it should be borne in mind that differences between indoor and
outdoor environment must be distinguished due to the model used, either considering
static conditions for the PMV model or variations in the environment. For this reason,
variables such as temperature, relative humidity, and air velocity are analyzed with an
indoor/outdoor denomination.

Table 2 presents the definition of each variable found in the literature review carried
out for the classified variables. However, to create Table 2, it was necessary to create an
analogy between the variables found since TCVs were related to each other. For example,
some variables could be obtained from another, or some variables could be found under
different names but alluding to the same concept. In this way, it was possible to find
relationships between the variables described throughout this study.

Table 2. Definition of variables.

Id Variable Definition

STC Structure type Classroom, multi-family residence,
office, others [16].

SN Season Spring, summer, autumn, winter [16].

CLI Climate Koppen climate classification [16].

CSTR Cooling strategy Mechanically ventilated, naturally
ventilated, mixed [16].

GEN Gender Female, male, indefinite [16].

AGE Age Age of participants [16].

207



Sustainability 2022, 14, 1773

Table 2. Cont.

Id Variable Definition

MET Metabolic rate
Transformation rate of chemical energy into heat

and mechanical work by metabolic activities within
an organism [33].

CI Clothing insulation

Resistance to heat transfer provided by a set of
clothing. Heat transfer from the whole body thus
also includes uncovered body parts, such as the

head and hands [33].

ST Skin temperature
Surface temperature in radiative equilibrium. It

forms the interface between the body
and the atmosphere [34].

WD Window/door use Status of doors and windows as open or closed [16].

OR Orientation It measures which cardinal point a building or space
is oriented to the north to south (0–180◦) [35].

AR Artificial
air conditioning

The action and effect of air conditioning, i.e.,
providing an enclosed space with the conditions of

temperature, relative humidity, air purity, and
sometimes pressure, is necessary for people’s
wellbeing or the preservation of things [36].

MAT Materials Materials of construction of the structure.

NV Natural ventilation

Process of air renewal in the premises by natural
means (wind action or thermal draught), the action
of which can be favored by the opening of elements

of the exterior walls [36].

OPT Operative
temperature

The uniform temperature of an imaginary black
enclosure in which a person would exchange the

same amount of heat by radiation and convection as
in the real non-uniform environment [37,38].

DBT Dry bulb temperature
The temperature recorded by the standard

thermostat with a non-wetted bulb protected from
radiant exchange [35].

AIRT Air temperature The temperature of the air surrounding
the occupant [33].

GLT Globe
temperature

The temperature obtained with a globe thermometer
measured radiant heat [35].

MRT Mean radiant
temperature

The uniform temperature of an imaginary enclosure
in which the radiant heat transfer of the human body

is equal to the radiant heat transfer in the real
non-uniform enclosure [36].

MOT Mean outdoor
temperature

Mean monthly outdoor temperature at the time of
the field study [16].

AIRV Air velocity The velocity of air movement at a point, regardless
of direction [33].

RH Relative humidity Water vapor concentration at
the existing temperature [2].

SR Solar radiation The energy emitted by the sun, which propagates in
the form of electromagnetic waves. [39].

CO2 CO2 concentration CO2 level measured in the air.

In research focused on thermal comfort, Vellei M. et al. [40] previously carried out
a review of variables. It is visualized that, in certain studies, variables such as indoor
temperature have usually been measured as dry bulb temperature and globe or operative
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temperature. However, this is identified by previous studies that have managed to find
correlations or minimal variations between some temperatures, so depending on the
instruments and the circumstances in which they must perform the measurements, they
will opt for one variable or another [41].

One of the relationships is given by a standardization, where mean radiant temperature
(MRT) is calculated from the air temperature, velocity, and globe temperature in accordance
with the International Organization for Standardization (ISO 7726) [33,34]. On the other
hand, for outside temperature, a concept called “running mean temperature”, calculated
as a ratio based on outside temperature, was used in some thermal comfort evaluation
studies. This is supported by the fact that an average of outdoor temperatures weighted
in accordance with their distance in the past reflects the thermal experience better than
instantaneous monthly average temperature [32,42].

In another aspect, based on the conditions of the field studies, several conditions pro-
duce the use of different concepts to refer to indoor environment temperature. For example,
Dai J. and Jiang S. [43] express, according to the ANSI/ASHRAE 55 and BS EN15251 stan-
dards, the operating temperature based on indoor air temperature, air-velocity-dependent
factor, and mean radiant temperature, which in turn are expressed by a relationship with
globe temperature. Further, in the study by Kim A. et al. [44], due to an incomplete record-
ing of the globe temperature, they defined the estimated operative temperature through
indoor air temperature, ensuring minimal data loss via linear regression.

3.2.2. Frequency of Variables in the Literature

Based on the description TCVs in Table 2, a manual review was performed on the
selected article base. As previously mentioned, the type of structure for this research
corresponds to offices, residences, and educational buildings.

In Figure 7, the TCVs were ordered based on their frequency in the items in descending
order. Thus, indoor relative humidity, air temperature, and air velocity are visualized as
the TCVs with the highest occurrence within the set of articles. On the other hand, skin
temperature and materials are the least frequently occurring TCVs. However, since most
of the analyzed documents correspond to field studies, it is observed that many of the
variables present in the literature correspond to environmental ones, where they can be
presented with another denomination, as discussed in the previous section. Variables such
as dry bulb temperature, globe temperature, or operative temperature were not unified
and were searched under their denomination. However, it is important to note that they
represent the same concept of “operative temperature” as required in the ASHRAE55
standard for measuring thermal comfort [36].

In this context, the field studies follow a standardization under the guidelines of the
ISO7730 and ASHRAE55, among other norms or standards using the input variables of the
PMV model, which correspond to four environmental variables: air temperature, mean
radiant temperature, relative humidity, and air velocity; and two physiological variables:
clothing insulation and metabolic rate. On the other hand, most machine learning models
also use the PMV model parameters as input variables within their algorithm, which would
replicate these TCVs. This would mean that the PMV variables are present in many of the
documents analyzed. For this reason, the artificial air conditioning variable also appears,
understanding that the environment would be under stable conditions, where there would
be no significant variability in the indoor environment.
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Figure 7. Frequency of appearance of variables in reviewed articles.

Likewise, the average outdoor temperature variable appears, representing a variability
of the environment and not a static state as in the PMV model. Thus, this variable appears
in the scenario of naturally ventilated spaces under the adaptive approach.

On the other hand, it is possible to observe contextual variables such as climate or
season, which appear to see their relationship with the thermal comfort perceived by the
users. It should be noted that a considerable number of field studies were carried out
in extreme climates where the actual requirements of the users were far from the values
provided by the standards, which could also be seen in Figure 4, where countries such as
Brazil and South Korea presented the highest research productions under these conditions.
In addition, taking the climate variable as a measure of perception can significantly affect
the thermal sensation. Given the same indoor thermal environment, occupants in warmer
climates tend to feel significantly colder than their counterparts in colder climates, sug-
gesting a long-term acclimatization effect [12]. In an office setting, outdoor temperature
appears to be the most influential factor in opening windows upon arrival, where users
modify their environment through this action, suggesting that users are still influenced by
the perception of outdoor conditions [33].

Further, personal information variables such as gender and age appear more frequently,
used as contextual variables of the study or to obtain conjectures when concluding about
thermal perception [45]. For example, Zhang F. and de Dear R. [17] concluded that gender
shows significant main and interaction effects on thermal sensation. Women perceived
the same thermal environment to be significantly colder than their male counterparts, and
thermal sensitivity was also systematically higher in women. For age, Teli D. et al. [46]
detected that children are more sensitive to higher temperatures than adults, with comfort-
able temperatures about 4 ◦C lower than PMV predictions. Therefore, they concluded that
children have a different thermal perception than adults and that it is necessary to adjust
the models to reflect their thermal sensation adequately.

Another variable, i.e., window/door use, represents occupants’ interaction with their
environment. Indoor conditions such as temperature, humidity, and CO2 can explain
the driving forces of window opening behavior [47]. In turn, window operation is re-
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lated to ventilation, indoor air quality, and energy consumption [21]. In studies such as
Jeong B. et al. [48], it was evidenced that thermal stimuli explained window opening and
closing behaviors. In the opening case, the outside temperature exceeded 12.7 ◦C, presum-
ably to achieve a cooling effect. On the other hand, for closing, 90.6% of the openings were
closed before the inside temperature reached 4 ◦C.

Finally, variables such as materials and skin temperature appear to a lesser extent. the
former is related to the fact that articles that included the design stage of an infrastructure
were not analyzed due to the selection of articles in the operative stage. Therefore, aspects
such as thermal envelopes or materials insulation were not analyzed. As for skin tempera-
ture, this variable was covered in more specific studies. For example, Faridah F. et al. [49]
detected thermal sensations from facial skin temperature using a thermal camera.

Figure 8 shows the network diagram created in Gephi, based on the co-occurrence
of two variables in the same text. The nodes are shown with each TCV according to its
identifier, and the colors are organized in accordance with the classification in Table 1. Thus,
environmental TCVs are colored lilac, occupants’ personal information is colored orange,
occupants’ characteristics are colored light blue, basic identifiers are colored dark green,
and building characteristics are colored light green.

Figure 8. TCV network diagram.

The diagram was designed with a ranking in the size of the nodes by degrees with
weights. When analyzing by pairs of variables, it was enough that they appeared together
in a single article for them to be related. Hence, it was more interesting to see the degree to
which they were connected.

On the other hand, the variables that appear at the ends of the network correspond
to variables on which research fronts have been set. In this way, we find articles that
seek to make new models focused on occupant behavior. Some of these variables are
clothing insulation, gender, age of users, use of doors and windows, building orientation,
and acclimatization. The above are determined under the premise that the PMV model
provided by ISO 7730 and similar standards, although very accurate in neutral and con-
trolled environments, does not always accurately describe occupant perception in a real
environment [50].
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In the central part of the network, the most influential nodes or TCVs are displayed,
where the six variables in the stationary Fanger model are observed. Environmental
variables such as mean radiant and air temperature, airspeed, and relative humidity are
included, together with the personal variables corresponding to clothing insulation and
metabolic rate.

In addition to the Fanger variables, the cooling strategy of the buildings is visualized,
where it is possible to see two variables: artificial air conditioning and natural ventilation.
To adopt a research line, it is necessary to know the predominant type of ventilation in the
building; thus, it will be possible to define the conditions that exist and evaluate thermal
comfort from an adaptive or stationary model. This would explain the appearance of the
mean outside temperature variable using the first model mentioned.

3.3. Capture Devices

Standardizations such as ASHARAE55 [33] provide norms to capture the variables
more accurately. Most of the studies carried out in indoor environments are performed
according to ISO 7726 [46]. In this literature review, most of the articles analyzed corre-
sponded to field studies and evaluations of thermal comfort in real environments, governed
by standards. However, as scenarios and conditions may vary depending on the type of
structure, it is necessary to see what factors should be considered when collecting measure-
ments to have greater accuracy.

Within the measurement tools, it is possible to find a great variety of sensors that
measure TCV; however, given that there are different types of contextual or user-dependent
variables, not all can be measured. Table 3 presents the generalized measurement devices
found in the literature, without going into further detail, such as the accuracy of each one.
Two large groups are generated here, one focused on sensors that capture environmental
variables and the other on measures occupant-related variables. Additionally, environmen-
tal variables can be obtained based on data from weather stations, which will depend on
the type of study being carried out [51].

Table 3. TCV measurement tool.

Measurement Approach Tool Measured Variable

Occupant-Centered
Variables

Questionnaire and survey

Thermal sensation (TSV)

Thermal preference (TP)

Thermal acceptability (TA)

Age, gender, clothing

Skin temperature sensor Skin temperature

Door and window open
sensor Window/door use

Environmental
Conditions

CO2 sensor CO2 concentration

Air Temperature sensor
Thermo-hygrometric sensor Air temperature

Globe thermometer
Heat stress meter Globe temperature

Humidity sensor
Thermo hygrometric sensor Relative humidity

Air velocity sensor
Anemometer Air velocity

Pyranometer Solar radiation

Thermal camera Surface temperature
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Instrument accuracy, measurement range, and response time should be indicated
in thermal comfort investigations. ISO 7726 and the ASHRAE55 standard [33] require
minimum accuracy for measuring certain environmental variables: air velocity, indoor air
temperature, globe temperature, and relative humidity. Moreover, measurements must be
taken close to the interviewed subjects if the objective is to analyze how people perceive
thermal conditions [47].

The instruments must meet the accuracy and range requirements of the standards for
monitoring thermal comfort conditions [52]. The deployment strategy of the instruments
would be a function of proximity to the people occupying the space, proximity to thermal
machines, area of coverage, and height position of the devices [46]. During the review,
it was observed that researchers were able to acquire instruments that met the precision
requirements of the standards for measuring equipment. According to ISO 7726, the
temperature acceptability ranges are from 10 to 40 ◦C, with instruments with an accuracy
of +−5 ◦C. For air velocity, there is a range of 0.05 to 1 m/s with an instrument accuracy
of +−(0.05 + 0.05 Va). For humidity, mentioned as vapor pressure, a measurement range
of 0.5 to 3.0 KPa is established with an instrument accuracy of +−0.15 KPa [53]. Now, the
capture of these variables is complemented with questionnaires that deliver the thermal
preference that users answer, contrasting the real perception they obtain with what is
provided in the standard. However, much of the literature shows this realization at a
specific time. The vast majority focused on conducting physical surveys that studied
the applicability of perceptions in real time. In this way, steps are taken to improve
this process of obtaining people’s perceptions. Acquiring these data in real time can
complement behavioral models and thus help the management of thermal comfort in
indoor environments.

They are now countering the perceptions in physical surveys and new technologies
that address this digitally. For the former, the applicability to many people and distribution
of the devices for measuring environmental variables become difficult. In addition, repeated
surveys could lead to attrition in participation. On the other hand, digital channels allow
people to give feedback through a daily use channel such as a cell phone and can be applied
to thermal comfort management systems [54].

A better understanding of occupants’ perception of indoor environment quality helps
occupants to be more productive and healthier. At the same time, analyzing occupant
behavior patterns through occupancy sensors helps to improve energy savings in the built
environment [55]. Thus, it was possible to identify sensors associated with user adaptability
behaviors during the review, evidence that these variables are a point of research interest.

4. Discussion

4.1. Practical Considerations

To achieve a range of acceptance of thermal comfort for a group of people, as many
people as possible must be satisfied. Environmental variables such as temperature or
humidity are the most visible when discussing thermal comfort. In this context, the three
variables found with the greatest presence in the literature were relative humidity, air
temperature, and air velocity. These represent the basis for establishing relationships, as
seen in Section 3.2.1, wherein the case of not obtaining a variable directly could be obtained
from these three.

These variables correspond to the main ones analyzed in the different thermal com-
fort studies since they represent the basis of the human body’s process with the physical
environment to perceive a thermal environment. Through a convection process, air temper-
ature determines how much heat the body loses to the air. On the other hand, the relative
humidity present in the air regulates the conditions for evaporating sweat, which is one of
the mechanisms for cooling the body; the higher the humidity, the more difficult it is for
the air to absorb. As for air velocity, the loss of body heat by convection and evaporation
processes is influenced by air movement, with those that cool the body the most being
called air currents. By establishing ranges for each variable based on certain conditions
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given in each study, such as climate or season, thermal comfort can be analyzed through
different research areas.

The benefits delivered by a better prediction of thermal comfort are:

• Contextual variables and those associated with occupant behavior can contribute
to early design stages. For example, recognizing preferences for air-conditioned or
naturally ventilated environments based on the climatic context and determining
the habit of closing windows, it is possible to improve the architectural design to
meet these preferences [28]. Thus, stakeholders such as real estate companies should
consider these aspects to improve thermal comfort in operational stages;

• In terms of energy and health, the adaptive actions taken by users in their thermal
environments affect energy consumption through the use of heating/cooling systems
and generated CO2 levels, respectively. In this way, the search is developed to establish
a synergy between the factors of a design that meets people’s expectations while
complying with a sustainable approach.

Under this context, indoor air quality (IAQ), one of the factors of indoor environment
quality (IEQ), impacts ventilation systems associated with controlling the CO2 levels of indoor
environments, bringing with it impacts on energy resources. Thus, it becomes necessary
to maintain general comfort levels with decreased energy requirements [56]. Considering
current pandemic scenarios (COVID-19), controlling indoor air quality takes on great relevance.
Reducing viral load through ventilation systems increases energy costs, so it is necessary to
consider new ways to provide adequate ventilation, for example, customized ventilation,
ensuring synergy between IEQ perception, health, and energy efficiency [57].

One way to integrate these points corresponds to a management system that incor-
porates a thermal comfort prediction base delivering optimal ranges, complementing this
with real-time perceptions that avoid overestimating the thermal comfort acceptance ranges
and integrating this into the air conditioning systems to operate only at times when it is
required. In this way, a large saving in electrical resources is achieved, which translates
into energy efficiency.

4.2. Limitations

While the results and conclusions of this research are based on a systematic literature
review and aligned with the conclusions of previous research, some limitations of the work
need to be indicated:

• Although the impact that each of the variables obtained referring to user behavior
can have on thermal comfort is analyzed, there is no emphasis on which causes the
greatest impact or which are essential, so the question of which could have the greatest
influence at times of gaps in the values of thermal comfort evaluations is not presented;

• Since this review is attributable to three types of infrastructures, i.e., residences, educa-
tional establishments, and offices, it is not attributable to other infrastructures such
as hospitals, subways, etc. However, many evaluations are focused on these interior
spaces since they represent daily scenarios where people spend most of their time.
Hence, the conclusions generated from this review manage to cover a large part of
potential users;

• This review was carried out for an operational stage, so other variables focused on
design, such as material insulation, were not considered. However, the spectrum
of variables seen helps to understand users’ perceptions and can provide important
considerations to be included in the design stages of a building.

5. Conclusions

From the literature review, the most influential variables when measuring thermal
comfort were obtained. First, through characterization and analysis of the authors’ key-
words, it was possible to identify the research areas to which the studies were related.
Among these, we found mainly indoor environment quality standards, variables focused
on human behavior, and machine learning models for a more accurate thermal comfort
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prediction. Moreover, it was possible to classify these variables and then relate them to the
capture devices. Within the four categories, the environmental variables can be measured
by devices, which are standardized to obtain greater accuracy in the measurements. It was
seen that the important factors to consider are height, data collection intervals, position
close to the user, and proximity to other thermal devices.

Regarding a co-occurrence analysis, it was found that the most influential variables
are given by the six variables proposed in Fanger’s stationary model: air temperature,
mean radiant temperature, airspeed, and relative humidity. Further, the physiological
variables are given by metabolic rate and clothing insulation. This could be seen both in
the frequency graph of the variables and in the TCV network diagram in Figure 8, which is
explained by the fact that the input variables for both the standards and the algorithms of
the machine learning models were the same as those for the PMV model. Moreover, a high
frequency could be seen in the mean outdoor temperature variable linked to the adaptive
model. Additionally, the research sector that has focused on the behavior and adaptability
of the occupants has given way to new variables that also influence thermal comfort. Those
reviewed in this study correspond to gender, age, acclimatization, window/door use, and
clothing insulation.

The main contribution of this is giving a wide overview of the most considered
variables—in the literature—that influence thermal comfort and, in this way, making
pertinent considerations in their management stages. The importance of considering all
the variables when evaluating thermal comfort in a building lies in improving its accuracy.
While there are standards which provide guidelines and temperature values for which a
group of people in the same indoor environment would be satisfied, understanding the
individual behaviors and thermal perceptions of each occupant will help to close the gap
of differences between the value provided by a standard and actual thermal perception.
An individualized approach is necessary to achieve thermal satisfaction in an indoor
environment, rather than simply meeting universal design criteria for thermal comfort.

In terms of sustainability and the economy, having the spectrum of variables that
influence occupants’ behavior to adapt the environment to their thermal preferences con-
tributes to generating a positive impact on the energy savings of buildings. The above,
considering the energy used during the operational stage, is greater than the designed
stage. Therefore, emphasizing behavioral models will allow a better understanding of
occupant comfort, which in early stages could even lead to a better design of the structure,
contributing to energy efficiency. Under this same context, new models have been devel-
oped for predicting thermal comfort in centralized control systems where thermal comfort
ranges are established for the public through algorithms that can optimize thermal comfort
with lower energy consumption, making the use of the correct variables to avoid biases in
the predictions indispensable.

Variables such as gender and age show differences in thermal perceptions. Therefore,
in the context of an educational establishment, where children and adults share the same
space, it is necessary to link these variables to the models used to find a neutral temperature
that fully satisfies the users. On the other hand, opening doors and windows also indicates
users’ thermal perceptions. In the early stages, it can contribute to a better design or, in
operational stages, help to employ strategies to restore structures.

As for the limitations of this study, given that the scope of the literature review
was proposed only for structures such as residences, offices, and educational buildings,
the conclusions obtained from the results are not attributable to industries or facilities
such as hospitals or a subway. In addition, because the operative stage of a structure was
covered, other variables focused on design, such as material insulation, were not considered.
However, the spectrum of variables seen helps to understand users’ perceptions and can
provide important considerations to be included in the design stages of a building.

Finally, a future line of research is opened for a discussion that adapts the current
standardization norms of thermal comfort evaluation (ISO7730, ASHARAE55) to new
models based on dynamic and behavioral variables in occupants according to a preference
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scale. For this purpose, it would be interesting to carry out a statistical study based on
those variables that generate a greater gap in the thermal comfort evaluations to generate
an order of impact.
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