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Abstract: The integration of sustainability rating systems in healthcare projects and healthcare build-
ing envelope specifications is a growing concern in the construction industry, especially in the arid
region. The external facade of healthcare buildings is one of the most significant contributors to
the energy cost and comfort level of healthcare buildings in such a region. This study undertook
a comprehensive comparison analysis of an adaptive model of high-performance glazing (HPG)
specifications for patient rooms in a case study inside Saudi Arabia based on multi-criteria, including
the LEED Healthcare rating system. The study used a technical comparative analysis for three onsite
glazing models with HAB software v6.0 based on specifications of specialist manufacturer organi-
zations for glazing window performance, climatic conditions, and the region’s culture. Significant
results in the case study project were achieved in energy saving and sustainability ranking in the
healthcare rating system, providing new specification guidelines for HPG applications in healthcare
buildings located in an arid region, and cultural environment considerations.

Keywords: healthcare rating system; high-performance glazing (HPG); green hospitals; sustainable
environment; arid region

1. Introduction

A green hospital recognizes the connection between physical and mental human health
and the environment to demonstrate its governance, strategy, and operations [1–3]. A green
hospital building enhances patient well-being, promotes public health, reduces environmen-
tal impact, contributes to the elimination of disease burden, and aids the curative process,
while utilizing natural resources in an efficient, environment-friendly matter [4,5]. Green
hospital rating systems are considered in both construction and operation and provide
a therapeutic environment in which the overall design of the building contributes to the
healing process and reduces the risk of healthcare-associated infections rather than simply
being a place where treatment takes place [5,6]. The healthcare planning and design process
needs to be correspondingly broad enough to include not only the issues surrounding the
treatment of disease but also the promotion of health and prevention of disease—essentially
the creation of a safe and therapeutic care environment [7–9]. Therefore, the design of a
green hospital considers lighting, indoor air quality, passive and active measures, clean
and green interior building materials, and the landscape. Table 1 illustrates sustainability
rating tools and organization for healthcare buildings [9,10].

Identifying precisely the external glazing elements specifications in healthcare build-
ing facades supports architects and contributes to achieving a green hospital. They also

Buildings 2023, 13, 1243. https://doi.org/10.3390/buildings13051243 https://www.mdpi.com/journal/buildings1
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help in achieving sustainability conditions and elements, which include indoor air quality
and using natural materials and resources without any harmful content to reduce CO2
monitoring. They also help in providing desirable and better daylight transmission; con-
tributing with new energy-saving technology; reducing solar heat gain in hot climates and
preventing heat loss in cold climates; supporting safety benefits needs; enhancing occupant
comfort, improving the productivity of occupants; and supporting patient recovery, healing,
and connectivity to the external environment view. Figure 1 illustrates the benefits of using
glazing elements in hospitals facades [8,9]. The processes and practices of sustainability
focus on the green healthcare structures’ design, justify architectural approaches to in-
terior design in a healthcare setting, and improve the quality of services to the hospital
occupants [10,11].

Table 1. Sustainability rating tools and organization for healthcare buildings.

Issues and Elements for Rating
International Organization Rating

Green Healthcare Building

Construction Operation BREEAM
Integrated Design Integrated Operation LEED
Sustainable Sites Sustainable Education GREEN STAR
Water Efficiency Sites Management DGNB

Energy + Atmosphere Transportation FGI
Materials + Resources Facilities Management WHO “The World Health Organization”

Environmental Quality Chemical Management

Innovation + Design Process

Waste Management LEED
Environmental Services WELL

Food Service WELL
Environmentally Preferable Purchasing EPA

Innovation in Operation ISO

Reduce staff attrition and increase productivity and  

Improve patient healing and recovery time  

Increase scores of patient satisfaction survey 

Reduce acquired infection rates of hospital  

Save environmental sustainability and energy  

Control glare and optimize daylight 

Expand to the outside views connection 

Emprove thermal comfort 

Enhance staff productivity  

Maximize engagement of patient  

Figure 1. Benefits of using glazing elements in hospitals facades.

Designing green and healthy environments for patients, staff, and visitors’ physical
and mental well-being in hospital buildings is a significant concern for all international and
local organizations [12,13]. Enhancing the formulation of the requirements for healthcare
architectural design elements and the building system positively affects the relationship
between the indoor environmental quality (IEQ) performance and the overall inpatient
satisfaction [14,15]. Green building rating systems (GBRSs) are adopted worldwide to
investigate the most effective glazing types in hospital patient room buildings, which affect
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the performance of IEQ, occupants’ satisfaction in a hospital ward, heating, and cooling
energy needs [6,16–18]. The healthcare façades, which include HPG elements with special
specifications, can achieve a better balance between occupants’ satisfaction and the building
energy demand, well-being, privacy in clinic diagnosing, daylight transmission, occupant
comfort inside the hospital spaces, energy saving, and a reduction in CO2 [19–24].

1.1. High-Performance Glazing (HPG) Elements Specifications and Sustainability

The term ‘high-performance building’ is commonly applied to both buildings and
their facades, and often to the materials that they comprise, such as high-performance
glass [25,26]. The exterior enclosures of high-performance sustainable facades use the
minimum possible amount of energy to maintain a comfortable interior environment and
to create a healthy and productive environment [27,28]. A high-performance building
optimizes the integration of all high-performance attributes through a life cycle basis,
including energy conservation, durability, safety, accessibility, and the operation processes’
cost [29,30]. Therefore, the attributes for determining the performance of the building
facades include: first, environmental impacts of the building facade, including energy
consumption and resulting emissions over the operations phase of the building lifecycle, as
well as lasting impacts; second, the building occupant security and safety using the façade’s
system; third, durability, which is the fundamental aspect of performance and sustainability
for all building systems; fourth, the economic or cost benefit, and the efficiency of all facade
systems and materials; fifth, human comfort, which affects the productivity, e.g., thermal,
acoustic, daylight, visuality, and connection to the natural environment. The benefits of
high-performance skins provide the occupants with fresh-air exchanges, collecting solar
energy through various technologies, harvesting rainwater for cistern storage and water
heating, and providing daylight and views to occupants while minimizing glare [31–33].

The technical description of high-performance glass provides energy efficient, resis-
tant glass, safety, and glass with electrically charged interlayers [34]. The innovations
in glass and glass coating technology provide control over solar radiation, maintain the
virtually neutral appearance, and provide a high light transmission [35]. The benefits of
using HPG include an energy saving of 35–40% more than conventional glass, a payback
period from 3 to 4 years, and enhancing the occupant comfort and productivity by access-
ing daylight [36]. The common parameters and values to measure the internal comfort
status for the whole glass in HPG include [13,16]: first, visible light transmittance, which
varies between 0 and 1; second, the solar radiation admitted through a window, which is
addressed with the solar heat gain coefficient (SHGC), expressed between 0 and 1; and
third, the U-factor, which measures the resistance heat flow from the building to outside,
where its ratings are between 0.15 and 1.20 [17,18].

1.2. Types of High-Performance Glass

The different types of high-performance glass include: first, insulated double and
triple-glazed glass, which consist of two or more glass panes with an air space filled
with inert gas, e.g., argon and krypton, which resists the heat flow and can reduce the
U-value by 0.2–0.3 W/m2K [21]; second, tinted glass, which reduces the solar heat gain
coefficient and visible light transmittance using common colors, e.g., blue, green, gray,
and bronze [21,22]; third, reflective glass coatings, which usually consist of thin metallic
layers with a variety of colors, e.g., silver, gold, and bronze, applied on the outer surface
of the glazing, where the reflective coatings enhance the transmittance of clear glass from
89% to more than 96% and the reflectivity from 8% to less than 2% [22]; fourth, triple-
silver-glass coatings, where a third silver layer is added to enable a high light transmission
and low solar factor [21,23]; fifth, low-iron glass or ultra-clear glass, which reduces the
iron content to produce beautifully transparent results, with a high safety, transmittance,
aesthetics, and environmental friendliness [22–24]; sixth, vacuum-insulated glazing, which
is used to minimize conduction and convection heat losses [25]; seventh, solar control low-E
glass, which is a special oxide-coated glass that transfers a lower amount of heat in the

3



Buildings 2023, 13, 1243

building, reducing the glare of light entering and the cost of artificial lights, with excellent
thermal insulation properties and an emissivity of 0.84, which means that it absorbs 84% of
long-wave radiation and reflects 16% [26,27]; eighth, smart glass and laminated glass or
switchable transparent glass (STG), which are used as smart PDLC film to change between
clear and opaque using voltage control [27,28].

1.3. Compatibility Factors of Glazing Elements with Sustainability Rating System

There are many advantages in the composition of glazing elements in all types of
healthcare building facades because of their aesthetic specifications and positive technical
environmental effects commensurate with the modern standard in healthcare construc-
tion projects, which aims toward being green healthcare projects with a high ranking in
achieving sustainability requirements and patient-healing needs [30,31]. The attainment of
these requirements and needs can be illustrated and classified in a compatibility matrix
by reviewing the most important standards required by the USGBC (LEED Healthcare
Guideline 2009), Guideline for Design and Construction of Health Care Facilities FGI “Fa-
cility Guidelines Institute”, and the use of technical specifications of glazing elements from
specialized manufacturer companies, e.g., Saint-Gobain, Guardian, and Pilkington, and
aluminum companies such as Choco and Technal [32]. The domains of the environmental
performance of sustainable healthcare construction include: site selection, alternative trans-
portation, water conservation, energy efficiency, recycled materials, renewable systems,
low-emitting materials, natural daylight, waste generation reduction, and local organic
food [33,34].

The Leadership in Energy and Environmental Design (LEED) system is widely recog-
nized as a green building standard in the construction industry, and provides a framework
for healthy-environment, high-efficiency, low-carbon, and cost-saving green buildings.
The LEED rating system is an evaluation system used for the building’s environmental
performance and sustainability measurements, which are based on an points-earning sys-
tem for meeting certain criteria in categories such as the buildings’ indoor environmental
quality, water conservation, and energy efficiency [32]. The LEED rating system has an
emphasis on energy efficiency and renewable energy, using energy-efficient equipment
and systems such as high-efficiency HVAC systems, LED lighting, solar panels, and an-
alytics data platforms, and using renewable energy sources such as geothermal, wind,
or hydroelectric power. The LEED certification has four levels: Certified (40–49 points),
Silver (50–59 points), Gold (60–79 points), and Platinum (80+ points), through a continu-
ous review process that includes a pre-certification review, a construction review, and a
post-construction review [33].

The LEED for Healthcare rating system is provided for inpatient and outpatient
healthcare facilities and its content is specific to designing strategies relevant to healthcare
environments. LEED-certified sustainable hospitals contain specific criteria values as
optimal green healthcare environments that influence the patients’ health, well-being,
and recovery periods. The base of the standards is classified into categories of location
and transportation, sustainable site, water efficiency, energy and atmosphere, materials
and resources, indoor environmental quality, innovation and design process, and regional
priority [33,34]. Improving the high-performance glazing (HPG) specifications in healthcare
projects can achieve more points in the LEED rating system and improve sustainability in
the three main sustainable categories of the whole project.

First: in the energy and atmosphere (EA) category, HPG can help to achieve more
points in EA Credit 1 (1–24 points) and optimize the energy performance to achieve
increasing levels by demonstrating a percentage improvement in the proposed building
performance [37,38]. Moreover, regarding EA Credit 2 (1–8 points), which concerns onsite
renewable energy, the intent for this category is to encourage increasing on-site renewable
energy self-supply levels by using on-site renewable energy systems to offset building
energy costs. Figure A1 (Appendix A) shows a technical performance comparison between
clear and tinted glass [38]. The HPG can contribute to these two credits by obtaining the best
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energy-efficient glazing, which combines thermal insulation and solar with increasing the
SHGC value from 0.20 to 0.25 as required in EN 410, NFRC 200, and NFRC 300 (American
Standard) [35]. Moreover, it helps in achieving a combination of solar control and low
emissivity by installing, as an example, high-tech HPG such as transparent conductive
oxide (TCO) as cover plates, electricity generation, and hot water, including certain types of
solar materials, e.g., crystalline silicon photovoltaics, thin-film photovoltaics, concentrated
solar power applications, and solar thermal collectors. Figure A2 (Appendix A) shows
crystalline, amorphous, and coating type used to generate power to reduce air conditioning
(AC) loads and CO2 emissions [36].

Second: in the indoor environmental quality (IEQ) category, HPG can help to achieve
more points in IEQ Credit 2 (1–2 points), which concerns the acoustic environment, in order
to provide building occupants with an indoor healing environment free of intrusive or dis-
ruptive levels of sound to meet the 2010 FGI Guidelines on control site exterior noise [37,38].
HPG can contribute to noise reduction according to noise reduction coefficients (NRCs),
traffic loads, and the thickness of glass layers as follows: traffic, 30–50 db reduction; non-
traffic, 35–40 db reduction [36,39]. HPG also helps to achieve more points in IEQ Credit 4
(1–4 points), which concerns low-emitting materials, by reducing the quantity of indoor
air contaminants that are odorous, irritating, and harmful to the well-being and comfort
of patients. Therefore, HPG can protect a healthy indoor environment from pollution,
characterized by a level of formaldehyde and volatile organic compound (VOC) emissions
close to 0 in materials and systems, e.g., coated glass, tempered glass, the sealant, and the
PVB layer in laminated glass [40]. HPG also contributes to IEQ Credit 5 (1 point)—the
control of potentially hazardous indoor chemical and pollutant sources to minimize their
exposure to building occupants—by using silver ions in the upper layers of the glass, which
destroy bacteria and germs by disabling their metabolism and disrupting their division
mechanism, particularly in warm and moist conditions, where the glass coating supports
the antibacterial process as shown in Figure A3 (Appendix A) [24,41,42]. Furthermore,
HPG helps to achieve points in IEQ Credit 6.2 (1 point), which indicates the controllability
of systems’ thermal comfort, by providing a high-level-of-thermal-comfort system and
individual thermal comfort controls for the patient room [37–39]. HPG can achieve a high
level of insulation by using double or triple-insulating glazing and coated glass in the
range of approximately 8” c to 15” c (IRUV coating as an example) [25,43,44], resulting in a
reduction in the solar factor, increase in the thermal insulation value, a 25% energy-saving
value, 70%:80% visible transmittance, a U-value as low as 0.9, and a 2:5 year payback [23,37].
Figure A4 (Appendix A) illustrates one of the job references used: transparent coating
tested in a lab with a 15% reduction in insulation [42,45]. HPG contributes to both IEQ
Credit 8.1 (1 point)—daylight—and IEQ Credit 8.2 (1 point)—daylight and views—by
providing building occupants with a connection between the outdoor environment and
indoor spaces through daylight and views that reach regularly occupied areas of the build-
ing [46,47], achieved by calculating the window-to-floor area ratio (WFR), window-to-wall
area ratio (WWR), and window head height. HPG can achieve a wide variety of visible
light transmittance, ranging from 10% to 83% [48]. Therefore, the glass connects building
occupants with the outdoor views and reduces the use of electrical lighting [45]. The design
of the window glazing could serve to be compatible with dim electrical light systems as
well as allow for the achievement of a suitable angle and WFR ratio. On average, hospitals
require an ambient light of 500 to 1000 Lux for visual comfort. Figure A5 illustrates the
different types of integrated window and curtain wall structures with thin and photovoltaic
film in visible light transmittance (LT). Figure A5 (Appendix A) shows different types of
integrated window-and-curtain-wall structures with thin and photovoltaic film in visible
light transmittance [46].

Third: in the materials and resources (MRs) category, HPG can help to achieve more
points in MR credit 3 (1–4 points), which concerns sustainably sourced materials and
products, by using the recycled content value and the cost of the assembly, as well as
materials and products whose source/manufacture must not exceed 500 miles (800 km)
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from the project location [46,49]. The manufacturing measurements and local raw materials
of HPG in Saudi Arabia comply with the current edition of the ASTM E966 Standard [50,51].
All glass factories are within 800 km from inside SA, and they have a minimum of 30%
recycled glass [49,52]. Figure 2 shows the locations of the glass manufacturer for the case
study far 239 km from the case study location.

Processing plant 

The location of glass 

Case study Building 

Figure 2. Locations of manufacturing processes that produce glass for the case study.

The study presents an evaluation process for HPG specifications guidelines that could
be applied in public and private healthcare projects in arid regions to have a positive impact
regarding the external environment, meet the patients’ healing needs, indoor patient comfort,
caregiver performance, and patient and staff satisfaction, and provide excellent solutions for
growing convergence that fosters public health and environmental sustainability.

This study undertook a full analysis of compatibility factors of HPG elements with
sustainable rating system credits and international standards in order to update tender
specifications and achieve distinguished results in energy saving, indoor air quality, and
other sustainability goals, using King Faisal University (KFU) teaching hospital as a case
study. This study examined energy conservation and the sustainable rating level in a public
healthcare project in a desert campus area based on numerical analysis with HAP software
v6.0, considering LEED for Healthcare as parameters for a sustainable rating system, in
order to evaluate three HPG alternatives in the case study hospital in terms of their ef-
fectiveness in improving the hospital efficiency. The study adapted new specifications
for HPG, energy saving, and more than 13 points in LEED for Healthcare that could be
earned in the case study hospital. These significant results were accomplished according to
partnerships between several agencies (e.g., the campus technical team, the national energy
service, private glass manufacturers, and municipal governments). The study presents
new applicable HPG specification guidelines to be addressed in the HPG local construction
regulations and codes for public and private healthcare projects in arid regions. This will
support gaining sustainability points in the rating system and linking positive external
environment impacts with patients’ healing needs, indoor patient comfort, caregiver perfor-
mance, and satisfaction, which are excellent solutions for growing convergence that foster
public health and environmental sustainability.

2. Methodology

The technical analysis and numerical evaluation of the external glass composite, e.g.,
curtain walls, windows, and doors in healthcare construction projects, are considered
as essential processes for improving energy performance and adapting the external and
internal environment toward supporting sustainability, comfortability, and well-being of
all patients, staff, and visitors. This study addressed the benefits of improving energy per-
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formance, sustainability value, and culture needs in the inpatient ward in a healthcare case
study construction project according to the technologies used to improve the performance
of the facades and international sustainability rating system.

The study performed technical analysis, with HAP software [53] for energy simulation,
LEED Healthcare rating system, and physical monitoring with technical team of experts and
decision makers for three actual high-performance external window alternative samples
in ongoing teaching hospital facades as a case study in Saudi Arabia between 2020 and
2021 before installing the facade windows in the actual site. The authors of the study, with
an expert team that included a project manager, an aluminum manufacturer specialist
in specifications, and a mechanical engineer specialist with HAP software, as well as
interviews with specialist medical staff, established, as an expert judgment of the analysis
processes within, the following stages:

1. Gathering all available data and explaining the compatibility matrix between exter-
nal glazing elements and LEED Healthcare sustainability credits as a sustainability
international rating system related to healthcare projects. These include (A) energy
and atmosphere regarding optimizing energy performance and onsite renewable
energy; (B) indoor environmental quality (IEQ) in the acoustic environment, indoor
chemical and pollutant source control, low-emitting materials, daylight and views,
and thermal comfort system controllability; and (C) materials and resources (MRs)
regarding sustainability sourced materials and products.

2. Interviews with experienced medical staff in analyzing the impact of the connection
between indoors and outdoors through the external building envelope on patient
healing and well-being in public hospitals.

3. The project aluminum manufacturer installing three actual samples of glazed windows
as per bidding dimensions: one as per tender specification, and the other two samples
each having different glass specifications, including transmittance (LT), reflectance
(in), shading coefficient SC, U value, reflectance (out), privacy, and color, in order to
make a physical evaluation by expert judgment committee.

4. Conducting technical and numerical comparisons using HAP software for the three
samples to identify the compatible sample with sustainability standards, the required
privacy degree in the patient room according to environment culture, and natural
light for improving the well-being of the patient.

The study adopted technical analysis for the energy performance and sustainability
rating in the window glazing case study for improving the tender specifications. The study
undertook numerical and technical comparison for the three actual alternative samples
installed by the aluminum supplier before installation in the site as a procedure in order
to achieve sustainability in one of the important external façade elements, which have
a direct effect on inpatient healing, privacy, comfortability, and satisfaction. The study
submitted a pioneer example of updating HPG window specifications for healthcare
construction projects in arid areas to be addressed in regulations and codes of desert
healthcare construction projects. Figure 3 shows the study method flowchart.
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Figure 3. The study method flowchart.

Applying High-Performance Glazing HPG in King Faisal Teaching Hospital Facades

The public teaching Hospital located at King Faisal University (KFU), Saudi Arabia,
consists of five buildings (main building, outpatient, physiotherapy, oncology, and multi-
story parking). Building 02, which is the outpatient hospital, was particularly designed
for complete examination in clinics and laboratories to test and determine exact illness
results for diagnosis. The built area of outpatient building B02 is 45,000 m2, and its skeleton
structure is composed of four levels with 29 clinics on three floors and staff parking on the
basement floor. Building B02 contains 448 m2 of structural glazing elements for the whole
building, and the total load for cooling reaches approximately 2841 kw, where the tender
specifications of glazing elements include non-intensive clinic dimension of 1.8 m × 3.0 m
(5.40 m2), intensive clinic dimension of 1.8 m × 2.4 m (4.32 m2), 2 units of sensitive medical
clinics with dimension of 0.6 m × 2.4 m (2.88 m2), with insulating clear double-glazed
bronze color, tempered, 24 mm thick 6 mm external pane, 6 mm internal pane, and 12 mm
sealed air space in between panes, and cooling load for each window of 5.5 kw. Figure 4
illustrates the outpatient ward façade and Figure 5 illustrates the outpatient building B02
inpatient ward plan [54].

Project tender specifications of glass and glazing structure were designed to have
its final composition be 24 mm thick insulating double-glazed, 6 mm thick bronze color
float and tempered glass for the external pane, and 6 mm thick clear float and tempered
glass for the internal pane, with 12 mm distance of sealed air space in between panes. In
addition, the shading coefficient was designed to be SHGC 0.3%, with protective UV value
of 2.5 W/m2K, without mentioning any other conditions for maximum relative heat gain
(RHG) or daylight visibility transmittance (LT). These specifications was limited regarding
the achievement of sustainability requirements for the patient healing, staff, employees, and
visitors. Therefore, the authors and KFU experts committee built the methodology based
on choosing the suitable specifications from a comparison of alternatives for three real
samples manufactured by the approved aluminum supplier according to different specific
specifications, e.g., daylight transmittance (LT), glare reflectance (in), shading coefficient
(SHGC), protective U-value, glare reflectance (out), privacy, and color.
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Figure 4. Outpatient ward façade.

 

Figure 5. Outpatient ward plan.

Table 2 illustrates the specification comparison sheet for the following: Sample one:
daylight visibility transmittance 18%, glare reflectance agreed (in) 13%, shading coefficient
0.2, U-value 1.74, glare reflectance agreed (out) 13%; Sample two: daylight visibility
transmittance 27%, reflectance (in) 11%, shading coefficient 0.3, U-value 1.8, reflectance
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(out) 8%; Sample three: daylight visibility transmittance 4%, glare reflectance (in) 49%,
shading coefficient 0.18, U-value 2.4 W/m2K; glare reflectance (out) 15%. The committee
made a practical comparison on site in order to select the suitable alternative based on
achieving the degree of sustainability requirements within compatibility matrix between
glazing elements and LEED sustainability credits.

Table 2. Specifications comparison sheet for the three real samples.

Specification Tender Project Specification Sample 1 Sample 2 Sample 3

Transmittance (LT) - 27% 18% 4%
Reflectance (in) - 11% 13% 49%

Shading Coefficient (SC) 0.3 0.3 0.2 0.18
U-value 2.5 1.8 1.7 2.4

Reflectance (out) - 8% 13% 15%
Privacy - Less privacy Medium More privacy
Color - Grey Between grey and brown Brown

Figure 6 illustrates real alternative samples erected on site in the outpatient building
façade to facilitate physical and realistic comparison with the international standard recom-
mended by the international manufacturer, such as Guardian, Obeikan, and Pilkington, to
support the authors and KFU-authorized committee in choosing applicable high-ranking
sample and achieve the following advantages: compatibility between capabilities of glazing
elements with new technology manufactured from internationally experienced glass manu-
facturers such as Onyx, AGC Obeikan, and Guardian, and LEED for Healthcare 2009 guide
as sustainability requirements standard mentioned in Table 2, which focuses on: (A) energy
and atmosphere (EA) regarding optimizing performance of energy and renewable energy
onsite; (B) indoor environmental quality (IEQ) in the acoustic environment, concerning
indoor chemical and pollutant source control, low-emitting materials, daylight and views,
and thermal comfort systems; (C) materials and resources (MRs) regarding sustainably
sourced materials and products, all considering the international standard, codes, and
requirements in glazing elements and green hospitals such as European Norm EN 410 and
EN 673, as well as American standards such as NFRC 100/200/300 [55–57]. The results
from using HAB software program to calculate energy saving in cooling load provide
decision maker with quantitative applicable alternatives approach to enhance the glazing
windows’ tender specifications and save energy for cooling system in outpatient building
regarding the project life cycle.

Pictures from outsid Pictures from inside 

Sample 1 Sample 2 Sample 3 Sample 1 Sample 2 Sample 3 

Figure 6. Proposed alternative samples in case study site for outpatient ward.
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3. Results and Discussions

After using HAP software to perform the analysis for the alternative specification and
comparing the alternative specification with both sustainability requirements in LEED for
Healthcare 2009 and requirements in glazing elements and green hospitals, in the study, the
KFU-authorized committee and author chose sample two as HPG with a shading coefficient
of SHGC 0.21%; a protective UV-45 value of a maximum of 1.74 W/m2K, considering the
season of summer and expecting to control the relative heat gain with a maximum RHG of
149 W/m2; and a transmittance (LT) of 18% with a glare reflectance agreed to be 13% on
both the inside and outside. These choices were made according to the following results.

Sample two follows international organizations that focus on sustainability and green
healthcare construction and have codes and credits, e.g., European Norm (EN), The Na-
tional Fenestration Rating Council (NFRC), the glass manufacturer ONYX, and the glass
manufacturer AGC Obeikan. The technology used for the installation of glass coating
involved a transparent microscopically thin coating on the glass to reduce the heat gain
into the building [57–59]. Table 3 illustrates a comparison between tender specifications
and sample two specifications, which assure that sample two specifications are compatible
with the glass international standard requirements and achieve significant results.

Table 3. Technical comparison factors for choosing alternative sample with tender specifications.

Glass
Thickness

6t + 12air + 6t
U-Value

Shading
Coefficient

SC

Transparency
Lt

Reflectance
(in) %

Reflectance
(out) %

Room Cooling
Load KW

Energy Saving
(1–10)

Tender 2.5 0.3 N/A N/A N/A 3.4 5
Sample two 1.74 0.21 18 13 13 3.1 7

The HPG specifications of sample two support the needed cooling load reduction,
enhance the air flow inside the inpatient room, and compensate for the tender specification
shortage. Fully detailed descriptions for zone sizing and energy modeling are illustrated in
Figures A6 and A7 (in Appendix B). Figure A6 shows a zone sizing results summary for
the fan coil of maximum tender specifications, and Figure A7 shows a zone sizing results
summary for HAP software of the fan coil of sample two. The result of the comparison
between the two instances of zone sizing indicates a 13% reduction in the cooling load and
15% reduction in the air flow needed for cooling energy after applying sample two. The
other advantages are illustrated in Figure 7, which shows significant results of a comparison
of elements, e.g., U-value, shading coefficient (SC), cooling load, and airflow, for the two
instances of sizing.

Sample two selected from the expert staff and authors as HPG through the site visit
achieved an optimum connection between the privacy quality for the patient in the diagnos-
ing process and a good feeling resulting from the outdoor daylight and outside landscape.
The colors of sample two as HPG matched the façade’s finish, and included two colors:
medium beige and dark brown as seen in Figure 5. Sample two as HPG is consider as
the guideline in glazing elements in healthcare construction, which adapt with healing,
engineering requirements, and satisfaction for the patient. Since the project is under con-
struction, the study proved that the cost of the supply and application of sample two,
for the whole building, does not exceed the tender price and does not make the contract
unbalanced. Sample two as HPG can contribute to achieving a sustainable 19 points in
LEED for Healthcare 2009 [60] according to the following.
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Figure 7. Comparison analysis regarding energy saving, U-value, SC, cooling load, and air flow results.

3.1. Energy and Atmosphere (EA) Category

The study analysis achieved 5 points in optimizing the energy performance credits:
regarding the cooling loads required for the air conditioning of the two study rooms
mentioned in the table for both the hospital building and the outpatient building, it is clear
that changing the quality of the glass prescribed by the specifications of the project to lower
U-values and SHGC values leads to reduce the cooling load by 13%, in energy consumption.

3.2. Indoor and Environment Quality (IEQ) Category

The study analysis achieved 2 points in the acoustic environment: sample two as HPG
can reduce the external noise by 45 db; 1 point in low-emitting materials: the final material
of sample two as HPG is a low-E origin brand that contains a non-VOC; 5 points in daylight
and views: the final material of sample two as HPG provides a light transmittance of 18%
from a 4.32 m2 window area, which is compatible with the international sustainability
standard, providing a wide vision and connection to the external landscape, as well as
preserving the needed privacy for the patient within the diagnosing process; 1 point
in indoor chemical and pollutant source control: the final material of sample two was
manufactured as antibacterial glass; 1 point in thermal comfort system controllability:
sample two as HPG can result in energy saving—as an example, the cooling load reduction
reaches approximately 13%, which affects the total energy reduction for the whole building.

12
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3.3. Materials and Resources (MRs) Category

The study analysis achieved 4 points in sustainability regarding sourced materials and
products: all components of sample two as HPG that were raw material components came
from mines less than 800 km away; furthermore, they are highly capable of being recycled
and are fire-resistant. The study with numerical analysis using HAP software achieved
significant advanced results regarding retrofit processes for specific façade elements in the
ongoing project, focusing on achieving a high ranking in the sustainability rating system,
which supports creating a healthy environment for patient wellbeing in healthcare projects
located in difficult desert environments. The study supports the decision maker with robust
results in energy saving based on the specifications comparison between actual samples
carried out by an expert committee. The selected specifications can be addressed in the
local Saudi construction codes and regulations for healthcare construction projects, and
present pioneering actual specifications for high-performance glazing adopted with an
international sustainable rating system.

4. Conclusions

High-performance glazing (HPG) elements are inevitable for all healthcare construc-
tion projects and international glass manufacturer investments, which contribute through
their research centers to glass quality improvement, green hospitals, and all sustainability
standards. This study was based on the installation of three actual samples in a healthcare
case study project that were manufactured and erected on site for a comparison process
carried out by an expert committee according to achieving results in sustainability impacts
and energy saving. The study drew up these recent improvements and classified them
according to LEED for Healthcare 2009 in the form of a practical and applicable compatible
elements matrix that contributes to supporting healthcare sustainability credits, green hos-
pitals requirements, and the patient’s well-being. The study used this compatible elements
matrix for a technical analysis comparison process to explore the sustainable impacts and
ranking of the three actual HPG sample specifications in the healthcare case study project.
The study used HAP software as an energy design, zone sizing, and comparison tool for
the technical specifications of the three actual samples to register the energy impacts and
savings. The selected sample specification achieved a 13% reduction in the cooling load and
a 15% reduction in the air flow needed for cooling energy, contributing with 19 potential
points in the LEED Healthcare rating system in three categories (energy and atmosphere
(EA), indoor and environment quality (IEQ), materials and resources (MRs)), compatible
with EN and the NFRC standard. The selected sample supports the high privacy level
needed for patient healing, achieves a contract cost balance, and matches its color with
that of the facade elements. The selected sample specifications could be addressed in local
healthcare construction project codes and regulations as HPG window specifications in
such an environment.

5. Limitations and Future Research Directions

The current study focused on a technical analysis for high-performance glazing and
the LEED for Healthcare rating system as a retrofit approach toward energy conservation
and asset management inside public organizations buildings, i.e., hospitals, using an
analysis approach toward energy consumption inside a university hospital as a case study.
The results may be limited to other public spaces of the same context. The study also
opens the door for future research studies on public organization building in relation
to sustainability, such as the indoor air quality. Future research could also address the
conflicting goals of the window manufacturers, such as a greater living comfort at the
expense of poorer recyclability, in order to ensure the production of HPG. Additionally,
the economic impacts of new technology in sustainable building features can be another
interesting area of research.
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Appendix A
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Figure A1. Technical performance comparison between clear and tinted glass.
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Figure A2. Using crystalline and amorphous material and coating to generate power.
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Observed reduction bacteria after 24 hours results 

99% fewer bacteria in: 

S. Aureus: 

E. Coli: 

P. Aeruginosa: 

Figure A3. Coating glass supports the antibacterial glass process.

 

Figure A4. Job reference with transparent coating tested in lab.

Unitized curtain wall Structural glazing Structural fixed Photovoltaic and thin film integrated with 

curtain wall 

Figure A5. Different types of integrated window-and-curtain-wall structures with thin and photo-
voltaic film in visible light transmittance.
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Appendix B

Figure A6. Zone sizing summary for tender specifications of fan coil.
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Figure A7. Zone sizing summary for fan coil when choosing alternative sample two.
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Abstract: This research explores the energy behaviour of a traditional house on the Mediterranean
coast of south-eastern Spain. The objective of the work is to determine the optimal passive strategies
for rehabilitating a traditional house, improving its energy savings and comfort, considering the
characteristics of the warm semi-arid Mediterranean climate. The main novelty of this article is that it
demonstrates that the limits imposed by current regulations, based on globalised climate strategy
approaches, undermine the energy efficiency capacity that passive solutions in vernacular architecture
already employed. The methodology used consists of a systematised multi-objective study of various
energy rehabilitation strategies. Four strategies were studied: raising the thermal insulation of
enclosures, improving thermal insulation and solar control glazing with movable shading devices,
increasing the size of windows and introducing the use of natural ventilation enhanced by ceiling
fans. The results show that simultaneous improvement of these parameters reduces cooling and
heating requirements by up to 87%, reducing the energy consumption of air conditioning systems.
Indoor temperatures are also maintained within the comfort limits set by regulations for 91% of hours
per year without the need for air conditioning systems. This results in a passive energy-efficient and
comfortable house almost all year round. This work offers an alternative solution to the comfort
standards of current Spanish regulations and demonstrates the need to adapt Fanger’s analytical
method for comfort estimation. The research concludes that the comfort criteria of current energy
regulations should be modified to better adapt the design criteria to the dry Mediterranean climate.

Keywords: energy efficiency; thermal comfort; nearly zero energy buildings; sustainable rehabilitation;
warm semi-arid dry Mediterranean climate; simulation

1. Introduction

It is established that buildings are responsible for 29% of the world’s energy use and
contribute to 21% of CO2 emissions [1]. In the EU, the share of energy consumption of
residential buildings reached 40% [2] at the beginning of the century and 25.7% in 2016 [3].
The Sustainable Development Goals stress the importance of reducing the environmental
impact of urban environments [4] and improving the energy efficiency of buildings [5,6].
These objectives entail a progressive increase in European energy efficiency regulatory
requirements, such as European Directive 2010/317EU [7] and subsequently Directive
(EU) 2018/844 [8], and consequently the Spanish regulations have also been revised [9,10].
These regulations have greatly increased the thermal insulation requirements for new and
renovated buildings [11,12], with a particular focus on reducing the thermal transmit-
tance and airtightness of building envelopes. However, the creation of airtight and highly
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insulated thermal envelopes is not the best construction response in hot and semi-arid
climates with high annual insolation such as the dry Mediterranean climate (BShs). The
dry Mediterranean climate is characterised by a lower annual temperature oscillation than
other European climates, with mild winters and not excessively hot summers, and a high
level of sunshine throughout the year. In recent years, there has been an increase in tropical
nights throughout the year [13,14]. In Europe, this type of climate is not very represen-
tative because it is found exclusively in south-eastern Spain and southern Greece [15].
This specificity implies designing a particular architecture that is different from the rest
of the European climate zones, which is missing in the Spanish regulations. The current
literature and building energy efficiency regulations do not specifically analyse the advan-
tages of high annual insolation and natural ventilation of houses in a dry Mediterranean
climate (BShs). The originality of this work is in studying, with priority to comfort and
passive solutions, the optimal strategies for rehabilitating a traditional Mediterranean
house with the most balanced intervention, improving its energy efficiency and avoiding
air conditioning systems.

Adapting design criteria to climatic characteristics is one of the key actions to meet
the regulatory requirements for nearly zero energy buildings (NZEB) [16] and to reduce
greenhouse gas emissions from buildings [17]. Additionally, these design criteria should
incorporate optimal construction solutions to achieve the lowest energy and material
consumption over the entire life cycle of the building. To this end, the architectural design
and construction systems should be adapted to the characteristics of the local climate. This
means using design strategies that do not need energy to work in accordance with the
Kyoto Pyramid [18] to reduce energy consumption and increase user comfort with less use
of air conditioning systems.

In the case of the dry Mediterranean climate of south-eastern Spain, the optimal
passive design solutions are those that in winter take advantage of the “free” heating
from high solar radiation and in summer protect the interior from the sun and dissipate
excess heat from inside the building via ventilation. Therefore, in addition to improving
the insulation of the building envelope [19–21], adjustable solar shading systems [22] and
natural ventilation should be used to avoid overheating due to the unwanted greenhouse
effect in the warmer months [23]. However, current Spanish and European energy efficiency
regulations focus on ensuring highly thermally insulated and airtight building envelopes.
These regulations do not facilitate the application of some passive systems typical of the
dry Mediterranean climate [24], where vernacular architecture is defined by a less-tight
envelope that promotes natural ventilation.

They also do not consider the advantages of natural ventilation for the thermal comfort
of users in this climate, as proposed in the bioclimatic diagrams of Givoni [25,26] or
Oligay [27] and analysed in many studies [28–36]. Many researchers have studied the
influence of natural ventilation on the indoor thermal environment in residential buildings
as well [37–40].

This standard sets much more restrictive operating temperature limits and does not
consider the positive effect of air velocity in achieving comfort even at higher temperatures
than allowed [41]. Current Spanish energy efficiency regulations and national energy
certification software [42,43] do not allow for modelling the effect of natural ventilation,
despite its advantages of dissipating heat in summer and lowering the temperature and
relative humidity of the air [44–47]. It should be noted that there are studies on this type of
climate in other parts of the world, but their architectures are not regulated by European
standards and have other variations in their design and construction systems [48,49],
making comparisons misleading.

The novelty of this research is to demonstrate that, in a BShs climate, only the combined
action of improving thermal insulation, increasing the size of windows, increasing the
solar control of glazing and using natural ventilation supported by ceiling fans can achieve
energy-efficient and comfortable houses without the use of air conditioning. This work
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proposes an alternative solution to the current energy efficiency regulations in Spain
and Europe.

This research analyses a traditional house located in the south-east of Spain. The
purpose is to demonstrate the possibility of achieving energy-efficient and comfortable
homes all year round in a BShs climate without using conditioning systems. The aim was to
optimise energy performance and improve user comfort with minimal intervention, which
is compatible with, and respectful of, the original building. The methodology consists of the
study and analysis of the hygrothermal behaviour of a traditional house and a systematised
study of the most influential design parameters for optimising energy performance and
improving indoor comfort. The research modelled and analysed the constructive design
that optimises the energy performance of the building to meet the requirements of current
regulations [50,51] and improve comfort by adapting to the characteristics of the local
climate [52–54]. The research analyses passive design retrofit strategies such as increased
thermal insulation [55] and natural cross ventilation [56] to improve the energy efficiency,
indoor hygrothermal quality [57] and thermal comfort [58] of traditional buildings. The
target is to identify simple passive design strategies that can strongly influence the energy
performance of a building in this climate. Other research has demonstrated the benefits of
improving the insulation of traditional dwellings in Mediterranean climates in terms of the
comfort of their users [59]. However, this research is not specific to the dry Mediterranean
BShs climate. It also does not analyse the beneficial effect of the greenhouse effect in winter
caused by increasing the size of windows, nor the use of natural ventilation in summer.
Other research examines the influence of thermal inertia of traditional envelopes with
the incorporation of novel high-thermal-insulation envelope systems with dynamic enve-
lope ventilation strategies [60]. These solutions were discarded because of their aesthetic
impact on traditional houses. The present research aims to demonstrate that adequate
natural ventilation of the interior of the house with more windows sufficiently improves
thermal performance in summer. This research does not consider other scenarios based
on active systems, e.g., the use of renewable energies through thermal or photovoltaic
panels that can be integrated into the existing fabric [61]. Our purpose is to provide an
alternative to traditional mechanical methods of air conditioning [62] through bioclimatic
design strategies. Sustainability criteria were considered, reflected using traditional and
autochthonous materials, minimum intervention and alteration of the original building,
and lower economic cost [63].

A traditional Mediterranean house was selected as a case study and we used the
opinions of its occupants through analytical surveys of the Predicted Mean Vote (PMV) and
Predicted Percentage Dissatisfied (PPD) indices for estimating comfort using the Fanger
method. Many investigations apply the PMV and PPD indices according to the Fanger
model and demonstrate the need to correlate the temperature with the relative humidity
of the indoor environment to ensure that the human comfort zone is reached [64,65]. This
work analyses the applicability of the Fanger model in this BShs climate zone, compares
the results with survey data, and proposes some corrections. This paper also proposes
modification of the Givoni diagrams and the Spanish regulations on comfort to adapt them
to the BShs climate.

This study contributes to a better understanding of the thermal performance of ver-
nacular buildings. It is hoped that it will slow the current degradation and disuse of
these dwellings and prevent unsuitable thermal renovations and retrofits, thus helping to
safeguard the architectural and cultural heritage of this region of Spain. The usefulness
of this research is to quantitatively evaluate the improvement in energy efficiency and
thermal comfort produced by the proposed passive systems for the vernacular architecture
of south-eastern Spain with a dry Mediterranean climate. This research demonstrates the
inefficiency of over-insulating buildings in a BShs climate. It also contributes to questioning
the limitations of Spanish energy efficiency regulations regarding passive systems such as
natural ventilation. In this way, Pfafferot [66] drew beneficial conclusions from the use of
night ventilation in subtropical, Mediterranean and desert climates. The demonstration of
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the validity of economical passive systems adapted to vernacular traditions can contribute
to a more sustainable energy rehabilitation compatible with the built heritage of the area
and protecting the culture of the “orchard of Alicante”.

2. Materials and Methods

The case study building is a traditional country house located near the city of Elche
in the province of Alicante (Spain). It is located on the outskirts of the city in an area
designated for agricultural plantations. Its geometry and construction method are common
in the vernacular architecture of this area. The footprint is rectangular, 9.70 m long and
6.00 m wide, and the building is oriented south–north like most of the vernacular houses in
the area. As is common in this typology, it has a main hall that runs longitudinally from
east to the west, where the main activity of the house takes place, with a living–dining
room and a kitchen. On the side, there are two bedrooms and a bathroom (Figure 1).

 
(a) 

 

(b) (c) 

Figure 1. Case study house: (a) location, (b) external image, (c) floor plan.

This house was selected because it is an example of the traditional Mediterranean
autochthonous architecture of south-eastern Spain. This building typology is characterised
by local materials, a layout that responds to the old needs of the agricultural sector, and its
typical orientation. The construction and spatial characteristics also serve as an example
of other similar traditional architectural typologies in this part of Spain. This building
typology is currently experiencing a gradual process of abandonment due to its age and
insufficient (thermal) comfort. This leads to fabric deterioration and the disappearance of
the cultural and architectural heritage of the area [67].
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The methodology used in this work consisted of two phases. The first was an investiga-
tion of the current hygrothermal conditions of the house, supported by an occupant survey
of thermal comfort. This took place over a 12-month period. Second, a systematized and
parametric study of different alternative passive design retrofit solutions was conducted. A
comparative analysis of five proposed retrofit interventions and their effect on building
energy performance and comfort considering the specific conditions of the local climate
was performed.

Phase 1. Three types of measurements were made in situ. First, a thermographic
survey was carried out to establish the performance of the building’s thermal envelope.
Second, using a thermal transmittanceflowmeter, the thermal transmittance of the envelope
of the enclosures that are part of the house was measured. Third, by using a hot-wire
probe, the behaviour and stratification of temperatures inside the spaces was measured
simultaneously with air velocity. An important part of this study was the evaluation of
user perception of comfort in spaces and their thermal adaptation. This data was captured
through a questionnaire survey that collected the occupants’ perceptions for twelve months.
The questionnaire was completed by the eight members of the family who were residents
or regular visitors to the property. A procedure was defined in all visits to ensure that the
survey was completed according to pre-established conditions. These conditions were that
the measurements were to be taken at the same time and the data recording instruments
should be connected five minutes before taking the measurement. An important part of the
protocol was that air conditioning could not be turned on for the whole day so as not to
interfere with the interior conditions.

At the same time, using a weather station, a climate file was created that collected
outdoor temperature and humidity for a period of 12 months, with two daily readings
every 3 days.

The instrumentation used for data collection consisted of different teams. The thermo-
graphic evaluation was carried out by using a Testo 868 camera. The evaluation of thermal
transmittance, humidity and temperature, and air speed was carried out by using a Testo
435-2 multifunctional instrument calibrated with standard settings.

Phase 2. This research has a systematized approach and is based on the four rehabili-
tation interventions that have the greatest influence on the energy efficiency of this kind of
building in this climate. The proposed modifications were:

- Improving the thermal insulation of opaque enclosures, evaluating the optimal thick-
ness of the thermal insulation (Modification 1);

- Improving window characteristics by reducing the thermal transmittance of the glaz-
ing (Ug) (Modification 2a), which reduces the thermal transmittance of the windows
(Uw). The solar control factor of glass (g) (Modification 2b) and total solar transmit-
tance of the glazing with an activated movable shading device (g_gl;sh;wi) (Modifica-
tion 2c) were also improved;

- Increasing the proportion of glazed area on the walls (Window Wall Ratio WWR)
(Modification 3), analysing the impact of window size and proportion over the total of
the façade;

- Use of natural ventilation and the advantages of using ceiling fans to improve cross
ventilation and redistribute the air and its temperature (Modification 4). The effect of
natural ventilation on the operation of the building was analysed, and we performed
computational fluid dynamics (CFD) analysis to determine the circulation speed of
indoor air and its influence on the interior conditioning of the spaces.

And finally, a solution was proposed with all improvements implemented simultaneously.
This study analyses the influence of each of these interventions on interior tempera-

tures, interior comfort and energy efficiency (Figure 2).
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Figure 2. Methodology diagram of the study.

Design Builder software (version v.7.0.1.006, DesignBuilder Software Limited, Stroud,
UK) was used for modelling and simulation. This is a recognized software in the process of
evaluating the energy performance of buildings that offers a wide variety of results and
high customization. It uses the EnergyPlus calculation engine [68], which allows one to
accurately define the geometry and construction of a building, in addition to defining use
profiles that can include passive ventilation systems.

This software was also used in the development of the CFD analysis, in which the loca-
tion of the building, the climatic conditions in which it is located, including the prevailing
winds, and its construction characteristics were considered.

In a first adjustment, a heat transfer coefficient of 20 W/m2·K was considered, given
the absence of insulation and a reference temperature equal to room temperature, since
we did not intend to introduce the factor of conditioning systems in the analysis. The
parameters used in air configuration in the analysis were:

- Maximum air speed equal to the wind speed at the input factor;
- Static gauge pressure equal to 0 at the air outlet.

The CFD simulation carried out was of the linear static type that omits the influence
of external wind in the calculations. A convergence limit was defined in the calculation
when the fluctuation or deviation was below the established level. At the same time, a
large-enough analysis zone was established such that artificial variations in air acceleration
did not occur with a variable fluid material environment and several iterations greater
than 500 [69–71].

The calculation method used to evaluate the performance of the building was carried
out in accordance with current Spanish regulations. Gains and losses through the build-
ing envelope by conduction were considered, to which the transmission of solar energy
through the openings with their solar factor corrections and shading elements was added
or subtracted. In addition, the loss of air through the gaps, the influence of ventilation and
the internal loads generated by the occupants and the equipment were considered.
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For all simulations, the climatic data were considered on the same days on which the
measurement campaign was carried out, including temperature and relative humidity.

For the analysis of comfort, indoor temperatures measured in situ and those calcu-
lated virtually were compared with Givoni’s bioclimatic diagrams. The estimation of the
thermal sensation of users was also calculated with the Predicted Mean Vote (PMV) and
the Predicted Percentage Dissatisfied (PPD) using the analytical Fanger method.

For the thermal simulations, the climate database of the El Altet weather station
(Alicante) was used. This geographical area corresponds to climate B4 according to Spanish
legislation [72]. It can be fitted into climate BShs (dry Mediterranean climate within a warm
semi-arid climate) in the Köppen climate classification [73] (see Figure 2). The climate
in this area is defined by mild winters and warm summers, and temperatures allow for
comfortable conditions during a large part of the year, as the average annual temperature is
18.3 ◦C. The most complicated part of the year to allow comfort occurs in the summer when
the average temperature is 27 ◦C and only falls to 22 ◦C during the nights. However, this
situation is compensated by the sea breeze, as the location is near the coast. This climate is
also defined by high annual sunshine, high relative humidity and few episodes of rain that
mostly happen in the autumn, with storms and torrential downpours (Figure 3).

  
(a) (b) 

Figure 3. (a) BShs climate zone (red) according to the Köppen–Geiger Climate Classification for the
Iberian Peninsula, the Balearic Islands and the Canary Islands of the Agencia Estatal de Meteorología
del Ministerio para la Transición Ecológica del Gobierno de España; (b) location map of the house
(large circle) and main locations of this housing typology (small dots) (own elaboration).

The computer model of the house considered its situation, dimensions, orientation, ge-
ometry, location of glazing and construction of the thermal envelope (Figure 4 and Table 1).

Table 1. Original House Construction Characteristics.

Original House Construction
Thickness

(cm)
Thermal Conductivity

(W/m·K)
Thermal Resistance

(m2·K/W)
U

(W/m2·K)
g

Roof: 0.67
Ceramic tile 1 1.00
Air chamber 4 0.16

Wattle 2 0.063
Wooden beam 15 0.18

Walls: 1.75
Lime mortar 1 0.55

Adobe and straw wall 40 1.10
Lime mortar 1 0.55
Lower slab: 2.56

Soil 10 0.40
Window: Uw = 5.25

Glass (87% of the window) Ug = 5.70 g = 0.85
Frame (13% of the window) Uf = 2.22

Frame absorptivity = 0.75; frame air permeability = 100.00 m3/h·m2.
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(a) 

 

 
(b) (c) 

Figure 4. Construction of the house: (a) roof section; (b) floor slab section; (c) façade wall construction.
Materials: 1.: ceramic tile; 2.: air chamber; 3.: wattle; 4.: wooden beam; 5.: lime mortar; 6.: adobe and
straw wall; 7.: soil. (dimensions in cm).

To introduce the modified construction and geometric parameters, the parameter
variations were introduced individually and progressively to allow for the evaluation of
their effect on the energy performance and comfort of the house (Figure 5 and Table 2).

  
(a) (b) 

Figure 5. Design Builder models: (a) original house; (b) modified house with 10% windows–wall ratio.
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Table 2. Original house and proposed house modifications construction and geometrical characteristics.

Thermal Insulation
Thickness (cm)

Ug (W/m2·K) g ggl;sh;wi
Percentage of Windows
(% with Respect WWR)

Natural
Ventilation

Original house 0 1.75 0.85 0.65 2 No
Modification 1 11 1.75 0.85 0.65 2 No

Modification 2a 0 5.60–0.60 0.85 0.65 2 No
Modification 2b 0 1.75 0.75–0.25 0.65 2 No
Modification 2c 0 1.75 0.85 0.53–0.14 2 No
Modification 3 0 1.75 0.85 0.65 10 No
Modification 4 0 1.75 0.85 0.65 10 Yes
Final solution 11 1.60 0.65 0.14 10 Yes

Indicators and parameters of CTE DB-HE: Ug (W/m2·K): thermal transmittance of glass; g: solar factor of glass;
ggl;sh;wi: total solar energy transmittance of the glazing with the movable shading device activated.

3. Results

3.1. Energy Efficiency

The calculations performed for the original house yielded winter heating needs above
39.07 KWh/m2·year and summer cooling needs reaching 10.35 KWh/m2·year (Figure 6).
Therefore, the overall annual energy need (Heating + Cooling) reached 49.42 KWh/m2·year.

 

Figure 6. Simulation results of the calculations of heating and cooling demands of the original
building with the original construction features.

The results offered by this simulation indicate that an improvement in the thermal
insulation of the opaque part of the envelope (Modification 1) by introducing 11 cm of
hemp insulation reduces the heating energy need in winter by 29% but increases the cooling
energy need in summer by 6%. It was also found that the impact generated by an increase
in the thickness of the thermal insulation was reduced if the thickness of the insulation was
increased, also generating an increase in the cooling demand (Figure 7a). In this case, the
total annual energy demand (Heating + Cooling) is only reduced by 15% (Figure 6b). The
use of artificial insulating materials would reduce the thickness of insulation needed to
achieve the same overall annual energy requirement, such as expanded polystyrene (EPS)
(7.7 cm), polyurethane foam (7.2 cm) or outdoor vacuum insulation panels (VIPs) (5.3 cm).
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(a) (b) 

Figure 7. Improvement in thermal insulation in the opaque parts of the building enclosures: (a) cool-
ing and heating energy needs; (b) total energy need.

The yielded results show that improving the quality of the glazing by increasing its
thermal insulation (Modification 2a) only offers an improvement of 2% and worsens summer
cooling needs by 0.5% (Figure 7a), providing an overall improvement of 1.5% (Figure 8b).

 
(a) (b) 

Figure 8. Improvement in thermal insulation in glazing (Ug): (a) cooling and heating energy needs;
(b) total energy need.

If an improvement in the solar factor (g) is introduced in glazing (Modification 2b),
the cooling energy needs in summer are reduced by 2.5% and the heating needs in winter
are increased by 2.3% (Figure 9a). As a result, this intervention increases the overall energy
need (Heating + Cooling) by 1.3% (Figure 9b).

  
(a) (b) 

Figure 9. Improvement in solar control of glazing (g): (a) cooling and heating energy needs; (b) total
energy need.
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The incorporation of movable solar shading (Modification 2c), using it only during
the summer months, reduces summer cooling needs by 10% and does not worsen winter
heating needs (Figure 10a). However, the overall energy need (Heating + Cooling) is only
reduced by 2%. (Figure 10b).

  
(a) (b) 

Figure 10. Improvement in glazing total solar energy transmittance by introducing movable shading
devices (ggl;sh;wi): (a) cooling and heating energy needs; (b) total energy need.

Increasing the window–wall ratio (WWR) without adding solar shading (Modifica-
tion 3) reduces winter heating needs by almost 18% but greatly increases summer cooling
needs by more than 40% (Figure 11a). Consequently, the overall energy need (Heat-
ing + Cooling) can increase by up to 20% (Figure 11b).

 
(a) (b) 

Figure 11. Modification of window–wall ratio (WWR): (a) cooling and heating energy needs; (b) total
energy need.

Increasing the natural ventilation of the original dwelling in the summer (Modifica-
tion 4) does not affect the winter heating needs and reduces the summer cooling needs by
7% (Figure 12a). This means a reduction in the overall energy need for heating and cooling
by 2% (Figure 12b).

The results obtained show that simultaneous modification of the selected parameters
allows a reduction in winter heating needs by up 2.02 KWh/m2·year and summer cooling
needs by up to 4.42 KWh/m2·year (Figure 13). These results imply that it is possible
to reduce the energy need for heating by up to 95% and the energy need for cooling by
57%, with a reduction in the global energy need of 87%, improving the annual energy
performance of the house more than any of the calculated solutions that modified the
parameters individually.
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(a) (b) 

Figure 12. Modification of natural ventilation (ren/h): (a) cooling and heating energy needs; (b) total
energy need.

 

Figure 13. Simulation results of the calculations of heating and cooling demands, implementing all
the proposed improvements simultaneously.

3.1.1. Indoor Temperatures

The results obtained from the on-site measurements of the original building show that
indoor temperatures in the house, without using air conditioning systems, are below 21 ◦C
approximately 67% of the year (equivalent to 5856 h). Temperatures are below 19 ◦C for
approximately 52% of the year (equivalent to 4598 h) and below 12.4 ◦C for approximately
3% of the year (equivalent to 238 h). On the other hand, temperatures are above 25 ◦C
for 14% of the year (equivalent to 1219 h) and above 27 ◦C for approximately 7% of the
year (equivalent to 625 h), with more than 5% of hours above 28 ◦C (equivalent to 430 h).
Temperatures did not exceed 32 ◦C throughout the year. Consequently, for approximately
19% of annual hours (equivalent to 1664 h), indoor temperatures were maintained between
21 ◦C and 25 ◦C, and for approximately 41% of annual hours (equivalent to 3592 h), indoor
temperatures were maintained between 19 ◦C and 27 ◦C. (Figure 14).
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Figure 14. On-site interior temperature measurements in the original building without using air
conditioning systems.

Improving the thermal insulation of opaque enclosures reduces annual hours below
21 ◦C to 39% (3430 h) and annual hours below 19 ◦C to 23% (2075 h) and also eliminates
hours below 12.4 ◦C. However, this intervention increases the annual hours above 25 ◦C
to 40% (3547 h) and the annual hours above 27 ◦C to 29% (2569 h) (Figure 15a). Improved
glazing insulation and solar shading on windows maintains annual hours below 21 ◦C at
67% (5784 h), maintains annual hours below 19 ◦C at 52% (4574 h), and slightly reduces
hours below 12.4 ◦C to 2% (205 h). This intervention slightly reduces the annual hours
above 25 ◦C to 12% (1042 h) and maintains the annual hours above 27 ◦C at 7% (619 h)
(Figure 15b). The increase in WWR keeps annual hours below 21 ◦C at 68% (6000 h), keeps
annual hours below 19 ◦C at 55% (4854 h), and keeps hours below 12.4 ◦C at 3.7% (327 h).
This intervention increases the annual hours above 25 ◦C to 19% (1700 h) and maintains the
annual hours above 27 ◦C at 7% (642 h) (Figure 15c). Finally, the use of natural ventilation
in summer reduces the annual hours above 27 ◦C to 5% (438 h). This intervention decreases
the hours above 28 ◦C to only 1% (70 h) (Figure 15d).

With regard to natural ventilation, the simulation results of the indoor air circulation
calculations by means of CFD show that cross ventilation achieves comfortable temper-
atures with adequate air velocities, mostly below 0.10 m/s, in accordance with Spanish
regulations. (Figure 16a,b).
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(a) (b) 

  
(c) (d) 

Figure 15. Indoor temperatures considering the proposed energy renovation improvements indi-
vidually: (a) modification of thermal insulation thickness of opaque enclosures (Modification 1);
(b) modification of the thermal characteristics of the glazing (Modification 2); (c) modification of size
of the glazing by modifying the size ratio between glass and opaque enclosures (WWR) (Modifica-
tion 3); (d) use of natural ventilation in summer (Modification 4).

 
(a) (b) 

Figure 16. Simulation results of the indoor air circulation calculations by means of CFD using natural
cross ventilation: (a) air velocity results; (b) air temperature results.

At this point in the research, a new scenario was proposed with the incorporation of
ceiling fans in each room. This measure has been studied in several studies as a means of
improving energy efficiency, air quality [74] and sensation of thermal comfort [75,76], even
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up to 29◦ [77]. The simulation shows that the complementary use of ceiling fans allows a
more controlled redistribution of air. They achieve more homogeneous temperatures and
velocities throughout the dwelling and below 0.10 m/s (Figure 17a,b). It is interesting to
recall that Roles et al. [78] concluded that ceiling fans can lead to energy savings of 15–18%.

(a) (b) 

Figure 17. Simulation results of the indoor air circulation calculations by means of CFD using natural
ventilation supported by ceiling fans: (a) air velocity results; (b) air temperature results.

The set of improvements incorporated in the final solution reduces annual hours below
21 ◦C to 19% (1681 h) and annual hours below 19 ◦C to just 3% (285 h), and eliminates
hours below 12.4 ◦C. On the other hand, annual hours above 25 ◦C are increased to 20%
(1840 h), but annual hours above 27 ◦C are reduced to 6% (552 h) and hours above 28 ◦C
are drastically reduced to less than 1% (50 h) (Figure 18).

Figure 18. Indoor temperatures considering all proposed energy retrofit improvements in the final
solution: modification of thermal insulation thickness of opaque enclosures, modification of the
thermal characteristics of the glazing, modification of size of the glazing by modifying the size ratio
between glass and opaque enclosures and using natural cross ventilation.

3.1.2. Thermal Comfort

The temperatures obtained from the on-site measurements of the original building in
winter are far from the comfort zone, but they are within the comfort zone with internal
gains, with an indoor temperature of 9.5 ◦C on an extreme winter day (Figure 19) and
13.5 ◦C on the standard day (Figure 20). Improving the insulation of the opaque enclosures
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shows that temperatures are very close to the comfort zone, increasing from 9.5 ◦C to
13.8 ◦C on an extreme winter day and from 13.5 ◦C to 16.8 ◦C on the standard day. The rest
of the proposed solutions hardly change the temperatures if applied individually. However,
the application of all measures together does substantially improve temperatures, bringing
them very close to the comfort zone on an extreme winter day and within the comfort zone
on the standard day.

 
Figure 19. Givoni chart with exterior and interior temperature measurements for winter extreme day.

 

Figure 20. Givoni chart with exterior and interior temperature measurements for winter typical day.

In spring and autumn, indoor temperatures are outside the comfort zone on the coldest
days but within the comfort zone with internal gain utilisation (Figure 21). However,
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temperatures are within the comfort zone on the hottest days (Figure 22). The indoor
temperature is 13.8 ◦C on the coldest day and 25.0 ◦C on the hottest day. By improving
the insulation of opaque enclosures, indoor temperatures remain within the comfort zone
throughout spring and autumn. Again, the combined application of all the proposed
measures offers the best results.

 

Figure 21. Givoni chart with exterior and interior temperature measurements for spring/autumn
cold day.

 

Figure 22. Givoni chart with exterior and interior temperature measurements for spring/autumn
hot day.

In summer, indoor temperatures are outside the comfort zone, although within the
comfort zone with the use of natural ventilation, with an indoor temperature of 27.2 ◦C
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on the average day (Figure 23) and 29.1 ◦C on an extreme summer day (Figure 24). By
improving the insulation of opaque enclosures, temperatures move away from the comfort
zone, increasing from 27.2 ◦C to 28.9 ◦C on the typical summer day and from 29 ◦C to
30.7 ◦C on an extreme day. The rest of the proposed solutions do not improve house
temperatures if applied individually. However, the application of all measures together
improves temperatures, bringing them within the comfort zone on the standard summer
day and bringing them very close to the comfort zone on an extreme day.

 

Figure 23. Givoni chart with exterior and interior temperature measurements for summer typical day.

 

Figure 24. Givoni chart with exterior and interior temperature measurements for summer ex-
treme day.

The results of the comfort surveys conducted with the users of the dwelling show
that for all occupants of the dwelling, the average thermal sensation inside the house
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was perceived as cold or cool in December and January and hot or very hot in July and
August. The average thermal sensation remained cool or cold for 87.5% in February and
cool for 50.0% in November. Additionally, it remained hot for 25% of occupants in June and
September. During the months of April, May and October, the average thermal sensation
was considered slightly cool to slightly hot for most occupants (87.5%). The hottest month
was August, with 62.5% of occupants considering it very hot, and the coldest month was
January, with 87.5% of occupants considering the wind chill to be cold (Figures 25 and 26a).

Figure 25. Results of user surveys on indoor thermal sensation.

 
(a) (b) 

Figure 26. Empirical method by means of surveys of housing users, calculated analytically for the
original building using the parametric Fanger comfort equation for the calculation of the estimated
average vote (PMV) and by means of the equation for calculating the percentage of unsatisfied people
(PPD): (a) thermal sensation (PMV); (b) percentage of dissatisfied (PPD).

The occupants were dissatisfied with thermal comfort in the winter, specifically De-
cember and January (100%). They considered the thermal sensation unpleasant because
they felt it was too cold. In February, the percentage dropped to 88%, in November to

39



Buildings 2023, 13, 1381

50%, in March to 37.5%, and in April to 12.5%. In the summer, all occupants considered
the thermal sensation unpleasant because they felt it was too hot in July and August. In
June and September, the percentage of dissatisfied people dropped to 25%, and in May,
the percentage dropped to 12.5%. In October, the percentage of dissatisfied occupants was
0% (Figure 26b). Analytical calculations of wind chill estimation in the house according
to the Fanger method show PMV values below −1 from November to June. However,
values below −2 were reached across the board from December to May, and even values
of −3 on many days in January and February. During the summer, values above +1 were
not reached (Figure 26a). In line with these data, the results of the PPD calculations show
values close to 100% from December to May and values close to 10% from July to October.
The results show two very different times of the year, with much greater discomfort in the
cold months than in the warm months (Figure 26b).

By increasing the insulation of opaque enclosures, the results for estimating the thermal
sensation improve in winter but worsen in summer. In winter, the PMV results go from
average values below −3 in the original house to average values above −2.5 with the
improved insulation. In summer, results go from average values around +0.5 to average
values above +1. PPD values improve by 5–10% on average in winter, but worsen in
summer by 20% on average, from PPD values below 35% in the original house to values
above 55% in the modified house. The remaining construction improvements, applied
individually, hardly cause any change in the results of the PMV and PPD calculations
according to the Fanger method. However, the final solution with the application of all
measures together substantially improves wind chill estimation (PMV) and percentage of
dissatisfied (PPD) both in winter and summer. In winter, the PMV results go from average
values below −3 in the original house to average values above −1.5 with the final solution
and remain between −0.5 and +0.5 from May to November. On the other hand, PPD values
improve by 20–50% on average all year round (Figure 27a,b).

 
(a) (b) 

Figure 27. Fanger method calculated analytically with the proposed energy rehabilitation improve-
ments using the parametric Fanger comfort equation for the calculation of the estimated average
vote (PMV) and by means of the equation for calculating the percentage of unsatisfied people (PPD):
(a) wind chill estimation (PMV); (b) percentage of dissatisfied (PPD).
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4. Discussion

4.1. Energy Efficiency

In relation to improvements in energy efficiency, the analysis of the yielded results
shows that the improvement of the thermal insulation of the opaque parts of the building’s
enclosures considerably reduces the energy need for heating in winter (−29%) but slightly
increases the energy need for cooling in summer (+6%). The reason for this performance
can be found in the greenhouse effect inside the house, which also increases (Figure 28).
For this reason, in this warm climate with mild winters, over-insulating façades and roofs
does not improve the annual energy performance of the house. In the traditional houses of
the Spanish Mediterranean, improving the thermal insulation and solar factor of glazing
or solar shading has very little influence on the overall energy need (heating and cooling).
This is because the size of the windows is very small. Increasing the window–wall ratio
(WWR) does have an important influence on the overall energy need because the heat
gains from solar radiation are greatly increased. This positively reduces the winter heating
needs but progressively increases the cooling needs if the solar protection of the glazing
is not improved, because it increases the greenhouse effect in the summer. Therefore,
when increasing WWR, increased glass insulation is necessary to reduce heating needs in
the winter, but it is also very important to improve the solar shading of windows in the
summer. Regarding the increase in natural ventilation in summer, our calculations show
that this is a particularly positive measure because it reduces cooling needs in summer but
does not increase heating needs in winter. This improvement is most optimal if natural
ventilation is used on warm days in spring and autumn. Finally, this research confirms
that the best results are obtained by performing a complex multi-factor analysis that allows
several parameters to be modified at the same time, reducing the overall annual need
(cooling + heating) by up to 87%. The reduction is even greater with the latest regulation on
urgent energy saving measures approved by the Spanish government, because it widens
the setpoint temperature range [79].

Figure 28. Simulation results of the calculations of heating and cooling demands using the software
“Design Builder”, comparing the results of the original house and the house with the proposed set
of improvements simultaneously, in accordance with RD 1027/2007, with Givoni chart and with
RDL 14/2022.
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Through the obtained savings in energy consumption, it is possible to obtain a re-
covery period of 16 years that is below the limits defined by European Regulation (EU)
244/2012 [80], which develops Directive 2010/31/EU [81].

For the calculation of the Net Present Value (NPV), the global cost at the financial level
was considered with a calculation period of 30 years [82], according to the values indicated
in Annex A of the UNE-EN 15,459 [83] standard. In the calculations, a useful life of the
windows of 20 years and the insulation of 50 years were also considered (Figure 29). In
addition, the recovery of the investment obtained shows that it would not be necessary to
introduce additional costs for maintenance.

Figure 29. Financial-level Net Present Value (NPV) calculation.

4.2. Indoor Temperatures

The on-site measurements of the original building show that the indoor temperatures
of the house are outside the comfort limits set by the current Spanish standard [36] 59%
of hours per year. The comparative analysis of the results obtained with the simulations
of the different energy improvement proposals shows that none of them individually
managed to sufficiently improve the thermal performance of the house. Improving the
thermal insulation of opaque envelopes beneficially increases indoor temperatures in winter,
but very detrimentally increases temperatures in summer. This is due to the increased
greenhouse effect inside the house during the summer because the increased thermal
insulation hinders the thermal dissipation of internal heat gains. The improvement of
glazing characteristics has very little influence on indoor temperatures due to the small
size of the windows of the original house. However, with the increase in WWR, if glazing
insulation and solar protection are not improved, there will be an increase in colder hours
in winter and a very significant increase in excessively hot hours in summer. Additionally,
the incorporation of only natural ventilation in the original house does not improve indoor
temperatures much either because there is little greenhouse effect due to the small size
of the windows. The results of the simulations carried out show that only the combined
application of all the proposed improvements allows an increase in winter temperatures
and a reduction in summer temperatures. This joint measure does have a very beneficial
effect on indoor temperatures in the house, reducing the annual hours outside the comfort
limits set by current Spanish regulations to 9% (Figure 30).
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Figure 30. On-site interior temperature measurements in the original building and interior tempera-
tures simulated considering final solution. 3. Thermal Comfort.

In relation to thermal comfort, the comparative analysis of the results obtained applied
to the Givoni bioclimatic graph shows that in summer, the original house only requires
natural ventilation to create a comfortable indoor climate. In winter, the original dwelling
is far away from the comfort zone and requires the joint improvement of the thermal
insulation of the walls and the glazing to achieve an indoor environment that is close to the
comfort zone. No single solution achieves comfortable conditions. In spring and autumn,
the original house stays within the comfort zone on warm days, but on cold days it does not,
and needs improved insulation to maintain comfort (Figures 18–23). However, this increase
in insulation is clearly detrimental to summer comfort, as it increases the greenhouse effect
inside the house. Therefore, only the combined application of all the proposed energy
improvements can improve comfort all year round. This is because, in winter, improved
insulation helps retain heat inside the house. In addition, the increased size of the glazing
helps capture more solar radiation, while in summer, cross ventilation helps dissipate
the heat inside the house, and movable sunscreens prevent heat from entering through
solar radiation.

The analysis of the results obtained allows us to consider that the current energy
saving regulations in Spain do not sufficiently consider the specific characteristics of
the BShs climate. The regulations limit the minimum operating temperature in summer
and the maximum operating temperature in winter, as well as the range of permissible
relative humidity. However, they do not consider it necessary to establish an appropriate
relationship between temperature and relative humidity depending on the time of year to
ensure adequate comfort. Therefore, it may be considered more appropriate to propose a
mixed solution that combines the psychometric diagrams of Givoni with the temperature

43



Buildings 2023, 13, 1381

and relative humidity limits imposed by Spanish regulations, specifically for each season
of the year (Figures 31 and 32).

Figure 31. Proposed diagram in winter.

Figure 32. Proposed diagram in summer.

From the comparative analysis of the results of the application of the Fanger method,
the values of the analytical calculations for estimating the wind chill in the original house
are much lower than those obtained in the surveys carried out. The PMV values obtained
using the parametric Fanger comfort equation are less than −0.5 most of the year, with
many days in January and February with cold wind chill (−3), and only exceed +0.5
from late July to early September (Figure 33a). However, our surveys show values below
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−0.5 from November to March and values above +0.5 from May to September, with the
annual number of days with cold or cool and hot or very hot wind chill being balanced.
Similarly, PPD values obtained analytically are above 80% from December to the end of
June and below 30% from July to November (Figure 33b). However, our surveys show
discomfort among users both in the cold months, from December to February, and in the
warmer months, July and August. These differences between the results of the analytical
calculations and the surveys show that the Fanger method does not sufficiently reflect the
discomfort caused by excessive summer heat in the BShs climate. It also does not reflect the
smaller temperature oscillation between the annual minimum and maximum temperatures
in this climate, which results in mild and increasingly shorter winters. Considering the
existing deviation between the results of the analytical calculations and the surveys with
respect to the original dwelling, a proportional modification of the results obtained in the
calculations of the final solution is proposed (Figure 33a,b).

 
(a) (b) 

Figure 33. Proportional modification of the results obtained in the calculations of the final solution
using Fanger method calculated for the original building and with the final energy rehabilitation:
(a) wind chill estimation (PMV); (b) percentage of dissatisfied (PPD).

5. Conclusions

This research demonstrates the value of using design and energy retrofitting criteria
that are adapted to the specific climate of the area rather than following national guidance.
The results reinforce the importance of designing for a specific climate and ensuring
retrofitting is conducted holistically and simultaneously to suit the local climate. Each
intervention was found to influence the thermal behaviour of the building because of its
specific climatic context. This implies that retrofitting buildings to improve their energy
performance to comply with European and national regulations needs to be questioned.
As shown in this paper, there are specific areas of Europe that require a contextualised
approach rather than a standardised one.

The best solution, in the case of a dry Mediterranean climate, is to take advantage of
passive opportunities to heat the house through solar radiation in winter (“free heat”) and
protect the building from solar radiation (“unwanted heat”) in summer.
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In a BShs climate, it is necessary to act simultaneously and improve thermal insulation
together with increased glazing size, control of solar incidence on windows and the use of
natural ventilation with the support of ceiling fans in summer to achieve energy-efficient
and comfortable houses without the use of air conditioning. Partial improvements show
limited results that are only effective for certain parts of the year.

Energy efficiency regulations in Spain, which are based on European regulations, are
wrong to prioritise in a generalised manner improvements in the insulation and airtightness
of dwellings. Furthermore, in contrast to other research and current regulations that defend
the benefits of natural ventilation only at night, this work shows that in BShs climates it is
also advisable to use daytime ventilation supported by ceiling fans.

An excess of insulation on walls and glazing has a detrimental effect by increasing the
demand for energy for cooling in summer. This translates into increased cooling costs. Our
analysis of the results shows that combined solutions of improving insulation, increasing
the WWR with mobile sun protection systems and improving natural ventilation with the
support of ceiling fans in the summer season are more optimal.

The use of flexible solutions has been a permanent feature in vernacular architecture
and is confirmed in this study. In this way, solar radiation in winter can be adequately used
to reduce the demand for heating energy and at the same time reduce the solar incidence in
summer when the sun increases the demand for energy for cooling.

Our research shows that this solution allows cooling and heating requirements to be
reduced by up to 87%, reducing the operational needs of air conditioning systems and their
energy consumption. If air conditioning systems are used, interior temperatures rise by an
average of 5 ◦C in winter and drop by an average of 2 ◦C in summer, reducing the annual
hours outside the comfort limits established by current Spanish regulations from 59% to
9%. This helps the house stay within the comfort zone of the Givoni diagram all year, with
a comfortable thermal sensation during 67% of the year according to the Fanger method.

The main limitation associated with this research was the practical challenge of mea-
suring indoor temperatures in an inhabited house with the air conditioning switched off.
In this case, it was necessary to adapt the data collection to the needs of the building users,
which meant that measurements were taken by a researcher when it was convenient for the
occupants, rather than using automatic data collection systems. The air conditioning was
not used so as not to artificially influence the thermal behaviour of the building on the days
the measurements were taken. There was no control of occupant behaviour on the days
the measurements were not taken, and the researchers acknowledge that the temperatures
recorded may have been affected a little by the occupants’ behaviour on the “non- mea-
surement” days. Despite this limitation, our data set provides a valuable source to inform
the modelling exercises. Another constraint was the geometric and constructive conditions
that must be maintained in the traditional house typology studied. These circumstances
prevented changes in the size of the windows and the use of overhangs and other solar
protection elements due to their aesthetic impact.

This research demonstrates the importance of modifying the comfort criteria of energy
regulations to better adapt the design criteria to the particularities of the dry Mediterranean
climate. This research offers an alternative solution to the comfort standards of the current
Spanish regulations. We consider it appropriate to correlate temperatures and relative
humidity based on psychrometric diagrams specifically adapted to the temperature limits
established in Spain. Our research also demonstrates the need to adapt Fanger’s analytical
method of comfort estimation to the particularities of the dry Mediterranean climate to
bring the analytical results closer to the actual statistics of the users. This will require
further research.

To conclude, this research demonstrates that buildings are more energy-efficient and
comfortable the more they are adapted to their local climate. It proves the maxim that there
is no cheaper energy than that which is not needed, helping to reinforce the importance of
passive design principles and question the applicability of national codes and guidance.
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Abstract: Global warming is expected to lead to longer and more intense heatwaves, which will have
negative environmental and socioeconomic impacts around the world. South Africa is projected
to experience significant warming, with surface temperatures possibly increasing by up to 3 ◦C by
mid-century. This warming trend has implications for architecture, as the demand for cooling in
buildings could rise dramatically. However, socioeconomic conditions in developing countries may
limit the use of air conditioning to mitigate indoor overheating. In South Africa, research has shown
that government provided low-cost housing structures are thermally inefficient, with temperatures
occasionally exceeding outdoor levels. Residents often rely on natural ventilation and personal actions
to cope with heat. However, the effects of climate change may render these strategies insufficient
if energy poverty and housing improvement are not addressed. This study aims to examine the
impact of global warming on a high mass, naturally ventilated, affordable housing structure in
Johannesburg, South Africa. Measured operative temperature data from a long-term experimental
study, alongside adaptive temperature limits to evaluate overheating, highlight the vulnerability of
indoor spaces without adequate insulation and/or thermal mass. The results underscore concerns
about the performance of low-cost and affordable housing in warmer future climates in the South
African interior.

Keywords: climate change; heatwaves; overheating; naturally ventilated; affordable housing

1. Introduction

The Intergovernmental Panel on Climate Change (IPCC) has reported that human
activities have caused global warming, with global surface temperature reaching 1.1 ◦C
above pre-industrial levels [1]. Climate change has also led to an increase in the frequency
of heat waves (HWs), resulting in negative environmental and socioeconomic impacts in
numerous regions worldwide [2]. As climate models predict rising surface temperatures in
many regions across the world, the implications of climate change for architecture have
become increasingly important. According to projections obtained from a dynamic regional
climate model by the authors of the South African Risk and Vulnerability Atlas [3], South
Africa is expected to experience the greatest future warming over the interior of the country,
with temperatures projected to increase more than the global mean temperature [4]. Studies
indicate that daily maximum temperatures may increase by up to 3 ◦C by mid-century
based on high greenhouse gas (GHG) emission scenarios [2,5]. It is important to note
that the predicted increase/decrease rates assigned to these climate models have some
uncertainty, largely related to global emission scenarios. Nonetheless, even moderate GHG
concentrations in the models indicate that HWs are expected to occur more frequently, last
longer, and become more intense in South Africa [2].

Kruger and Mbatha (2021) presented evidence of gradual warming over the interior of
South Africa, showing yearly average temperature deviation from the base period (Figure 1)
for OR Tambo International Airport, Johannesburg, which has the most reliable long-term
record in the region [6]. The presented data show that all years beyond 2001 have had
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average surface temperatures higher than the long-term average, with increased (1) hot
extremes, (2) number of hot days and nights, and (3) duration of warm spells in the province
(Gauteng) [6]. The observed rise in temperatures over the past two decades in Johannesburg
may partially be ascribed to the amplification of the urban heat island (UHI) effect, and
studies have highlighted the increased tendency of overheating, and associated health risks
are associated with the UHI effect in large metropolitan areas [7,8]. The distinct trend in
Figure 1 is, however, not unique to Johannesburg; similar patterns have been recorded
across long-standing climate monitoring stations distributed throughout South Africa [6].
This widespread phenomenon implies that multiple environmental and human-induced
factors may be contributing to the escalating temperatures. Many stations across South
Africa, including Johannesburg International Airport, have also recorded their two hottest
years on record in the last decade, with 2015 being the hottest (in many cases) due to the
strongest El Niño event on record (Figure 2) [9,10]. In the South African interior during the
summer, the occurrence of El Niño is typically associated with warmer and drier conditions,
whereas the occurrence of La Niña is linked with cooler and wetter conditions [10].
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Figure 1. Annual average surface temperature deviation from the base period (1981–2010) at OR
Tambo International Airport (Johannesburg): 2002–2020 (Data from [6]).
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Figure 2. Nino3.4 SST (sea surface temperatures) anomalies averaged over the NINO34 region
5◦ N–5◦ S; 170–120◦ W: 1950–2022 (Data from US National Oceanic and Atmospheric Adminis-
tration (NOAA) website: https://psl.noaa.gov/data/correlation/nina34.anom.data (accessed on
3 March 2023)).

Global warming poses a significant threat to the future performance of existing res-
idential buildings, particularly in terms of energy demand and overheating [11–13]. In
response, there has been a growing body of research dedicated to the topic, which has
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involved either full-scale testing or, most commonly, thermal and energy simulation stud-
ies [11–23]. The predominant approach typically involves either the exploration of extreme
historical data or the forecast of future scenarios. The existing literature indicates that
climate change-induced overheating could be a significant problem in many regions across
the world [14–16]. However, the impact has large dependency on geographical location
(climate) and building type [12]. Critical areas of concern include future deterioration of
indoor comfort, at-risk populations, and upgrading regulations for future warmer climates.
Moreover, studies have identified an anticipated increase in cooling loads and a need
for the adoption of alternate cooling strategies [17,18]. For instance, a recent study by
Andrić et al. (2021) reviewed numerous numerical studies on buildings in various climates.
The findings suggest that cooling demand in 2050 could increase substantially, i.e., by up to
1050% compared to reference levels, contingent on specific building properties and prevail-
ing climate conditions [19]. Several adaptation strategies have been examined to mitigate
predicted degradation in future indoor thermal comfort. These include passive cooling strate-
gies [17] and improvements in the thermal characteristics of building materials—insulation,
glazing, and solar protection—to alleviate the risk of overheating [16,21–23].

In many developing countries, however, socioeconomic conditions may inhibit peo-
ple’s ability to mitigate overheating and indoor discomfort through adaptive retrofitting or
artificial means such as air conditioning (AC) [24]. For instance, a 2015 study [25] reported
that the penetration rate of AC in residential households in South Africa is just 4%, but
it is as high as 40% in the highest income households. Wright et al. (2022) examined
perceptions of thermal comfort among people in a structurally disadvantaged community
in Limpopo province, South Africa, and found that only 17 out of 406 respondents (<4%)
selected “Use an air conditioner” as a mechanism to cope with thermal discomfort [26].
Instead, people largely relied on adaptive actions such as sitting outdoors in the shade or
opening windows and doors. Other studies have also shown that lower-income households
depend on employing personal action to improve their thermal situations, such as natural
ventilation [23,27].

However, climate change may negate the impact of these actions in future climate
years if energy poverty and infrastructure improvement (retrofitting) are not considered
alongside personal actions. Thapa (2022) conducted a simulation study, which revealed
that naturally ventilated low-rise concrete dwellings in northeast India would be unable
to suppress the effects of global warming, and the indoor environment would deteriorate
in future conditions [23]. In situ studies conducted in the South African interior have also
highlighted deficiencies with some types of low-cost residential buildings in the present
climate [26–28]. For instance, Naicker et al. (2017) measured indoor air temperature and
relative humidity in 59 households across Johannesburg, South Africa, and found that
temperatures in low-cost government houses exceeded outdoor temperatures by as much
as 5 ◦C. The reported deficiencies with most of these formal housing structures were that
(1) the walls were only 150 mm thick, (2) most lacked ceilings, and (3) none had any type
of roof insulation [27]. In a similar study, Mabuya and Scholes (2020) reported that most
post-apartheid era houses examined in their study were thermally inefficient [28]. Wright
et al. (2022) also examined indoor dwelling and outdoor temperatures in Giyani, Limpopo
province, and found that the maximum measured indoor temperature was approximately
36 ◦C, while the maximum outdoor temperature was 40 ◦C. The outdoor and indoor
temperatures were comparable on several hot summer days during the study period,
which meant that natural ventilation and sitting outdoors offered little to no reprieve from
the heat [26].

The primary objective of this study is to investigate the potential influence of global
warming on the performance of high-mass residential buildings in South Africa. To achieve
this, data from a long-term experimental study conducted on an earth masonry house
in Johannesburg were analyzed [29,30]. The house was monitored from 2018 to 2021,
during which various passive cooling techniques were implemented to improve its thermal
performance. Notably, the study period encompassed the second and fourth warmest years
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ever recorded in Johannesburg, as illustrated in Figure 1. This provided an opportunity
for a practical investigation of global warming’s potential effects on a high-mass structure
within the South African context. Although the summer of the second warmest year (2019)
coincided with a neutral ENSO (El Niño Southern Oscillation) phase [31], the annual
average temperature exceeded Johannesburg’s long-term average by more than 1.75 ◦C,
making it second only to the hottest year ever recorded in 2015.

Similar trends were observed for annual average maximum temperatures, as displayed
in Table 1 [31–33]. In 2020, the average maximum temperature was marginally lower than
those in 2018 and 2019 but still comparable to the 30-year base period. This can be primarily
attributed to a moderate La Niña phase during the latter half of the year [34]. Table 2
presents the average maximum and daily mean temperatures for the early summer months
(October and November), which correspond to the data and analysis discussed in this
paper. The temperatures recorded at OR Tambo Airport during October and November
2019 significantly exceeded the historical long-term means for the same period, as evidenced
in Table 2.

Table 1. Average daily maximum surface temperatures, OR Tambo Airport (Johannesburg) 1.

Year Average Maximum Temp. (◦C) Rank ENSO:

1981–2010 2 22.3 - -
2015 24.2 1 El Niño (very strong)
2018 23.2 4 El Niño (weak)
2019 23.9 2 Neutral/El Niño (very weak)
2020 22.4 37 La Niña (moderate)

1 Temperature data obtained from SAWS publications [31–33]. 2 Normal (30-year base period).

Table 2. Temperature data for OR Tambo Airport: Early summer (1 October–30 November).

Year Average Maximum Temp. (◦C) Daily Mean Temp. (◦C)

1961–1990 1 23.8 17.5
2015 2 27.8 20.5
2018 2 25.8 18.9
2019 2 27.7 20.8
2020 2 25.4 19.7

1 Data for 1961–1990 obtained from Meteonorm v7.3 software. 2 Data obtained from SAWS.

The extraordinary heat of the 2019 summer prompted a more in-depth comparative
analysis with other years monitored during the testing period. This analysis exposed
the vulnerability of rooms without sufficient insulation, thermal mass, and ventilation to
overheating during periods of very high temperatures. The first-floor spaces share some
deficiencies with much of the formal low-cost housing infrastructure in South Africa, and
the results presented herein support concerns raised in recent studies [26,28] about the
performance of low-cost and affordable housing in the face of warmer future climates in
the South African interior.

2. Materials and Methods

2.1. House Layout and Characteristics

The two-story house assessed in the study was located on the University of the Witwa-
tersrand campus in Johannesburg, South Africa (coordinates: 26◦11′09′ ′ S 28◦01′30′ ′ E). The
building layout is shown in Figure 3a,b. The first-floor spaces were designated as bedrooms
and assumed to be occupied between 8:00 p.m. and 6:00 a.m. (i.e., a night-time space). The
roof of the house consisted of two steep catenary vaults, enclosing the first-floor spaces, as
shown in Figure 4a. The roof structure is somewhat unique: pitched roofs with wooden
trusses topped with tiles or metal sheeting are the most common roofing arrangement
across South Africa; the steep curved profile of the roof was chosen for its architectural
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performance, offering more usable floor space than pitched roofs and complying with
dimensional and space requirements more effectively. All spaces met the dimensional
requirements specified in the National Building Regulations [35].

  
(a) (b) 

Figure 3. Floorplan: (a) ground floor; (b) first floor.

  
(a) (b) 

Figure 4. Housing structure: (a) building from the south-east; (b) spaces investigated.

The load and non-load bearing ground floor walls were constructed using interlocking
blocks, made from recycled building rubble, while the vaults were made of compressed
stabilized earth blocks (CSEBs) using traditional mortar. The shell, including internal
plaster, was 170 mm thick, and the vertical walls were 220 mm thick. The first-floor slab
was 170 mm deep and consisted of a rib and block system. The windows are comprised
of aluminum framing and single-glazed low-E glass. No overhangs or shading elements
were considered in the present study. The estimated and manufacturers’-quoted thermal
transmittance (U-value) for the main elements of the building envelope are given in Table 3.
Values for the wall and floor slabs were calculated using the approaches outlined in
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CIBSE Guide A [36]. The maximum U-value for masonry walling given in the deemed-to-
satisfy approach in NBR [37] is 2.86 W/m2K (given in the code by the minimum thermal
resistance of R = 0.35 m2K/W). Fenestration and openings also comply with the deemed
to-satisfy requirements for ventilation and the minimum energy performance requirements
(fenestration area < 15 % of net floor area per story).

Table 3. Estimated U-values.

Materials Description U-Value (W/m2K)

Solid dry-stack (mortarless) block masonry (220 mm) 2.11 1

CSEB block masonry (150 mm) with cement-sand plaster (20 mm) 2.38 1

Window glazing (6.38 mm) (single-glazed low-E glass: 83%
transmission of visible light and 70% solar energy) 3.57

Solid concrete floor slabs (150 mm) on sand (uninsulated) 1.01 2

1 R-values (m2K/W) for internal and external surfaces assumed 0.13 and 0.04, respectively. 2 R-values (m2K/W)
for internal and external surfaces assumed 0.17 and 0.04, respectively.

2.2. Experimental Setup

Operative temperature (Top) was measured 1.1 m above the floor using 40 mm black
globe thermometers positioned in the center of each space/room. The thermometers
recorded temperatures every 15 min using an Agilent data-acquisition unit (Agilent Tech-
nologies Inc., Santa Clara, CA, USA). The evaluation encompassed four distinct spaces,
which were designated as Room 1, Room 2, Room 3, and Room 4, as depicted in Figure 4b.
Outdoor air temperature was measured using a thermo-hygrometer wirelessly connected
to an Oregon Scientific Weather Station (Oregon Scientific Inc., Tualatin, OR, USA). The
accuracy of the thermocouples in the black globe thermometers was around ±0.5 ◦C, and
the manufacturer’s quoted accuracy for the outdoor thermometer was ±1 ◦C. More details
on the instrumentation and setup can be found in [30].

2.3. Overheating Criteria

The assessment for indoor overheating was undertaken with the adaptive temperature
limits specified by BS EN 15251 [38] in combination with the guidelines developed by
the Chartered Institution of Building Services Engineers (CIBSE) [39]. Adaptive comfort
models and accompanying temperature limits consider the occupants’ ability to adapt
to their environment by adjusting their behavior, clothing, and surroundings to achieve
comfort under a range of indoor conditions. This contrasts with traditional, prescriptive
models, based on fixed indoor temperature ranges.

The adaptive comfort model used in BS EN 15251 expresses the comfort temperature
through its relationship with the outdoor temperature, and the following equation is used
to estimate the comfortable temperature (Tcomf) in naturally ventilated buildings:

Tcomf = 0.33 Trm + 18.8 (where Trm > 10 ◦C). (1)

Trm is the exponentially weighted running mean temperature (◦C) for the day under
consideration. This calculation puts higher importance on the most recent days. The
equation for the determination of the running mean temperature is given by Equation (2):

Trm = [1 − α]{Tod-1 + αTod-2 + α2Tod-3. . . }. (2)

α is a constant and Tod-1, Tod-2, Tod-3, etc., are the daily mean temperatures for
yesterday, the day before yesterday, and so on. A value of 0.8 for the parameter ‘α’ provides
the best correlation between Trm and Tcomf based on comfort surveys conducted throughout
Europe [39,40]. Category II (Normal expectation) limits prescribed in BS EN 15251 were
assumed in the present study, i.e., an acceptable temperature range of ±3 ◦C, about the
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comfort temperature (Tcomf) for naturally ventilated buildings. The maximum acceptable
temperature (Tmax) is subsequently given by Equation (3):

Tmax = Tcomf + 3 ◦C. (3)

The CIBSE guidelines use three criteria to evaluate the risk of overheating [39]. These
criteria account for the severity and frequency of overheating and are defined based on
the difference (ΔT) between the indoor operative temperature (Top) and the maximum
acceptable temperature (Tmax), as given by Equation (4). Overheating in a building or
internal space is identified if it violates any two of the three criteria given in Table 4.

ΔT = Top − Tmax (rounded to the nearest whole degree) (4)

Table 4. Overheating assessment criteria.

Criterion Assessment Criteria Limit

1 Percentage of occupied hours during
which ΔT ≥ 1 ◦C Up to 3% of occupied hours

2 Daily weighted exceedance (We) in any
one day > 6 ◦Ch (degreeHours) 0 days

3 Maximum temperature level (Tupp) ΔT > 4 ◦C 0 h

The CIBSE guidelines set an absolute upper limit on indoor operative temperature,
Tupp, which is 4 ◦C above the maximum temperature, as given in Equation (5).

Tupp = Tmax + 4 ◦C (5)

3. Results

From January 2018 to March 2021, the building’s thermal comfort was assessed through
periodic monitoring. Various strategies were employed during this period to enhance the
comfort of specific internal spaces, such as external shading, reflective roof paint, and
insulation of the ceiling. However, this study does not primarily focus on the effectiveness
of these alterations. Instead, it selectively presents results demonstrating the influence
of extreme high temperatures on building performance. For comparative purposes, the
analysis concentrates on the early summer months of October and November in 2018, 2019,
and 2020, when darker roof paint was applied.

During the evaluation, certain spaces experienced retrofitting or substantial changes
in roof color, and the data collected during these periods have been excluded; specifically,
data for Room 2 from the last few days of October and all of November in 2018, as well as
all days in October and November 2020, have been disregarded. It is worth noting that the
roofs were maroon colored in 2018 and grey in 2019 and 2020, which could have influenced
indoor temperature levels to some extent.

The subsequent sub-sections will examine the performance of all monitored spaces
and provide a detailed analysis of overheating in the more heat-vulnerable first-floor rooms.

3.1. Ground versus First Floor Spaces

It is widely acknowledged that high-mass buildings, built using materials such as
concrete and brickwork, typically exhibit a more significant temperature lag (the delay
between outdoor temperatures attaining their highest or lowest points and the subsequent
indoor temperature response) in comparison to buildings composed of lightweight mate-
rials. Figure 5a,b shows the indoor operative temperature plotted alongside outdoor air
temperature for a ground and first-floor space during the early summer period of 2018.
A clear lag and attenuation of peak indoor temperatures is apparent for the ground floor
space, which highlights the benefit of high thermal mass in maintaining more stable indoor
temperatures throughout the day (despite the large fluctuations in outdoor temperatures,
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as shown in Figure 5). In contrast, the first-floor space did not moderate high temperatures
as effectively (Figure 5b) and other means (beyond thermal mass) would need to be im-
plemented to improve the overall thermal performance of the space. The higher recorded
temperatures in the first-floor space can be ascribed to the increased exposure of the of
the roof envelope and its lower surface albedo than the ground floor walls, as well as the
buoyant warm air rising from the ground floor spaces (passages and doors were open
during the assessments). Surface albedo and solar exposure are, however, the dominant
aspects affecting heat gain in the first-floor spaces [26].
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Figure 5. Indoor operative temperature and outside air temperature: (a) Top Room 1 (2018); (b) Top

Room 4 (2018).

Figure 6a–d display the hourly indoor operative temperature plotted against the out-
door air temperature for all evaluated spaces during the study period. The steep positive
slopes and high correlation coefficients (R) of the linear trendlines in Figure 6c,d suggest a
strong positive correlation between outdoor and indoor temperatures, whereas the more
gradual slopes in Figure 6a,b imply a weaker relationship for first-floor spaces. Although
natural ventilation typically results in greater temperature fluctuations compared to artifi-
cially heated and cooled spaces, the first-floor spaces exhibit a notably significant range
in temperature through the study period. Furthermore, indoor operative temperatures
frequently exceeded Tmax in the first-floor spaces, whereas temperatures in the ground-floor
spaces did not exceed this limit (Figure 5). Based on the data presented in Figures 5 and 6,
only the first-floor spaces were assessed for overheating during the early summer period of
2018, 2019, and 2020 in the subsequent sections.

3.2. Exceedance of Tmax

Figures 7–9 illustrate the outdoor air temperature and indoor operative temperatures
for the first-floor spaces during the assessment period corresponding to the years 2018,
2019, and 2020, respectively. Indoor temperatures frequently surpassed the maximum
threshold temperature (Tmax) during the 2nd (2019), 4th (2018), and 37th (2020) warmest
years on record. It is important to mention that some data from 2019 are unavailable due to
backup power supply issues with the data logger.
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Figure 6. Indoor operative temperature versus outside air temperature (2018): (a) Room 1; (b) Room
3; (c) Room 4; (d) Room 2 (1 to 27 October only).

The most significant exceedance of Tmax was observed in Room 4, as depicted in
Figures 7d, 8d and 9d. On hot summer days, particularly during heatwaves, the operative
temperature routinely surpassed the daily maximum temperature (Tmax), beginning in
the early afternoon, around 2:00 p.m., and persisting until around midnight. In contrast,
Room 2 featured large windows in each gable wall, which were mostly open during late
afternoons and early evenings. This facilitated natural ventilation and contributed to the
cooler temperatures and fewer instances of Tmax exceedance in this space [29]. However,
regardless of the presence or absence of cross-ventilation, the first-floor spaces experienced
numerous days with operative temperatures (Top) exceeding Tmax.

Upon comparing the plots for 2018 (Figure 7), 2019 (Figure 8), and 2020 (Figure 9),
it becomes evident that the maximum threshold temperature (Tmax) was surpassed most
frequently during the 2019 assessment period, followed by 2020, and then 2018. Focusing
on the worst-performing space, Room 4, the number of days with operative temperatures
(Top) exceeding Tmax were 14, 35, and 19 for 2018, 2019, and 2020, respectively. The days of
exceedance during the October–November period in 2019 considerably outpaced those in
the same periods for 2018 and 2020. The lower number of days exceeding Tmax for the 2018
period may be attributed to factors such as a different roof color, as well as lower minimum
outdoor temperatures during October and November that year.
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Figure 7. Temperatures, October through November 2018: (a) outdoor air; (b) outdoor air (max);
(c) Top Room 4; (d) ΔT Room 4; (e) Top Room 2; (f) ΔT Room 2.
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Figure 9. Temperatures, October through November 2020: (a) outdoor air; (b) outdoor air (max);
(c) Top Room 4; (d) ΔT Room 4.

3.3. Results of the Overheating Assessment: Room 4

Table 5 presents the findings from the overheating assessment for Room 4 correspond-
ing to the early summer period. The room was considered a nighttime space (bedroom),
occupied between 8:00 p.m. and 6:00 a.m. The following observations can be made:

1. In 2018 and 2019, the space violated criteria 1 and 2, resulting in a failure of the CIBSE
assessment (i.e., the space overheated); however, in 2020, the space successfully met
all three overheating criteria;

2. All criteria were most severely violated in 2019; however, the performance against
criterion 1 was the most striking, with approximately three to five times more hours
of exceedance compared to 2018 and 2020, respectively;

3. High outdoor temperatures recorded during October and November 2019 (Table 6) led
to higher comfortable (Tcomf) and maximum (Tmax) temperatures during the period;
nonetheless, the increase in these parameters was offset by the corresponding rise in
indoor operative temperature (Top), which meant that Tmax was frequently exceeded
during October and November 2019;

4. The first-floor spaces were significantly affected by extreme temperatures, leading to a
notable increase in both the duration and intensity of overheating. During the months
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of October and November 2019, the space experienced 12.5% exceedance hours, which
was severe enough to suggest that the space failed to meet the requirements for the
entire summer period (October–March), without requiring any further assessment
(i.e., assuming all hours are below Tmax for the remaining summer months, the %
hours above Tmax + 1 ◦C would still be approximately 4%).

Table 5. Overheating assessment of Room 4: October and November (only hours between
8:00 p.m.–6:00 a.m.).

Year Exceed Tmax (Y/N) * Criterion 1 (<3%) Criterion 2 (<6 ◦Ch) Criterion 3 (<4 ◦C) Overheat (Y/N)

2018 Y Fail (3.4%) Fail (We = 6.25 ◦Ch) Pass (T = 3 ◦C) Y
2019 Y Fail (12.5%) Fail (We = 7.75 ◦Ch) Pass (T = 3 ◦C) Y
2020 Y Pass (2.3%) Pass (We = 4.75 ◦Ch) Pass (T = 2 ◦C) N

* Room 2 is assumed occupied between 8 p.m. and 6 a.m.

Table 6. Outdoor temperatures recorded at the house: 1 October–30 November.

Year Maximum Temp. (◦C) Mean Daily Maximum Temp. (◦C) Daily Mean Temp. (◦C)

2018 33.5 27.0 20.0
2019 34.2 29.1 22.2
2020 31.3 25.6 20.5

3.4. Results of the Overheating Assessment: Room 2

In the evaluation of Room 2 as a nighttime space, it demonstrated adherence to all
overheating criteria during October and November 2019, in contrast to Room 4. The signifi-
cantly improved performance of Room 2, in comparison to Room 4, can be directly ascribed
to the efficacy of cross-ventilation within the space. Several key attributes contributed to
the successful implementation of nighttime cross-ventilation in Room 2, including: (1) a
long, narrow floor plan; (2) an elevated location on the first-floor; (3) the absence of in-
ternal partitions or obstructions; (4) a large diurnal outdoor temperature variation; and
(5) the presence of two large windows aligned on opposite sides of the space (Figure 10a).
Figure 10b highlights the effectiveness of the cross-ventilation in question during a heat-
wave on 21 October 2019, with the windows remaining open during the late afternoon and
night once the outdoor temperature decreased below the indoor temperature. It is impor-
tant to highlight that both first-floor rooms, Rooms 2 and 4, did not meet the overheating
criteria when assumed continually occupied (24/7).

 

(a) (b) 

10

15

20

25

0:00 6:00 12:00 18:00 0:00

Te
m

pe
ra

tu
re

 (
 )

Time

Room 1 Room 2
Room 4

Outside Tmax
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4. Discussion

The evaluation of overheating unveiled an underperformance in the first-floor spaces,
during notably hot summer days and months. The persistent, intense heat of heatwaves
had a significant impact, particularly on the first overheating criterion assessing the fre-
quency and duration of overheating. Room 2, with efficient cross-ventilation, emerged as
the most effective first-floor space during the evening, highlighting the essential role of
nighttime ventilation in mitigating overheating under severe heat conditions. Past research
using building simulation tools has shown that dwellings lacking adequate ventilation are
particularly vulnerable to overheating problems, a situation likely to worsen with the ad-
vent of warmer climates [15,21]. In this context, Room 4 failed the overheating assessment,
while Room 2 met all criteria during the especially hot summer of 2019 when designated as
a bedroom (nighttime space).

However, despite the improvement in indoor comfort due to nighttime ventilation,
Room 2 would not meet the criteria of the Chartered Institution of Building Services
Engineers (CIBSE) overheating assessment if occupied continuously (24/7). The role of
natural ventilation in combating overheating was limited by the assumed occupancy of
the space, and it alone may not sufficiently mitigate overheating in future climates. Some
studies indicate that climate change will reduce the effectiveness of natural ventilation
in certain regions [12,16]. Current experimental and simulation studies further suggest
the efficacy of natural ventilation as a cooling strategy is already limited in South Africa’s
hottest areas [26,41].

Room 4 and Room 2 on the first floor frequently recorded indoor temperatures that
surpassed the maximum acceptable levels as stipulated by BS EN 15251 and the World
Health Organization (WHO). Notably, this occurrence was more prevalent during the late
afternoon and early evening during heatwaves. Room 4 reached a high of approximately
34 ◦C, while Room 2 reached a maximum of 33 ◦C, both in the late afternoon. Other
researchers have also reported similar observations in simulation studies, e.g., [17] they
have examined energy-efficient terraced houses and reported that operating temperatures
in indoor rooms remained high throughout the day and night during heatwaves, ranging
from a minimum of 24.7 ◦C to a maximum of 32.1 ◦C. The WHO recommends keeping
daytime room temperatures below 32 ◦C and nighttime temperatures under 24 ◦C [42].
This is especially crucial in preventing heat-related health issues among vulnerable groups,
such as infants, adults over 60, and individuals with chronic health conditions.

In stark contrast, ground floor spaces showed good performance, maintaining indoor
temperatures below the maximum permissible limit even during the 2019 summer peak.
This success is largely attributed to reduced solar exposure, lower thermal transmittance,
and the favorable surface albedo. The effect of these features on building performance and
thermal comfort is well-documented in free-standing residential buildings. A comparative
performance assessment between ground and first-floor spaces pinpoints inadequate build-
ing fabric as the primary cause for extremely high bedroom temperatures. Several studies
have presented similar observations with existing buildings, highlighting issues with build-
ing envelopes and the need for climate proofing of residential building stock [20,22,27].
Consequently, attention has shifted towards retrofitting or upgrading existing building
envelopes for future climates, spanning a range of energy-efficient practices such as cool
roofs, insulated wall systems, and green roofs [43–47].

In the context of low-cost and affordable housing in South Africa, this study supports
recent research [26–28] reporting deficiencies in some types of formal low-cost housing. It
necessitates the reevaluation of local building regulations, especially the deemed-to-satisfy
approach (in which minima wall thickness, glazing areas, etc., are specified), and the
introduction of adaptive comfort criteria to improve housing performance and thermal
comfort in current and future climates.
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5. Conclusions

In South Africa, surface temperatures are projected to increase at a rate surpassing
the global mean, with the central interior region experiencing longer and more intense
heatwave events. The escalating frequency, intensity, and duration of heatwaves associated
with climate change highlight the crucial impact of thermal comfort on human health. The
ability to alleviate extreme heat will disproportionately affect underprivileged communities,
which lack the necessary resources to mitigate or address these challenges.

The residential building evaluated in this study demonstrated satisfactory perfor-
mance during typical summer months. However, first-floor areas were vulnerable to
elevated indoor temperatures under typical summer conditions. In contrast, the extreme
summer conditions from late 2019 to early 2020 resulted in substantial indoor tempera-
tures (peaking at 34 ◦C), and the failure of the Chartered Institution of Building Services
Engineers’ (CIBSE) overheating criteria in a first-floor space without cross-ventilation.

The adaptive strategy of opening windows to enhance thermal comfort proved to be
highly effective in mitigating overheating in well-ventilated sections of the house. However,
as climates grow warmer, these personal actions may lose effectiveness, necessitating
additional cooling strategies. Occupants might need to consider retrofitting the building
fabric, particularly if low-cost construction practices continue. This study supports recent
observations that climate change, especially prolonged periods of extreme heat (heatwaves),
may pose a threat to the thermal comfort and health of inhabitants in affordable and low-
cost housing structures in South Africa’s future climates. The findings emphasize the
importance of addressing these challenges through improved construction practices and
building regulations to protect vulnerable populations from the adverse health effects of
extreme heat.

The study’s in situ experimental nature fixed certain parameters, namely, building
layout, orientation, wall thickness, fenestration location, and climatic zone, thus limiting
the investigation’s scope. Therefore, these factors and others should be incorporated in
future building simulation modeling. Beyond the building examined in this study, future
climate scenario simulations should also consider more conventional housing types to
quantify global warming’s impact more accurately on South Africa’s building stock.
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Abstract: With the acceleration of urban development, the population density of urban cities has
increased. As the spatial characteristics of multi-unit housing (MUH) perfectly fit this developmental
trend and, simultaneously, have high energy efficiency, the number of MUHs has increased rapidly
in recent decades. Although many studies have proposed high energy efficiency strategies, weather
uncertainty leads to errors between the operational performance of building energy and simulated
values. This study introduces a robust optimization framework that incorporates uncertainty consid-
erations into the optimization process to suppress energy consumption fluctuations and improve the
average building energy consumption performance. Neural networks are used to model the uncer-
tainty of multiple weather elements as normal distributions for each hour, and the accuracy of the
uncertainty model is validated by calculating the mean absolute percentage error (MAPE) between
the mean values of the distribution and the measurement values, which ranges from 3% to 13%. The
clustering algorithm is proposed to replace the sampling method to complete the sampling work
from the normal distribution space of the weather elements to serve the subsequent optimization
process. Compared with the traditional method, the sampling results of the clustering algorithm
show better representativeness in the sample space. The robust optimization results show that the
average energy consumption of the optimal scheme decreases by 13.4%, and the standard deviation
decreases by approximately 17.2%, which means that the optimal scheme, generated by the robust
optimization framework proposed in this study, has lower average energy consumption results and a
more stable energy consumption performance in the face of weather uncertainty.

Keywords: building performance gap; robust optimization; uncertain weather conditions; deep
learning; clustering algorithm; multi-unit housing

1. Introduction

Over the past few decades, global urbanization has been expedited by rapid industrial
and economic development. According to data provided by the United Nations, the urban
population is expected to account for 68% of the global population by 2050, resulting
in increased energy consumption [1]. Moreover, the energy consumption of residential
buildings in various countries accounts for 16–50% of the total national energy consumption,
with a global average of approximately 31% [2].

With the acceleration of urban development, the population densities of modern cities
have increased. As the spatial characteristics of multi-unit housing (MUH) perfectly fit
this development trend and result in high energy efficiency, which is consistent with the
design thinking for energy saving, the number of MUHs in many countries has increased
rapidly in recent decades, the total number of completed multi-family housing units in the
United States increased by 6% in 2020, reaching 375,000 units, which marks the highest
annual number of completed multi-family housing units in the past thirty years [3]. In 2018,
the number of newly registered residential buildings in British Columbia reached its peak
(46,463) since 2002, with an increase of 75.5% MUH [4]. In Japan, the number of houses
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in MUHs reached 23.34 million, accounting for 43.5% of the overall residential sector, an
increase of 2.5 times since 1998 [5].

Wu et al. [6] conducted a statistical analysis of the publication trends of articles related
to NZEBs in the Web of Science database over the past 23 years. The results revealed a
significant increase in NZEB research from 1994 to 2018. In terms of practical application,
energy-saving buildings must achieve the energy-saving performance expected on the
basis of the simulation results at the operational stage.

Measured historical weather data, such as typical meteorological year (TMY) weather
data, are used as the input of the simulation software to calculate the energy consumption
to predict building energy consumption in advance during the simulation stage. However,
due to the uncertainty of weather conditions, a gap usually exists between the building-
energy-consumption simulation results calculated by using historical weather data, which
is a fixed value, and the actual building energy consumption, which is called the “energy
performance gap” [7]. Shi et al. [8] investigated 21 energy-efficient buildings and showed
that performance gaps are always present and unpredictable, regardless of the building
type, location, climate, design, and construction method. Mahabir et al. [9] studied the
differences in the energy consumption of highly efficient residential buildings in the same
area under different weather conditions, and the results showed that the uncertainty of
weather conditions led to a difference of −40% to +40% in the energy consumption results.

To compensate for the lack of fixed weather data to account for such uncertainties,
several researchers have used historical weather data from years past to reproduce fluctua-
tions in uncertainty. Sun et al. [10] used 32 years (1982–2013) of measured meteorological
data to represent uncertainty, and Wang et al. [11] used weather data from 10–15 years in
four cities to assess the energy variations in office buildings. However, such methods are
usually limited by historical data; there is the possibility that extreme weather cannot be
considered, and the probability of the prevalence of various weather conditions within the
fluctuation range cannot be effectively calculated.

In recent years, a collection of probabilistic calculation methods for weather condition
uncertainties has been developed. Wang et al. [11] determined the range and frequency
of weather fluctuations by analyzing historically measured weather data over the past
15 years. Sun et al. [12] improved the variables in the calculation formula for weather
elements from fixed values to probability distribution to calculate the probability model
of weather elements using the statistics of measured data from hundreds of sites. Both
statistical and probabilistic calculation methods often do not consider the correlation
between weather elements, and it is difficult to reproduce time series of weather elements
with high precision.

Thus, the fixed value of the historical weather data results in a deviation between the
simulated building energy consumption and the actual data, which is the performance
gap. At present, uncertainty is rarely included in the calculation of objective functions in
energy consumption optimization studies. In fact, Luo et al. [13] and Imran et al. [14] used
multi-objective optimization algorithms and artificial intelligence to optimize building
energy consumption; however, the objective functions were established based on ideal fixed
conditions. In the global optimization process, the deviation caused by a fixed weather
value may lead to the final optimization result not being optimal, or even degraded. Thus, it
is necessary to consider uncertainty as comprehensively as possible during the optimization
phase to ensure the robustness of the optimization results.

Based on the literature review, it is evident that the lack of estimation of weather
uncertainty conditions during the simulation stage has led to deviations between simulated
results and actual operating conditions. This issue is widely present across various types
of buildings, including MUH buildings with a significantly increasing number, so this
issue cannot be ignored. In addition, the optimization framework at this stage rarely
considers uncertainty, which further leads to the deviation between the simulation results
and the actual fluctuations. To ensure the robustness of optimization results in the face
of uncertainty, the methodology to reproduce weather uncertainty comprehensively and
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accurately and to combine uncertainty with the global optimization process is critical.
This study proposes a highly efficient and robust optimization framework for calculating
building energy fluctuations based on the reproduction of weather uncertainty during
the simulation phase and optimizing the average value and standard deviation of energy
consumption fluctuations in order to reduce the average energy consumption performance
of MUHs and suppress the fluctuation range of energy consumption.

The robust optimization framework proposed in this study clarifies the method of
using neural networks to predict meteorological uncertainty in the design phase and
using clustering algorithms to improve the representativeness of samples in the optimized
sampling process. Furthermore, it highlights the incorporation of uncertainty fluctuations
during the optimization process, distinguishing it from traditional optimization procedures.

This article will consist of five chapters. Section 2 will introduce the establishment of
meteorological uncertainty models and the use of clustering algorithms and the principles
of robust optimization. Section 3 will primarily focus on introducing the objective models
used in this study, while Section 4 will analyze the model’s optimal results. Finally, Section 5
will provide a conclusion for the paper and suggest directions for future research.

2. Methodology

To account for the uncertainty fluctuations in weather conditions, during the opti-
mization process, the robust optimization framework consists of three parts. First, proba-
bility distribution models are established for weather elements to describe uncertainties,
and then the probability distribution model is sampled to establish weather uncertainty
scenarios for the subsequent optimization process. Finally, building variables and uncer-
tainty scenarios are input into the optimizer for robust optimization of building energy
consumption performance.

Neural networks were used to construct distribution models of weather uncertainty
fluctuations for subsequent optimization sampling, as described in Section 2.1. As this study
focuses on the optimization of annual energy consumption fluctuations, the neural network
produces a probabilistic model of the present weather elements instead of predicting the
future in the context of the accumulation of forecast errors.

Sampling based on the aforementioned probability model was necessary to evaluate
each building scheme in the optimization stage. However, multitarget optimization based
on sampling usually leads to an unaffordable computational load. Moreover, traditional
sampling methods are disadvantageous owing to their randomness. Thus, this study
proposes the use of clustering algorithms instead of traditional sampling methods, as
described in Section 2.2.

In the robust optimization stage, NSGA II was used as the optimizer to realize op-
timization. The optimization objectives are defined as the average energy consumption
and the standard deviation of energy consumption of each building scheme in the face of
various weather conditions from clustering to simultaneously optimize the stability of the
average energy consumption and energy consumption performance in the face of weather
fluctuations, as described in Section 2.3.

2.1. Uncertainty of Weather Conditions

The uncertainty of weather conditions is generated based on two neural networks.
The dual-stage attention-based recurrent neural network (DARNN) [15] is used to predict
the value of weather elements with weather elements as features, and the importance
of weather elements to the air-conditioning load is explained through the prediction
process based on the characteristic of attention mechanism. During the training process
of the Bayesian recurrent neural network (Bayesian-RNN) [16], the weights and bias are
established as a normal distribution based on the training set to realize the establishment
of a normal distribution model of the forecast target. Therefore, weather elements are taken
as prediction targets to establish their uncertainty models.
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2.1.1. Dataset for Neural Networks

This section describes the two datasets used to generate the probabilistic model of
weather uncertainty: a dataset of weather conditions and a dataset of building energy
consumption. For the DARNN, due to the importance of calculating weather elements for
computing air-conditioning energy consumption, the dataset is composed of weather data
as a feature and the air-conditioning energy consumption as a label. For the Bayesian-RNN,
the dataset only contains weather data, and, based on the importance calculation results
from the DARNN, non-important weather elements are used as features, while important
weather elements are used as labels.

The climate of Toyama Prefecture is characterized by cold and heavy snow in winter
and heat and humidity in summer; it is a typical rainy and snowy area in Japan.

The weather condition dataset comes from the meteorology of Toyama Prefecture
collected by the Japan Meteorological Agency [17], which is the hourly measurement data
from 2019 and 2020, including elements of sea level pressure (hPa), station pressure (hPa),
precipitation (mm), outdoor temperature (◦C), global horizontal radiation (MJ/m2), dew
temperature (◦C), vapor pressure (hPa), relative humidity (%), wind speed (m/s), and
cloud cover.

The dataset of building air-conditioning energy consumption is the annual energy
consumption calculated based on the weather data for 2019 and 2020 using EnergyPlus [18].
This is in reference to the simulation settings in Section 2.

Furthermore, the dataset summary of the two neural networks is presented in Table 1.

Table 1. Summary of training and testing datasets for neural networks.

Training Data Test Data

DARNN 2019/01–12 weather data
and energy consumption

2020/07 and 12 energy
consumption

Bayesian-RNN 2019/01–12 weather data 2020/01–12 weather data (solar radiation,
relative humidity, outdoor temperature)

2.1.2. Importance Interpretation of Weather Elements

In this study, the dual-stage attention mechanism of the DARNN is employed to
calculate the importance of weather elements for air-conditioning energy consumption.
The main function of the attention mechanism [19] is to introduce the neural network to
calculate the contribution weight of the encoder to the decoder. An ordinary attention
usually requires three values, namely the query tensor Q, the key tensor K, and the value
tensor V, as shown in Equation (1). The attention score is calculated as the importance of
the input value to the prediction target, as shown in Equation (2).

Q = WqQ

K = WkK

V = WvV

(1)

where Wq, Wk, Wv means weights matrix.

A = KTQ

A′ = softmax(A)
(2)

The DARNN consists of two parts: the encoder and the decoder. Both stages use
the attention mechanism and involve several steps, including calculating attention scores,
computing attention weights, updating inputs or calculating CoVe (contextualized vector),
and computing hidden states. Therefore, in the calculation process of the attention score
and weight, the important results for the weather elements are obtained. The specific
description and adoption of rationality for the importance interpretation of the DARNN
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were proven in a previous study by the author of [20]. The details of hyperparameters are
shown in Table 2.

Figure 1 provides an overview of the process of using the DARNN to predict the air-
conditioning energy consumption based on weather elements. The attention mechanism
in the neural network calculates the weights for each weather element with respect to the
target prediction. Since a total of 10 weather elements are considered, each with a time span
of one year (8760 h), the resulting weight data structure is [10, 8760]. To facilitate statistical
analysis, the weight data structure is transformed into [10, 1] by taking the average along
the time dimension, serving as the final outcome of importance interpretation.

Taking three units on the middle floor of the building as representatives, namely,
units 201, 202, and 203, and considering the importance of weather elements to the air-
conditioning energy consumption in winter and summer, the importance interpretation
results of the DARNN are shown in Figure 2. The 2019 dataset was used as the training
set for the DARNN, and the July and December 2020 datasets were used as the test set.
The results show that in both winter (December) and summer (August), the three most
important factors were solar radiation, outdoor temperature, and relative humidity.

Figure 1. Framework of importance interpretation of weather elements.

(a) (b)

Figure 2. Importance ranking of weather elements to energy consumption. (a) Importance ranking of
weather elements to energy consumption in winter; (b) importance ranking of weather elements to
energy consumption in summer.

72



Buildings 2023, 13, 1616

Table 2. Hyperparameter of DARNN.

Hyperparameter Encoder Decoder

Learning rate 0.001 0.001
Batch size 64 64
Hidden size 128 256
Num_layers 2 2
Sequence length 24 24

2.1.3. Uncertainty Modeling for Weather Elements

Based on the importance interpretation results, solar radiation, relative humidity, and
outdoor temperature were used as uncertainty modeling objects. As there are latent corre-
lations between weather elements, weather elements other than those mentioned above are
used as input values for the Bayesian-RNN, and the outputs are the uncertainty models of
the object weather elements, as shown in Figure 3, and the details of the hyperparameters
are shown in Table 3. The result of uncertainty modeling was that 8760 normal distribution
models were established for each element, that is, one normal distribution model at each
hour of the year, to reflect the change in weather elements over time. The predictive accu-
racy and underlying principles of the Bayesian-RNN for weather uncertainty have been
validated in the paper [20].

Figure 3. Framework of uncertainty modeling.

Where UMn means uncertainty model.

Table 3. Hyperparameter of Bayesian-RNN.

Hyperparameter Value

Learning rate 0.0001
Batch size 256
Hidden size 128
Num_layers 2 (BayesianLSTM layter, Linear layer)
Sequence length 24

To verify the reliability of the generated uncertainty model for three weather elements,
this study sampled 3000 sets of data based on the normal distribution model of each hour
and compared the mean value of the sampled data with the measurement data using the
mean average percentage error (MAPE) as an indicator during winter (December) and
summer (August), as shown in Table 4.

Taking the second week of December as an example, the line chart describes the uncer-
tainty modeling results of the three weather elements, and the different red concentrations
in the chart represent the mean plus or minus n times (n = 1, 2, 3) standard deviation, as
shown in Figure 4.
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Table 4. MAPE of uncertainty models for three weather elements.

Winter (December) Summer (August)

Outdoor temperature 9.50% 2.60%
Relative humidity 3.90% 4.20%
Solar radiation 13.00% 9.10%

(a)

(b)

(c)

Figure 4. Description of the prediction distribution for three weather elements. (a) Description
of the prediction distribution of outdoor tmperature in winter; (b) Description of the prediction
distribution of relative humidity in winter; (c) Description of the prediction distribution of solar
radiation in winter.
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2.2. Sampling by Clustering Algorithm

Sampling based on the uncertainty model described above is required to account
for uncertainty in the subsequent optimization process. However, traditional sampling
methods, such as the Monte Carlo sampling method, usually have difficulty ensuring the
representativeness of the sampling results in the sample space when extracting a small
number of sample results. Although increasing the number of samples can solve this
problem, the calculation load of the subsequent process increases significantly. Thus, this
study used the k-means algorithm [21] to obtain the cluster center as the final sampling
result. Although the clustering algorithm is a type of classification technique, its clustering
principle ensures that the representativeness of the clustering is centered in the entire
sample space; i.e., the clustering centers are included in the sampling space and evenly
distributed. Thus, the cluster centers are used as the sampling results.

2.2.1. Comparison between Clustering Algorithm and Traditional Sampling Methods

The Monte Carlo and Latin hypercube samplings are commonly used traditional
sampling methods. However, due to the reliance on randomness in the sampling pro-
cess, there are instances where the representativeness of the sampling results cannot be
guaranteed. In this study, these two methods are used as benchmarks for comparing the
sampling effectiveness of clustering algorithms. As the sampling objects in this study are
multiple normal distributions, to compare the representativeness of the sampling results in
the sample space between the clustering algorithm and the traditional sampling method
with a small number of samples, the standard normal distribution with a mean of 0 and
a standard deviation of 1 was sampled 25 times using the Monte Carlo method and the
Latin hypercube method. In addition, for the same normal distribution, 100,000 samples
were first randomly selected, and, thereafter, the samples were clustered using the k-means
algorithm to obtain 25 cluster centers as 25 samples, as shown in Figure 5.

The results show that the sampling results of both the Monte Carlo and Latin hy-
percube sampling methods have varying degrees of sample concentration, which leads
to a lack of representativeness for some normal distributions, especially at the edges. In
contrast, the clustering centers as the sampling results effectively solve the above problem,
which is uniformly distributed in the normal distribution space based on probability, and
the edges are effectively sampled.

Figure 5. Comparison of clustering results with traditional sampling methods.

2.2.2. Clustering for Establishment of Uncertainty Scenarios for Weather Elements

Each weather element was sampled 100,000 times based on the normal distribution at
each hour; thus, the sampling data results with the structure [8760, 100,000] were obtained.
As there are three weather elements, the final data structure obtained through the sampling
process is [3, 8760, 100,000]. The dimension of the number of samples was clustered to
obtain 100 cluster centers due to which the data structure became [3, 8760, 100], as shown
in Figure 6. Thus, there were 100 clustering centers as samples at each hour of the three
weather elements.
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Figure 6. Date structure of clustering result.

2.3. Robust Optimization

The proposed robust optimization framework in this study differs from traditional
optimization approaches in that it introduces uncertainty into the optimization process
to realize that the results of each scheme are range values. The mean value and standard
deviation of the range are used as the optimization objective functions. The inputs, outputs,
and optimization flow of the robust optimization framework are described in this section.

The input side of robust optimization contains two components, variables, and un-
certainty scenarios, both of which affect the building energy consumption, as described in
Section 2.3.1.

Two optimization objectives are included: the average value and the standard devi-
ation of building air-conditioning consumption for each building scheme in the face of
various weather uncertainty scenarios to represent the average performance and fluctuation,
as described in Section 2.3.2.

Section 2.3.3 describes the optimizer used in this study during the optimization process
and the order in which the variables and uncertainties participate in the calculation of the
optimization objectives.

2.3.1. Variables and Uncertainty of Robust Optimization

The optimization variables considered in this study are defined as building elements
that can be determined by engineers and designers during the design phase. The variables
came from three fields, the geometric information of windows and shading devices, build-
ing orientation, and thermal insulation performance, a total of 25 elements. Table 5 shows
the range of variation in each element in the case building, and more detailed building
information will be introduced in Section 3. These variables are discrete variables, and the
value accuracy of each variable is indicated by “Accuracy” in the table. In addition, X9
through X25 are variables of thermal insulation performance, and the range of values is
the four thermal insulation performance standards mentioned in Section 3.3, which do not
involve value accuracy.

The clustering results in Section 2.2 are used as inputs for the robust optimization of
weather uncertainty scenarios. During the optimization process, the optimizer randomly
generates building schemes based on variables and, thereafter, uses simulation software
to calculate the energy consumption performance of each scheme under various weather
uncertainty scenarios.

2.3.2. Objectives of Robust Optimization

Building energy performance is affected by both building variables and weather
uncertainties, as shown in Equation (3), so the energy consumption result of each building
scheme generated from variable space is a dataset rather than a fixed value.

Building energy performance = f (xm
1 , xm

2 , . . . xm
25, ξweather ) (3)
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where x denotes the optimization variables, xm denotes the mth set of building schemes
selected from the variable space, x1...25 denotes each variable in the mth building scheme
(such as the building orientation and window size), and ξ indicates the weather uncertainty
scenarios generated in Section 3.2.

Table 5. Characterization of optimization variables.

NO. Optimization Variables Range/Value Accuracy

X1 South window height [m] [1.7, 2.2] 0.05
X2 South window width [m] [1.0, 5.8] 0.05
X3 East window height [m] [0.5, 2.0] 0.05
X4 East window width [m] [0.9, 5.5] 0.05
X5 West window height [m] [0.5, 2.0] 0.05
X6 West window width[m] [0.9, 5.5] 0.05
X7 South shading device width [m] [0.1, 3.0] 0.01
X8 Building orientation [°] [−90, 90] 0.1
X9 External wall thermal insulation [-] G2, G1, H25, H4
X10 Internal wall thermal insulation [-] G2, G1, H25, H4
X11–X19 South window thermal insulation [-] G2, G1, H25, H4
X20–X22 East window thermal insulation [-] G2, G1, H25, H4
X23–X25 West window thermal insulation [-] G2, G1, H25, H4

To ensure the robustness of the optimization results, the optimization objective was
divided into two parts: the average value of the results dataset was used as the average per-
formance evaluation index in the face of uncertainty scenarios, and the standard deviation
was the evaluation index of the fluctuation range, as shown in Equations (4) and (5).

Objective function Avg = Avg.

⎛
⎜⎜⎜⎝

f
(
xm

1 , xm
2 , . . . xm

n , ξweather 1
)

f
(
xm

1 , xm
2 , . . . xm

n , ξweather 2
)

...
f
(
xm

1 , xm
2 , . . . xm

n , ξweather j
)

⎞
⎟⎟⎟⎠ (4)

Objective function Std Dev = Std Dev.

⎛
⎜⎜⎜⎝

f
(
xm

1 , xm
2 , . . . xm

n , ξweather 1
)

f
(
xm

1 , xm
2 , . . . xm

n , ξweather 2
)

...
f
(
xm

1 , xm
2 , . . . xm

n , ξweather j
)

⎞
⎟⎟⎟⎠ (5)

where ξweather1...j represents multiweather uncertainty scenarios.
Thus, considering that there are two air-conditioned rooms in each unit, namely, the

LDK and bedroom, a situation in which the optimization is difficult to converge because
of too many optimization objectives when each household is optimized individually has
been avoided. Four optimization objectives are defined in terms of air-conditioning energy
consumption in buildings:

1. The average of the total energy consumption in the LDK room facing uncertainty scenarios.
2. The standard deviation of the total energy consumption in the LDK room facing

uncertainty scenarios.
3. The average of the total energy consumption in the bedroom facing uncertainty scenarios.
4. The standard deviation of the total energy consumption in the bedroom facing

uncertainty scenarios.

2.3.3. Robust Optimization Flow

NSGA-II [22] was used as the optimizer; its configuration is shown in Table 6. In the
optimization process, a set of variable values is extracted by the optimizer from the variable
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space to generate a design scheme, and the air-conditioning energy consumption of the
scheme is calculated under various uncertainty scenarios based on EnergyPlus. The mean
and standard deviation of the energy performance of each design scheme were returned
to the optimizer to calculate the fitness, and the above process was repeated, as shown
in Figure 7.

Figure 7. Robust optimization flow.

Table 6. Configurations of NSGA-II.

Settings and Operator Method/Value

Max generation 100
Population size 40
Offspring size 10
Sampling Lartin hypercube
Selection Tournament
Mutation Polynomial Mutation (0.1)
Crossover Simulated Binary Crossover (0.5)

Compared with traditional optimization results, the optimization flow proposed
in this study produces an optimal energy consumption distribution probability model
rather than an optimal fixed energy consumption value. In the design stage, it can more
comprehensively describe the fluctuation of building energy consumption in the face of
weather uncertainty and help decision-makers make more accurate decisions.

3. Case Study and Simulation Settings

3.1. Geometry of Typical Residential Building

In this study, an LDK south-facing three-story MUH with three units on each floor has
been considered. One LDK (living room, dining, and kitchen), bedroom, toilet, entrance
with a corridor in each unit, plan of each floor, and size of each unit are shown in Figure 8.
All units have exterior windows on the south wall of the LDK and on the bedroom walls of
the east- and west-side units; the facade size of the unit is shown in Figure 9, with the west
unit as an example.

3.2. Simulation Settings

In this study, the mathematical modeling of weather uncertainties, described in
Section 2, and the resulting fluctuations in the energy consumption results were focused
on during the design phase, and ideal fixed values were used for other simulation settings.
The details of the fixed simulation settings are listed in Table 7 (refers to [23]). Only the
LDK and bedroom were air-conditioned rooms, and the family composition was envisaged
as a couple. Assuming that the infiltration frequency was 0.5/h and the enthalpy efficiency
of the total heat exchanger was 70%, the ventilation frequency was set to 0.15 times.
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Figure 8. Plan of each floor and size of each unit.

(a) (b)

Figure 9. Facade size of one unit. (a) South facade; (b) west facade.

Table 7. Simulation settings.

Air-Conditioning Room LDK Bedroom

Cooling period July-September
Heating period December-March
Cooling/Heating Setpoint 27 °C (28 °C during night)/20 °C
Family Stucture The couple(two people)
Infiltration rate 0.5 ACH (Energy recovery efficiency 70%)

3.3. Thermal Insulation Performance

Four thermal insulation performance standards were considered in this study: the
Japan 1992 energy-saving standard (H4), the Japan 2013 energy-saving standard (H25), the
HEAT20 G1 housing exodermis insulation standard (G1), and the HEAT20 G2 housing
exodermis insulation standard (G2) [24]. These four thermal insulation performance
standards also represent the thermal insulation performance of different grades of building
envelopes in Japan and serve as a benchmark for comparing the optimization results of
this study. The U values set for each thermal insulation standard for buildings in the
seven climate zones of Japan are listed in Tables 8–11. The building in question in Toyama
Prefecture is located in the fifth climate zone. Thus, the energy consumption of the building,
along with the thermal insulation performance of the fifth climate zone, was used as a
benchmark for the optimization results.

Table 8. Thermal insulation performance standard of H4.

Area 1 Area 2 Area 3 Area 4 Area 5 Area 6 Area 7

External wall (W/m2·K) 0.9 0.9 2.4 2.7 3 3 3.2
External ceiling (W/m2·K) 0.42 0.42 1.05 1.12 1.55 1.55 2.3
Window (W/m2·K) 2.91 2.91 2.91 2.91 4.65 4.65 4.65
External floor (W/m2·K) 0.9 0.9 2.0 2.1 2.9 2.9 4
Internal wall (W/m2·K) 3.04 3.04 3.04 3.04 3.04 3.04 3.04
Internal ceiling/floor (W/m2·K) 2.79 2.79 2.79 2.79 2.79 2.79 2.79
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Table 9. Thermal insulation performance standard of H25.

Area 1 Area 2 Area 3 Area 4 Area 5 Area 6 Area 7

External wall (W/m2·K) 0.7 0.7 0.9 0.9 1.3 1.3 1.3
External ceiling (W/m2·K) 0.27 0.27 0.35 0.35 0.35 0.35 0.35
Window (W/m2·K) 2.33 2.33 2.33 2.33 4.65 4.65 4.65
External floor (W/m2·K) 0.65 0.65 0.8 0.8 1 1 1
Internal wall (W/m2·K) 2.333 2.333 2.333 2.333 2.333 2.333 2.333
Internal ceiling/floor (W/m2·K) 2.079 2.079 2.079 2.079 2.079 2.079 2.079

Table 10. Thermal insulation performance standard of G1.

Area 1 Area 2 Area 3 Area 4 Area 5 Area 6 Area 7

External wall (W/m2·K) 0.65 0.65 0.7 0.75 0.75 0.98 0.98
External ceiling (W/m2·K) 0.23 0.23 0.25 0.25 0.25 0.3 0.3
Window (W/m2·K) 1.6 1.6 1.9 1.9 1.9 2.33 2.33
External floor (W/m2·K) 0.54 0.54 0.6 0.6 0.6 0.75 0.75
Internal wall (W/m2·K) 1.406 1.406 2.333 2.333 2.333 2.333 2.333
Internal ceiling/floor (W/m2·K) 2.079 2.079 2.079 2.079 2.079 2.079 2.079

Table 11. Thermal insulation performance standard of G2.

Area 1 Area 2 Area 3 Area 4 Area 5 Area 6 Area 7

External wall (W/m2·K) 0.5 0.5 0.5 0.35 0.35 0.7 0.7
External ceiling (W/m2·K) 0.24 0.24 0.24 0.19 0.19 0.24 0.24
Window (W/m2·K) 1.3 1.3 1.3 1.3 1.3 1.9 1.9
External floor (W/m2·K) 0.5 0.5 0.5 0.26 0.26 0.58 0.58
Internal wall (W/m2·K) 1.153 1.153 1.153 2.333 2.333 2.333 2.333
Internal ceiling/floor (W/m2·K) 1.609 1.609 1.609 2.079 2.079 2.079 2.079

4. Results

4.1. Building Information after Optimization

Through optimization, a series of optimal solutions were selected as examples to
illustrate the optimization results.

Before optimization, the thermal insulation performance of the fifth zone of the four
thermal insulation standards described in Section 3 was used in the case study building.
The optimal thermal insulation performance for each part of the building is listed in Table 12.
As the excessive thermal insulation performance of the external wall leads to an additional
cooling load, the thermal insulation of the external wall of the optimization result is the
fifth area of the G2 standard. However, the optimization results emphasize the importance
of the thermal insulation performance of internal walls to reduce the heating and cooling
caused by the temperature difference between adjacent rooms or units due to the difference
in unit location and ratio to exterior walls. The thermal insulation performance of the third
area, which was selected as the thermal insulation of the internal walls, was superior to
that of the fifth area.

Table 12. Thermal insulation of wall after optimization.

Thermal Transmittance
(W/m2·K)

Thermal Insulation Standard
and Climate Area

External wall 0.35 G2 5th zone
Roof 0.19 G2 5th zone
Floor 0.26 G2 5th zone
Internal floor/ceiling 2.709 G2 5th zone
Internal wall 1.153 G2 3th zone
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The optimal window sizes are listed in Table 13. Compared to the original situation,
the south window area becomes 45.3%, the west window area becomes 54%, and the east
window area becomes 73.5%. As the thermal insulation performance of each window was
optimized independently, the optimization results for the thermal insulation performance
of the window are shown in Tables 14–16. Compared with the original thermal insulation
performance of 1.3 W/m2·K for all windows, some windows in the optimization results
remained unchanged, and some windows declined to a certain extent.

Table 13. Size of window after optimization.

Height (m) Width (m)

South window (LDK) 1.75 1.97
West window (Bedroom) 0.64 0.9
East window (Bedroom) 0.67 2.34

Table 14. Thermal insulation of south window after optimization.

Thermal Transmittance (W/m2·K)

Unit No. ×01 ×02 ×03

South window
10× 1.3 1.3 1.6
20× 1.3 1.9 1.3
30× 1.3 1.9 1.3

Table 15. Thermal insulation of east window after optimization.

Thermal Transmittance (W/m2·K)

103 203 303

East window 2.33 1.9 1.3

Table 16. Thermal insulation of west window after optimization.

Thermal Transmittance (W/m2·K)

101 201 301

West window 1.3 1.3 1.6

In addition, the building orientation was optimized from south to 18.5◦ southwest,
and the depth of the southern shading devices was optimized from 1.1 m to 1.53 m.

4.2. Comparison of Energy Consumption before and after Robust Optimization

This section presents the improvement in the robustness of the building energy per-
formance before and after optimization when considering weather uncertainty scenarios.
The optimal scheme selected from the optimization results is the most effective for robust
optimization. For the convenience of statistical analysis and visualization of optimization
results for multiple objectives, the average energy consumption of the LDK and the bed-
room are combined into the average energy consumption of the entire building, while the
standard deviations of the LDK and bedroom are merged into the standard deviation of
the overall energy consumption of the entire building.

One hundred weather uncertainty scenarios were generated as described in Section 2.2.2;
thus, there were 100 energy performance results for each design scheme. Figure 10 shows
the air-conditioning energy consumption results of an entire building for thermal insulation
standards H4, H25, G1, and G2 (5th climate zone) and the optimal scheme, i.e., the probabil-
ity distribution function (PDF) curve generated based on the mean and standard deviation
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of 100 results. For the four thermal insulation standards on the display, G2 had the ideal
mean and standard deviation, that is, the lowest mean and smallest standard deviation.

Compared with the thermal insulation standard of G2, the thermal insulation perfor-
mance of the external wall in the optimal scheme of this study almost no change. However,
the thermal insulation performance of the internal wall is improved, and the building
geometry information (windows and shading device size, building orientation) is adjusted.

Usually, due to the influence of location and floor, there is a significant difference in the
indoor environment among different units, which leads to heat transfer between adjacent
units or rooms except for the outdoor environment. When considering the uncertainty of
weather conditions, the heat transfer between adjacent units becomes even more complex,
exacerbating fluctuations in energy consumption for units. The optimization results reduce
the heat transfer between adjacent units by improving the insulation performance of the
inner wall, thereby improving the average energy consumption performance and reducing
the fluctuation of building energy consumption. In addition, by increasing the depth of
shading objects, reducing the size of windows, and adjusting the orientation of buildings,
the impact of solar radiation on buildings is effectively reduced. Therefore, even in the
face of the same uncertainty of solar radiation, the optimization results have a more stable
performance of energy consumption.

For the optimal scheme, the average energy consumption decreased by 13.4% com-
pared with that of G2, and the standard deviation decreased by approximately 17.2%. In
other words, in the face of uncertainty, the optimal scheme proposed in this study has lower
average energy consumption results and a more stable energy consumption performance
than most energy-saving standards in Japan at the current stage.

Figure 10. Probability distribution function of annual load of entire building.

The optimization results verified that the robust optimization framework proposed in
this study can effectively optimize the energy performance stability and average energy
consumption of the scheme under uncertainty, thereby alleviating the gap between simula-
tion and measurement values, and ensuring a good performance of the building during the
actual use stage. At present, the majority of environmental performance evaluation sys-
tems, such as LEED [25], primarily rely on referencing the actual operational performance
when assessing the energy consumption performance level of buildings, which emphasizes
the importance of building energy performance in actual use. The results of this study
can assist decision-makers in designing high-performance buildings that have a practical
significance in actual usage, rather than solely relying on fixed simulation results.

5. Conclusions

This study combines a weather uncertainty scenario modeling method using deep
learning and a highly representative sampling method using a clustering algorithm and
proposes a robust optimization framework to achieve the optimization of building energy
performance considering uncertainty. The optimization framework is based on the high-
precision reproduction of weather element uncertainty in the simulation stage to achieve
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the modeling of fluctuations in air-conditioning energy consumption and improve the
evaluation indices to the mean and standard deviation to ensure the ability to evaluate
building energy fluctuations during the simulation stage.

The weather uncertainty scenario modeling method establishes the uncertainty fluctu-
ations of solar radiation, relative humidity, and temperature as normal distributions for
each hour of the year. The reliability of this method is demonstrated by calculating the mean
absolute percentage error (MAPE) between the mean values of the normal distribution and
the measurement values, which ranges from 3% to 13%.

Compared to traditional sampling methods, using the cluster center of a clustering
algorithm as sampling results leads to a more uniform sample results distribution, which
results in better representativeness of the overall sampling space. Moreover, for a normal
distribution, the clustering algorithm does not overlook regions with lower probabilities.

Furthermore, taking the mean value and standard deviation of energy fluctuation as
the optimization objectives, the optimization results show that in the face of weather uncer-
tainty, the average energy consumption of buildings has decreased by 13.4%, and the stan-
dard deviation of energy consumption fluctuations has decreased by 17.2%. The goals of
low average energy consumption and low energy fluctuation of the building were achieved,
namely, the risk from uncertainty fluctuation was controlled by robust optimization.

The scientific contribution of this study is to validate the feasibility of utilizing deep
learning to establish a normal distribution model for certain meteorological elements, proposing
and demonstrating the feasibility and advantages of using cluster centers as sampling points
and providing other researchers with a sampling alternative with low random interference.
In addition, the feasibility of combining a clustering algorithm, deep learning, and robust
optimization to achieve optimization considering uncertainty is also demonstrated by the
uncertainty modeling results and optimization results of this study. This demonstrates that
further optimization of building solutions under the premise of considering uncertainty is
necessary even in the context of the current high insulation performance standards.

In the robust optimization process of this study, the standard deviation is selected
as one of the optimization objectives, which effectively reduces the fluctuation range.
However, there are obvious conservative phenomena in the optimization results. After
optimization, although the maximum energy consumption in the fluctuation range has
been significantly reduced, the minimum energy consumption value has also become
larger, that is, the minimum energy consumption result has worsened. Therefore, as a
future research direction, it is necessary to consider new objective functions to address the
conservatism issue.
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Abstract: Residential buildings in the Kingdom of Saudi Arabia (KSA) contribute to nearly half of
the overall electricity consumption in the building stock, highlighting their significant role in energy
consumption. While an upgraded energy code has been established and enforced for new buildings,
existing buildings continue to operate at the same level of energy consumption. Therefore, there is
a need for further energy upgrades in existing buildings. This study evaluates the energy savings
potential of various energy retrofitting measures for a case study in Jeddah, KSA. Data from previous
studies and current practices were collected and analyzed. Different energy upgrade measures, such
as windows replacement, wall insulation upgrade, roof insulation upgrade, and air conditioning
unit replacement, were selected and evaluated using a digital simulation tool called Design-Builder.
The simulation results were compared to understand the potential percentage of energy savings.
The average annual energy consumption (AAEC) was used as the primary performance indicator to
compare the energy savings among the scenarios. The results demonstrate significant reductions in
energy consumption for the proposed scenarios. Furthermore, the study examined the significant
impact of uncertainties, specifically, the infiltration rate and AC setback temperature, on AAEC. In
conclusion, the proposed scenarios have the potential to achieve substantial energy savings, ranging
from 25% to 66%, depending on the number of energy retrofitting interventions employed. The
findings of this study can serve as a useful reference for similar energy retrofitting projects.

Keywords: building energy performance; Jeddah; residential buildings; energy efficiency; average
annual energy consumption (AAEC)

1. Introduction

In the Kingdom of Saudi Arabia (KSA), building energy consumption is a significant
contributor to oil consumption and a major expense for building users [1]. The government
has introduced numerous initiatives to promote energy efficiency and renewable energy,
recognizing the importance of energy efficiency in buildings [2]. While the Saudi building
code (SBC) committee has endorsed the upgraded energy code and required it for new
residential buildings in 2021, existing buildings continue to consume high levels of energy.
Furthermore, the Saudi Energy Efficiency Center (SEEC) has initiated efforts to improve
energy consumption in existing buildings, including enhancing the energy efficiency of
household appliances and lighting products [2]. However, further investigation is needed
to understand the energy-saving potential of energy upgrade measures for existing build-
ings. Upgrading the building envelopes is essential for reducing energy consumption,
which can reach up to 68% [3]. However, retrofitting existing buildings for energy efficiency
can be challenging due to design limitations, climate considerations, and occupant behav-
ior [4]. Unfortunately, the retrofitting progress of existing buildings has been slow due to
insufficient awareness, funding, and technical expertise [4].
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This paper aims to evaluate the energy-saving potential of building envelope upgrades
through energy retrofitting measures for a case study of a residential building in Jeddah,
Saudi Arabia. The study compares various strategies for eight apartments to illustrate the
potential energy savings achievable for each unit. The building under investigation is a
typical low-rise residential structure, consisting of five floors and eight apartments. Key
performance indicators, such as the average annual energy consumption (AAEC), are used
to compare the energy consumption of the building before and after the energy retrofit
scenarios. The proposed scenarios encompass improvements to the building envelope and
HVAC systems.

The study explores the challenges and opportunities associated with retrofitting ex-
isting buildings in Jeddah city, emphasizing the importance of a holistic approach that
considers multiple factors when retrofitting existing buildings. Additionally, the potential
for energy savings resulting from retrofitting existing buildings is examined. The paper
also discusses uncertainties and their effects on the AAEC, including the infiltration rate
(ACH50) (Air changes per hour at 50 Pascal) and the desired user thermal comfort tem-
perature. The simulation of energy from the basic model employed an infiltration rate of
20 ACH50, with attempts made to generate scenarios targeting a rate of 4 ACH50, as
required by SBC standards. Outdoor scenarios were applicable to the entire building, rather
than individual apartment upgrades. The simulation results reveal a significant reduction
in the average annual energy consumption (AAEC) when a deep energy retrofit scenario
was implemented.

The paper’s conclusion compares the energy-saving potential among different sce-
narios and highlights certain uncertain factors that impact the AAEC, such as infiltration
rates and setback temperatures. The study’s results contribute significantly to the existing
literature on energy retrofitting of existing buildings in Jeddah.

2. Methodology

A mixed-methods approach, encompassing qualitative and quantitative techniques,
was employed in this study to provide comprehensive results contributing to the existing
literature on energy retrofitting of existing buildings in Jeddah. Qualitative data were
collected from the relevant literature and related studies, forming a solid foundation for
exploring the energy-saving potential of retrofitting measures using the DesignBuilder
(Version 7) digital software (EnergyPlus).

To examine the energy-saving possibilities and enhance the energy efficiency of exist-
ing apartments in Jeddah, a series of energy retrofitting scenarios were analyzed for eight
apartments within the same building. The simulation tool was utilized to assess the current
energy consumption and determine the potential energy savings for each scenario.

The objective of this paper was to evaluate and compare the energy-saving possibilities
across different energy retrofitting scenarios, utilizing simulation software. To establish
the simulation parameters, several steps were undertaken. First, a comprehensive review
of the literature and related studies was conducted to summarize the essential design
parameters and energy benchmark levels, which play a crucial role in highlighting specific
variables. Second, the case study was described, as it was necessary for digital modeling.
Data were collected from various sources, including floor plans, apartment orientation,
component materials and U-values, user activities, and mechanical AC systems. Third,
specific uncertainties that affect energy savings results, such as the infiltration rate and
user thermal comfort (setback temperature), were identified. Fourth, an overview of
the energy upgrade scenarios and interventions was formulated. Finally, the simulation
results were analyzed to evaluate and compare the energy savings achieved by each energy
upgrade scenario.

Further illustrations will be presented in subsequent sections, and Figure 1 provides a
visual representation of the workflow, facilitating readers’ understanding of the sequential
steps in this study.
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Figure 1. Research structure of the paper.
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3. Literature Review and Related Studies

This section addresses the knowledge gap in previous studies on energy retrofitting
upgrades and highlights the latest methods used in the field for energy retrofit measures. It
also presents related studies and existing practices.

Researchers have extensively investigated the advantages of energy conservation
measures for residential buildings in the Gulf Cooperation Council (GCC) countries. How-
ever, there has been a lack of investigation into the recent cost of living increases and
the government’s vision for energy conservation measures, particularly in the context of
the Kingdom of Saudi Arabia (KSA). KSA citizens have only recently gained knowledge
and basic information about energy savings and conservation measures. Some studies
have demonstrated the potential for significant energy consumption savings through the
application of various energy-saving measures. However, many of these studies did not
explicitly consider the associated costs.

Several researchers, such as [5–7], have reported varying energy savings, ranging
from 15% to 72%, when implementing different energy-saving measures, including in-
sulation upgrading, U-value upgrading, window glazing upgrading, electrical devices
upgrading, shading devices installation, and on-site energy generation units. Konstantinou
presented five specific strategies (replace, add-in, wrap-it, add-on, and cover-it) that could
be incorporated into refurbishment designs for aging residential buildings, providing a
toolbox of refurbishment strategy possibilities to aid decision-making processes [8]. The
main outcome of Konstantinou’s study was the provision of a façade refurbishment tool-
box to support the decision-making process in design. It is important to note that all the
strategies mentioned in the study aimed to improve all building envelope components
where heat loss occurs, both inside and outside the buildings. In contrast, in the KSA
context, energy retrofitting strategies aim to improve all building envelope components
where heat penetrates, specifically, from the outside of the building to the inside, due to the
KSA context.

Several researchers have investigated different energy-saving measures, considering
climate and economic conditions in GCC countries. These studies have provided funda-
mental knowledge on applicable and feasible strategies that could be implemented within
the KSA context. However, the recent cost of living increases, the addition of value-added
tax (VAT), and the introduction of new service fees require further investigation.

For example, a research study conducted in Kuwait in 2003 demonstrated savings
of 3.25 million MWh over 10 years by implementing energy-saving measures, such as
insulation, glazing upgrades, and reducing the window area in 42,403 retrofitted old
residential buildings [9]. The main challenges in this project were the government’s role
as the main financer of the initial retrofitting costs and the long payback period of over
30 years, during which electricity tariff prices continued to be subsidized. Additionally,
Krarti presented the economic and environmental benefits of improving energy efficiency in
new and retrofitted buildings in Kuwait [10]. The study proposed three levels of retrofitting
proposals for better energy efficiency. Furthermore, the research showed that implementing
various energy-saving measures could result in savings of 8%, 23%, or more than 50% of
annual energy usage.

Similarly, Krarti recommended similar implementation measures for buildings in the
KSA to achieve comparable energy savings on a larger scale. Ameer suggested that dou-
bling electricity prices (electricity tariffs) in Kuwait would incentivize the implementation
of energy efficiency measures in the residential buildings sector, which would ultimately
benefit the Kuwaiti government [11]. Currently, building users in Kuwait, as in other GCC
countries, rely on government subsidies for their energy bills, although the amount of
subsidies varies across countries.

In the UAE, Taleb tested the improvement of building thermal performance using
8 passive cooling strategies, achieving energy consumption reduction of up to 23.6% in
residential buildings in Dubai [12]. Further, Alfaris observed a remarkable increase in
energy performance efficiency of 25% by implementing low and medium energy conserva-
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tion measures [6]. This led to energy consumption savings ranging from 14.4% to 47.6%,
depending on individual operating conditions and occupants’ behaviors. Rakhshan demon-
strated a 40% reduction in summer peak demand and a 32% decrease in CO2 emissions by
improving wall insulation to a U-value of 0.3 W/(m2K) and upgrading AC systems to a
Coefficient of Performance (COP) of 2.7 [13]. Giusti and Almoosawi examined the impact
of occupants’ behaviors on electricity consumption, including raising the AC thermostat
temperature to 24 ◦C, switching off domestic water heating when not needed, and adding
roof insulation, all of which contributed to varying percentages of energy consumption
savings [14].

Friess reviewed several passive measures, such as building orientation, thermal insula-
tion, appropriate glazing types and orientation, excessive light levels and glare, and natural
ventilation. These measures were found to achieve energy consumption savings of 30% in
villas and up to 79% in high-rise office buildings [15]. Studies on energy-saving measures
have been more extensively explored in the United Arab Emirates (UAE) compared to
other GCC countries, yielding diverse results that have been recently implemented.

On the other hand, researchers have highlighted the significant impact of building
user behaviors on energy savings. Al-Saadi demonstrated a substantial reduction of up
to 42.5% in annual energy consumption through the implementation of various saving
measures in a calibrated model of a typical house in Oman [16]. Alalouch emphasized the
urgent need for large-scale retrofitting programs, which could effectively reduce energy
consumption through suitable energy-saving measures [17].

Aldossary proposed various management and technical upgrades in KSA that could
serve as benchmarks for enhancing energy efficiency in the country’s residential stock. The
author identified three prototype houses exhibiting maximum energy efficiency, surpassing
international standards. These recommendations serve as exemplary standards for future
implementation of retrofitting measures in KSA’s residential buildings. Similarly, Krarti
investigated optimal energy savings for residential buildings across 5 sub-climate zones in
KSA, ranging from 26% to 47.3%. These savings were achieved by applying energy conser-
vation measures to building envelope elements, such as wall insulation, roof insulation,
window area, window glazing, window shading, and thermal mass, considering life cycle
cost and energy savings [18]. Additionally, Alaidroos highlighted that the application of
energy conservation measures within the KSA region could result in significant annual
savings on energy cost subsidies, national oil consumption, and investment in new power
plants [18].

Furthermore, Alaboud noted that implementing necessary measures, such as reducing
the Window-to-Wall Ratio (WWR) from 15.3% to 5%, adding insulation to the roof and
external walls, and increasing the thermostat temperature in houses by 1 ◦C, could lead
to a substantial 35% decrease in cooling load [19]. The study suggested that if these
measures were implemented, there would be a 35% reduction in cooling demand, which
could be further increased with additional retrofitting plans, considering cost-effectiveness.
In 2019, Krarti demonstrated that retrofitting residential buildings could reduce energy
consumption by up to 60%. Moreover, by utilizing solar panels (PVs) on building roofs
in KSA, surplus energy could be generated for internal use or returned to the grid [20].
Previous studies have explored different strategies for energy-saving measures focused on
building energy performance.

In summary, the studies have shown significant energy savings, ranging from 15% to
72%, when implementing various energy retrofitting measures using appropriate combi-
nations of interventions, as illustrated in Table 1. However, these studies have not taken
into account recent changes in the KSA context, such as the recent increase in energy costs,
updates in building codes, and the government’s development towards the 2030 vision.
Therefore, there are knowledge gaps that need to be addressed in current research.
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Table 1. The Strategy Types and The Savings Interventions.

Strategy Type Replace Add (Inside) Add (Outside)

Envelope energy-saving
interventions

Wall filling (blocks) Wall filling (blocks) Shading Devices
Insulation Insulation On-Site Energy
Air Sealant Air sealant

Window Window
AC Systems

3.1. Retrofitting Strategies for Low-Rise Residential Buildings in Jeddah, KSA

Various factors influence the implementation of energy retrofit applications, includ-
ing the micro-climate, thermal properties of building fabric, occupants’ thermal comfort
level, owners’ acceptance of changes, and budget constraints [21]. However, a study by
Ma emphasizes that sustainable energy retrofitting applications must follow a strategic
design process, which involves careful decision making at different phases [22]. The same
study proposes a systematic approach to achieving sustainable energy retrofit applications,
which can be divided into three activities: pre-retrofit (identification of possible solutions),
retrofit (testing of solutions), and post-retrofit (evaluation of the application) [22]. Similarly,
energy retrofitting strategies require similar processes to ensure an effective application for
maximizing energy efficiency.

Energy retrofits can be categorized in various ways [23–27]. Natural Resources Canada
(NRCAN) classifies retrofit activities into three scales: minor retrofit, major retrofit, and
deep retrofit. This study adopts the NRCAN categorization as a baseline [23]. The scales are
classified based on the level of intervention required and the percentage of energy savings.

A—Minor Energy Retrofit

A minor energy retrofit involves easy upgrades that can be implemented with low-cost
investments. This includes sealing gaps, upgrading lighting systems, improving electri-
cal devices, implementing control systems, and conducting regular maintenance. These
activities require minimal interventions and have little to no disturbance for
building users.

B —Major Energy Retrofit

A major energy retrofit involves significant changes or upgrades aimed at reducing
the building’s energy consumption while causing minimal disruption for building users.
Key activities include replacing, upgrading, or adding building elements, such as windows
(frames, panes, glazing), wall thickness, insulation and shading systems and improving
AC systems.

C—Deep Energy Retrofit

A Deep Energy Retrofit (DER) achieves substantial energy savings, potentially reduc-
ing energy costs by up to 60%. The International Energy Agency (IEA) defines Deep Energy
Retrofit as follows:

“A major building renovation project in which site energy use intensity (including
plug loads) has been cut by at least 50% compared to the baseline with a corresponding
improvement in indoor environmental quality and comfort” [28].

In the same study, Deep Energy Retrofit is described as a comprehensive approach
that includes upgrades, additions, or changes to building systems, resulting in at least 50%
energy consumption savings. These activities may involve major disruptions for building
users, such as replacing the entire façade, adding a second-skin façade, or applying External
Insulation Finishing System (EIFS) as insulation cover.

Table 2 illustrates the different levels of interventions and activities, providing an
overview of the changes that can be implemented across various energy retrofit measures.
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Table 2. Main differences between minor, major, and deep energy retrofits.

Minor Major Deep

Lighting upgrades Windows (frames, pans, pans
cavity, glazing)

Major energy retrofit activities
AC systems upgrades Outdoor insulations (EIFS)

Electrical devices upgrades Wall (thickness, materials) Second-skin façades
Gaps fillings fixes Insulation

Replace the entire façadeElectrical devices maintenance Gaps filling
Controlling systems Shading systems (fix, active)

In this study, energy retrofitting is defined as any changes (replacement, repairs,
upgrades, or additions) that improve the building’s energy performance efficiency and
reduce energy consumption costs. The scope of the study focuses on exploring potential
energy retrofitting strategies and their economic and environmental benefits.

Initially, in KSA, energy retrofitting strategies were not widely recognized among
building users due to the low energy tariffs. However, attitudes and approaches changed
when the tariffs increased significantly, as mentioned earlier. The Social Development Bank
(SDB) in KSA defined the restoration loan/finance program as follows:

“A financing program designed for restoration, maintenance, repair of structural and
emergency defects, for the purpose of additions or necessary modifications for private
residential houses” [29].

Until recently, energy retrofitting measures were not commonly practiced in most
architectural firms in KSA. However, there has been a shift, and it is now becoming more
standard practice as clients recognize its importance. The recent increase in energy prices
and the definition of energy performance defects in buildings have contributed to this
change, as they are now being closely monitored.

It is worth noting that energy prices in KSA remain competitive compared to average
energy consumption prices in European countries, as shown in Figure 2. The SEEC initia-
tives have primarily focused on minor energy activities, such as promoting the labeling of
electrical devices (including lighting and ACs) and providing discounts on efficient AC
units. They have also increased public awareness of energy efficiency through the media.
However, major and deep energy retrofits have not been comprehensively covered by
the SEEC.
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Figure 2. Electricity tariff prices (lower range (≤6000 kWh) and higher range (>6001 kWh)) comparing
four GCC countries and the EU.
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Energy retrofitting strategies in the KSA context have generally received low accep-
tance rates among homeowners due to various factors. In the past, this included high initial
costs and limited interest in energy efficiency, primarily due to low energy tariffs, as shown
in Figure 3.

  

Figure 3. Austah House’s recent renovation project in Yanbu city, KSA.

Historically, energy retrofitting solutions needed to consider the initial costs of energy
improvements compared to the current scenario, focusing on total energy savings and their
potential impact on energy costs. Energy performance and cost are, therefore, primary
indicators for evaluating energy consumption levels. The challenge lies in creating a
comfortable indoor environment for building users in the harsh, outdoor, hot desert climate
of KSA, where temperatures range between 32 and 49 ◦C (Jeddah), and indoor temperatures
should ideally be maintained between 18 and 24 ◦C [1].

Despite the limited number of residential building renovation projects in KSA, energy
upgrades have not been a significant consideration, even among existing projects that
have not met upgraded SBC standards. Homeowners typically renovate their buildings
for aesthetic or structural purposes, with little emphasis on energy efficiency. However,
a recent documented renovation project of a residential building serves as an example
of integrating energy upgrade measures alongside aesthetic improvements, resulting in
substantial energy savings. This case highlights the common misconception that residential
building renovation is solely for aesthetic purposes and underscores the importance of
considering energy efficiency measures during renovation projects.

Austah House, located in Yanbu city in the western region of KSA, represents a recent
renovation case that provides insight into available energy enhancement possibilities (see
Figure 3). The following information is based on an interview with the owner and architect,
Moaad Austah, and supporting pictures and information obtained through Twitter, a social
media application [30].

The renovation of the Austah House was motivated by cultural aspects, building qual-
ity, and economic considerations, highlighting how building owners approach renovation
activities, as shown in Figure 3. The construction of the building took 2 years and was
completed in 2020, which was attributed to the fact that the building was occupied during
the construction period.

The main energy-related changes incorporated into the house included upgrades to
the walls, windows, lights, and air conditioning (AC) systems. The east and west façade
walls were upgraded to a 40 cm thickness, consisting of a 15 cm block, 5 cm insulation
panels, another 15 cm block, and 2.5 cm of mortar on both sides of the wall. The windows
were upgraded to double-glazed windows with thermal break frames (6 mm glass, 12 mm
air vacuumed, and 6 mm glass). Additionally, 18 AC window units were replaced with
split AC units with energy efficiency ratings of 5 or 6 stars. The owner reported a 30%
energy saving after the building renovation.
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To assess the actual energy consumption, the study illustrated the monthly electricity
bills over a 2-year period from February 2019 to December 2020. The average energy
consumption on the first floor was approximately 135 kWh/m2 per year, with an energy
cost of around 24 S.R. (USD 6.4), as detailed in Figure 4. The Austah house case exemplified
a diligent renovation approach, including several energy retrofitting measures, such as wall
insulation upgrades, window replacements, AC upgrades, and lighting improvements. Fur-
ther energy savings measures could potentially enhance the energy performance efficiency
of the building.
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Figure 4. The 2019–2020 energy consumption (kWh) and energy cost (Saudi Riyal (SAR)) for 1st
floor [31].

3.2. Energy Retrofitting Strategies

Existing retrofitting projects in KSA have primarily focused on either restructuring
the building or enhancing its aesthetic appearance. Konstantinou [8] presented various
refurbishment strategies used as a basis for the study, with an update for the Jeddah context.
The strategies employed (replace, add-in, wrap-it, add-on, or cover-it) were specified in
the specific context of KSA, excluding the cover-it strategy from the study scope. Table 3
illustrates the suitable strategy categories based on these approaches.

Table 3. List of energy upgrade strategies.

Strategies Replace Add-In Wrap-It Add-On

Description
Replace façade

elements with better
energy performance

Upgrade by adding from
the inside of the building

components (wall,
window, insulation)

Wrap the building with a
second layer

Adding a shading device
or structure element to the

outdoor façade

Interventions
Replace entirely, Replace

partially (walls, windows,
connections, insulation)

Increase wall thickness,
internal insulation, cavity

insulation, windows
(panes, cavities,

glazing), add sealant
between components

External insulation (EIFS
exterior insulation),
second-skin façade

Adding (fixed, active)
shading devices or adding
balconies, merge balconies

to indoor space
if applicable

Benefits
New components with

better performance, small
disturbance to users

Appropriate for
existing buildings,

increase the thermal
resistance, individual

decision making

Increase the thermal
resistance using external

insulation, no
thermal bridging

Better energy performance
on the developed parts,

heat prevention increase,
increased indoor space in

some cases

Limitations
Significant impact on the
building users’ activities,

high initial costs

Thermal bridging needs
attention, decrease in

livable space

Not applicable for SBC
limitations except for

external insulation, high
initial costs

Low WWR application
limitations from the SBC
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A—Replace Strategy

The replace strategy involves exchanging old building components (walls, windows,
insulation, connections) with new ones, either separately or by altering the entire façade.
The cost depends on the number of intervention activities and the energy efficiency level
of the materials used. Fewer interventions result in lower costs, while replacing an entire
façade significantly impacts the building’s energy efficiency with higher costs. However,
the level of disturbance to building users’ activities should be considered early in the
application process to minimize disruptions. The level of disturbance may vary depending
on the extent of the replacement interventions, with greater replacement interventions
resulting in more disturbances.

B —Add-In Strategy

The add-in strategy encompasses upgrading building components (walls, windows,
insulation, connections) within the existing building. This strategy allows for maintaining
the same outdoor façade, making it suitable for individual units of residential buildings. At-
tention needs to be given to addressing thermal bridging issues that arise from connections
between building components. Increasing indoor wall thickness may reduce the livable
space, which is crucial to consider during the design process.

C—Wrapping (Wrap-It) Strategy

The wrapping (wrap-it) strategy involves adding an extra layer to the building, such
as a second-skin façade or external insulation (EIFS). The second-skin façade resolves
thermal bridging issues and allows for aesthetic modifications to the building when out-
door wall thickness increase is not restricted by the Saudi Building Code (SBC). EIFS has
great potential for improving thermal energy performance, eliminating thermal bridging.
However, if the existing walls have stone finishing, additional investigation is required for
the disassembly of the stone, considering time and cost implications. Although the EIFS
option has been used recently, the costs have been higher compared to previous strategies.

D—Add-On Strategy

The add-on strategy involves adding shading devices or structural elements to the ex-
ternal façade layer, primarily targeting shaded parts of the building. Residential buildings
in hot climate conditions generally have a low Window-to-Wall Ratio (WWR). Merged bal-
conies can be expanded to provide additional indoor space, subject to merging restrictions
imposed by the Saudi Building Code (SBC).

3.3. Energy Performance Challenges of Residential Buildings in Jeddah

Residential building envelopes in Jeddah were designed with insufficient thermal
properties. Several studies have assessed the thermal performance of existing building
envelopes, including walls, windows, floors, and roofs. Computational simulations were
employed to analyze actual building cases [3,18,32]. These simulations have identified
potential areas for energy savings [7,9,18]. Interestingly, 1 study demonstrated that with
minimal interventions, energy savings ranging from around 15% to just below 50% could
be achieved, depending on the specific energy-saving measures implemented [6]. Life cost
analysis has also been utilized to determine the most energy-saving interventions in the
long run.

The primary challenge observed in buildings requiring energy upgrades is the presence
of defective thermal building designs, resulting in significant outdoor heat gains through
different components of the building envelope, leading to thermal discomfort in indoor
spaces (see Table 4). The study identified that high energy consumption is primarily
influenced by infiltration rates and thermal bridges. In practice, mechanical cooling systems,
such as air conditioning units (ACs), are commonly employed by building users to achieve
thermal comfort. Therefore, the main issues that need to be addressed regarding current
residential building energy performance are the lack of information regarding ACs at
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various levels, from building codes to construction, and the impact of low energy tariffs on
the defective energy performance of building envelopes.

Table 4. Energy efficiency challenges, causes, and results.

Challenges Causes Result

Energy Efficiency

Insufficient thermal performance of
envelope (wall, windows,

no insulation)

Old SBC standards, inappropriate
design, no insulations with high

U-value for walls

Outdoor heat gain, high energy
demand, user discomfort

Defective airtightness with a high
infiltration rate

Inappropriate sealants
or no sealants, poor

components, materials

Outdoor heat gain, increased
cooling load demand, high energy

demand, user discomfort

Thermal bridges No insulation, poor design Outdoor heat gain

When upgrading existing buildings to reduce high heat gain from the external en-
vironment, several factors need to be considered to improve indoor thermal comfort
for occupants:

• Lack of knowledge on the cost benefits of essential technical solutions for energy
retrofitting building envelopes. Defective thermal properties of walls, roofs, and win-
dows must be addressed. Additionally, the old Saudi Building Code (SBC) did not
require sufficient energy levels and allowed the use of low-thermal-resistance materials.

• High infiltration rates (air tightness) in indoor spaces were not included in the old
SBC. Currently, there is a lack of knowledge regarding the most efficient infiltration
rate for existing residential buildings.

• The presence of thermal bridges resulting from poor thermal designs
requires consideration.

Although these constraints are interconnected, the previous discussion highlights that
the energy requirements outlined in the old building code were the main driver of the
current problem. Historically, low energy costs and occupant behavior also contributed to
high energy consumption in residential buildings. When energy requirements and electric-
ity tariffs were low, buildings were constructed with poor thermal properties, leading to
increased cooling demands. Occupants responded to thermal discomfort in indoor spaces
by using ACs, which were cost-effective at the time.

In recent years, GCC countries have implemented various policies aimed at reducing
CO2 emissions. These policies have necessitated changes at the governmental level to
enhance building energy performance and promote the use of renewable energy sources,
raising the overall energy efficiency standards in the region.

The Solar Decathlon Middle East (SDME) competition focused on the potential for net-
zero buildings in hot, arid climate conditions, considering the large areas required for PV
solar panels to achieve the net-zero concept [33]. The results emphasized the importance of
efficient building designs combined with renewable energy sources. A project by Virginia
Tech demonstrated the possibility of transforming a villa from an energy consumer to
an energy producer, setting a benchmark for net-zero energy houses [34]. Although the
SDME competition focused on a different building typology (villas), the results can provide
valuable evidence of energy-efficient homes in hot, arid climate zones.

A recent local study by Aldossary proposed an energy benchmark range for apart-
ments in low-rise buildings in KSA, ranging from 77 to 98 kWh/m2 per year, resulting in
lower carbon emissions [7]. Aldossary also provided specifications for building elements,
including the layers, thickness, and U-Value in Table 5. The author suggested an optimal so-
lution of a 35 cm external wall thickness with a 0.257 U-Value. Another study by Alaidroos
extensively tested five energy efficiency measures, demonstrating significant energy-saving
potential that could reduce energy cost subsidies, national oil consumption, and the need
for new power plants [18]. The suggested energy range can serve as a benchmark and
reference for future comparisons with the proposed scenarios.
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Table 5. Building elements specifications [7].

Building Element Specification Thickness (cm) U-Value (W/m2k)

External wall Mortar–red brick–mortar 24 2.7

Internal wall Mortar–brick–mortar 24 3.38

Roof Six layers (tiles, mortar, sand, insulation, and
reinforced concrete) 40 2.8

Floor Seven layers (ceramic, mortar, sandstone, concrete,
insulation, basement concrete, and basement stone) 50 1.9

Windows Single glazing 1 5.57

Doors Wooden door 4 2.1

Furthermore, the study illustrates that current energy consumption in KSA ranges
from 114 to 166 kWh/m2 per year for apartments and 109 to 185.4 kWh/m2 per year
for villas [32]. The results of the simulation-based studies illustrated actual upgrading
possibilities of energy performance for the existing residential buildings, especially after
regulating the upgraded SBC. The detailed study will be used as a reference level while
further simulation validation is needed. Simulation-based studies have demonstrated
actual energy performance improvement possibilities for existing residential buildings,
particularly after the introduction of upgraded SBC regulations. These detailed studies will
be used as reference points, but further simulation validation is necessary.

The Saudi Building Code (SBC) underwent an upgrade in 2018, accompanied by an
increase in energy tariffs. Subsequently, in January 2021, the SBC national committee en-
dorsed an upgraded building code that applied to all new residential buildings constructed
from 1 July 2021 onwards. Interestingly, after the SBC endorsement, there was a noticeable
decrease in the issuance of construction permits in Jeddah for at least three months, until
the committee revised some of the requirements [35]. This study specifically focuses on
existing residential buildings in Jeddah categorized as Zone 1 according to the SBC classifi-
cation, as depicted in Table 6 [36]. While the upgraded SBC assigns improved U-Values to
optimize the energy performance of new residential buildings, the current performance
levels of existing residential buildings fall significantly below these upgraded SBC stan-
dards. The upgraded SBC energy standards, considered the best minimum requirements for
Zone 1, can serve as a baseline reference for any energy upgrade solutions. Consequently,
energy upgrade measures through retrofitting strategies should align with the current
SBC U-Values.

Table 6. The minimum U-Values and R-Values for air-conditioned spaces and non-air-conditioned
spaces (C.I. (continuous insulation), C (C-Value (Thermal conductance)), F (F-Factor (heat transfer
through the floor)) [36].

SBC Required U-Values and
R-Values for Zone 1

With ACs With No ACs

U-Value (W/m2K) R-Value (m2K/W) U-Value (W/m2K) R-Value (m2K/W)

Ceiling U-0.202 R-5.0 C.I U-0.4 R-2.5 C.I

Wall
Wall above ground U-0.342 R-2.92 C.I C-0.453 R-2.2 C.I
Wall under ground C-6.473 R-2.92 C.I C-6.473 None

Floor
All U-0.496 R-1.5 C.I U-0.78 R-0.7 C.I

Steel beam U-0.296 R-3.3 U-0.296 R-3.3
Other U-0.188 R-5.3 U-0.288 R-3.3

Ground flooring F-0.90 R-2.6 60cm F-1.263 None

Doors U-2.839 U-2.839

Windows
All connection U-2.668 SHGC-0.25 U-3.695 None
Menwar (shaft) U-4.259 SHGC-0.35 U-10.22 SHGC-0.35
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Interestingly, the upgraded SBC allows for lower U-Values in non-air-conditioned
spaces compared to air-conditioned spaces. This suggests that designing passive housing
units may require higher U-Values if appropriately designed. The question arises as to who
is responsible for verifying whether a housing unit is designed passively or not. However,
the building code could define the minimum R-Values or U-Values requirements, while
specifying whether the space is air-conditioned or not. Additionally, it needs to consider
the possibilities of manipulation, especially given that most buildings in Jeddah require
AC systems.

Cost plays a crucial role in the decision-making process when considering energy-
saving measures. The ideal solutions are those that incur minimal costs, while offering
efficient intervention measures.

The study’s primary objective is to establish a framework of potential energy retrofitting
interventions that meet, at the very least, the upgraded Saudi Building Code (SBC) energy
standards for existing low-rise residential buildings in Jeddah.

3.4. Jeddah’s Climatic Challenges

Jeddah experiences the highest number of Cooling Degree Days (CDDs) per year
compared to other cities in Saudi Arabia, totaling 6587 CDDs, as shown in Table 7 [37].

Table 7. Cooling and heating degree-days for five cities in KSA.

City Cooling Degree Days (CDDs) (◦C-Days) Heating Degree Days (HDDs) (◦C-Days)

Jeddah 6587 0

Dhahran 5953 142

Riyadh 5688 291

Tabuk 4359 571

Abha 3132 486

Jeddah has a hot, dry climate with a maritime desert subzone [38]. The city’s tem-
perature ranges from a maximum of 48 ◦C to a minimum of 13 ◦C, with varying relative
humidity levels, as explained in more detail in Table 8 [32].

Table 8. Temperatures and humidity levels in Jeddah city, KSA.

Jan Feb Mar Apr May June July Aug Sep Oct Nov Dec

Max. Temperature 32 35 39 42 42 48 45 41.5 42 43 38 36.5

Min. Temperature 13 15.4 18 19 20 23.4 24.8 25 23.8 20 20 17

Relative Humidity 59 56 60 58 56 58 49 52 66 61 65 51

Alaidroos and Al-Hadhrami highlighted that residential buildings in Jeddah exhibit ex-
ceptionally high cooling consumption, accounting for 71% of the total energy consumption,
and have the highest number of Cooling Degree Days [18,39]. Felimban also emphasized
that buildings without thermal insulation have a negative impact on occupants’ energy be-
havior [1]. As a result, hot outdoor air easily penetrates indoor spaces, leading to increased
indoor temperatures and prolonged usage of mechanical cooling systems.

3.5. Overview of the Existing Residential Building Stock
3.5.1. Residential Building Stock in KSA

The primary objective of this section is to identify representative building typologies
that can serve as a foundation for defining design parameters for energy upgrade strategies
for building envelopes. The aim is to gather relevant information to accurately assess the
current energy performance of residential buildings in terms of common building types,
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the housing unit population, the Sakani (My House) financial support program, changes in
low-rise building regulations, and ownership types.

In Saudi Arabia (KSA), low-rise residential buildings constitute approximately 50%
of the overall building stock (including commercial, governmental, agricultural, and in-
dustrial buildings) [1]. Apartment units account for around 2.9 million units, representing
approximately 53% of KSA’s residential buildings [3]. In Makkah province, where Jeddah
is located, there are approximately 1 million housing units.

The Sakani program aims to increase housing ownership from 47% to 70% by 2030. The
program offers various housing solutions, including providing housing units or financial
support for acquiring the first housing unit. Established in 2017, Sakani was launched to
expedite homeownership among Saudi families. By August 2021, Sakani had successfully
accommodated over 1.4 million households (see Figure 5), encompassing a range of housing
products, such as residential free lands with loans, market unit loans, self-construction
loans, under-construction unit loans, ready-made unit loans, subsidized mortgage transfers,
loans for military members, loans for civilians, and loans for education members. To
achieve the strategic goal, 40% more housing units are currently in the delivery process [40].
The majority of apartment buildings in KSA are low-rise structures, typically comprising
3–5 floors and classified as residential. Low-rise residential buildings in KSA are categorized
into two types: purely residential or residential combined with commercial spaces, based
on land use standards.
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Figure 5. Comparison of Sakani Housing Products (1.4 Million) from 2017 to 2021.

The regulations for low-rise residential buildings have undergone two changes, result-
ing in different building use and ownership categories (old, recent, and new), as illustrated
in Figure 6. The first upgrade mandated building owners to allocate parking spaces on
the ground floor, while allowing for the construction of a villa on the rooftop, which this
study categorizes as the recent type. This regulation change introduced multi-ownership to
the building, although historically, potential homeowners were reluctant to purchase an
apartment with shared ownership.

Figure 6. The regulation changes affect the building ownership types.
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The regulation change offered additional yearly income for owners who constructed a
villa on the roof and leased the remaining apartments. Consequently, during this period,
many investors constructed low-rise residential buildings with villa roofs and sold them
as separate entities (apartments and a roof villa), leading to the trend of multi-ownership
within a single building.

Subsequently, low-rise building regulations were updated, and the construction of a
villa on the roof was prohibited, although parking requirements remained. In summary,
these regulation changes have impacted ownership types, shifting from single ownership
to multi-ownership, which was unacceptable two decades ago.

The improvement in multi-ownership management can be attributed to the imple-
mentation of updated building regulations and the introduction of the Mullak program in
February 2020. This study primarily focuses on low-rise residential buildings and investi-
gates both multi-ownership and single-ownership scenarios to propose practical solutions.
Figure 7 depicts the various types of low-rise residential buildings found in Jeddah, consid-
ering different construction ages. Despite variations in construction ages, these buildings
exhibit comparable energy performance due to their similar construction approaches. How-
ever, discrepancies in ownership types may influence the proposed results, which will be
discussed further in the subsequent text.

Figure 7. Different types of low-rise residential buildings illustrate the types of construction
and ownership.

Several researchers have explored Saudi residential building characteristics from vari-
ous perspectives, taking into account factors such as location and user profiles. Aldossary
identified several prototypes based on official construction plans, while Alaidroos described
construction methods and HVAC specifications for a base case villa in KSA. However, this
study focuses specifically on 3–5 floor residential buildings with both multi-ownership and
single ownership, excluding villas on the roof due to the latest SBC upgrade regulations.
The primary emphasis is on multi-ownership buildings to accommodate more housing
units, although single-ownership scenarios are also considered. The categorization of the
selected residential buildings is based on construction methods and materials used, rather
than their historical construction dates.

3.5.2. Common Construction Method

Usually, reinforced concrete is the most commonly used material in residential building
construction due to its availability, affordability, and durability. Skeleton structure systems,
also known as frame structures, are the predominant construction method employed in
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low-rise residential buildings in KSA [41]. The construction phases of a low-rise residential
building generally follow typical steps, as depicted in Figure 8.

Figure 8. Typical construction method.

The construction process for low-rise residential buildings begins with the under-
ground phase, which involves drilling and column foundation. The most common system
used for low-rise buildings in KSA is the concrete skeleton structure, utilizing reinforced
concrete for its affordability, availability, and durability. The construction of the skeleton
structure follows specific procedures from the foundation to the roof slab.

The next phase is the block walls (wall-filling), where blocks are used to fill the spaces
between the skeleton columns, as indicated by the red walls in Figure 9. The choice of
material for wall-filling depends primarily on the allocated budget, with options ranging
from cement blocks, red blocks, and Burkani blocks to the less common Siporex blocks.
Each type of wall-filling material has different properties and thermal conductivity levels.
Typically, walls are constructed using 20 cm blocks, as shown in Figures 9 and 10.

 

Figure 9. The 20 cm blocks for wall-filling within the skeleton structure.
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Figure 10. Typical wall section demonstrating materials used in construction.

The third phase involves cement finishing (mortar), which entails adding a 2 cm layer
of mortar to both sides of the blocks, as depicted in Figure 9. The final phase involves the
overall finishing of the building envelope through painting or the application of stone. The
choice of painting or decorative elements depends on the budget of the building owner.
Some owners with higher budgets may opt to add different types of stone to the front
façade for aesthetic purposes, as shown in Figures 9 and 10.

Understanding the typical construction materials used in residential buildings helps
define and clarify the available materials for each targeted envelope component within the
Jeddah context [41]. These materials serve as a starting point for energy-upgrading applica-
tions, such as replacement or upgrading solutions for walls, insulation, windows (frames,
glazing, and panes), and sealants, supporting the design possibilities. Additionally, this
section discusses the materials related to existing residential buildings, as these materials
play a significant role in outdoor heat gain. As mentioned earlier, the construction method
encompasses four stages: skeleton structure, wall-filling, cement mortar, and finishing.
Each stage utilizes various materials. The subsequent sub-section and Figure 10 explain the
material variations for wall-filling (blocks), insulation, finishing, windows, and sealants.

A—Wall Fillings (Blocks)

According to Felimban, approximately 70% of residential buildings in Jeddah lack
insulation [1,2]. In general, the walls of typical residential buildings consist of single bricks
(red blocks, cement blocks, Burkani blocks, or Siporex blocks) covered with a 2 cm cement
layer of mortar on both sides.

Walls with openings incorporate window frames with single glazed panes, as dis-
cussed in a later sub-section. The current thermal energy levels of the walls present an
excellent opportunity for energy performance upgrades. Any energy upgrade scenario
should consider the types of blocks commonly used in Jeddah’s residential buildings. Wall
upgrade interventions could involve increasing thickness by adding insulation layers and
an air gap to the indoor space. All scenarios involve tightening the indoor space, while
addressing thermal bridges resulting from connections, which is another challenge that
needs to be considered. Figure 11 illustrates the commonly used wall materials, including
cement blocks with holes, red blocks, Burkani blocks, and Siporex blocks. Since 2021,
block factories have been required to meet specific thermal properties to comply with the
upgraded SBC standards (see Table 9).
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Figure 11. Various types of building blocks.

Table 9. Wall materials U-Values and R-Values [42].

Wall Materials (20 cm) K-Value W/mK R-Value m2K/W U-Value W/m2K

Cement Block with Holes 0.976 0.204918 4.880
Red Block 0.382 0.52356 1.910

Burkani Block 0.36 0.555556 1.800
Autoclaved Aerated Concrete (Siporex) 0.156 1.282051 0.780

B —Insulation Materials

In hot climate regions, thermal insulation serves the purpose of resisting the penetra-
tion of hot air from the outside to the inside. Insulation layers are applied to the walls and
roof surfaces, and they can be categorized as conventional (commercially available organic
or inorganic products) or sustainable (natural or recycled) materials [43]. As mentioned
earlier in this study, most residential buildings in KSA lack insulation, which significantly
hinders energy efficiency by allowing outdoor heat transfer to indoor spaces. Commonly
used and available insulation materials in KSA include polystyrene, polyurethane, mineral
wool, glass wool, Perlite, and Siporex, as shown in Figure 12 [42,43]. Various factors,
such as availability, cost, installation difficulty, soundproofing, and fire resistance, must be
considered in the design process to select a suitable insulation material.

C—Finishing

The finishing layers typically involve a 2–2.5 cm cement layer of mortar on both sides
of the wall, followed by painting or the application of stone on the main façade for aesthetic
purposes. The thermal conductivity of mortar finish is 0.72 W/mK. When it comes to
painting or stone selection, it largely depends on the building owner’s budget. Some
owners may have a higher budget and can incorporate different types of stone on the front
façade for both aesthetic and thermal performance purposes. It is worth noting that certain
painting companies now offer thermally resistant options, although these options come
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at a higher price compared to other materials. In energy upgrade scenarios, the finishing
layer options, especially when a stone finish is involved, require careful consideration and
planning in terms of the cost and time required for stone disassembly.

Figure 12. Various types of insulation materials.

D—Windows

Upgrading windows plays a significant role in enhancing energy efficiency, despite
accounting for a maximum of 25% of the total façade area [44]. Window frames, glaz-
ing, and panes greatly influence the transfer of outdoor heat into indoor spaces through
gaps between the frames and the wall, as well as within the window frames themselves.
Additionally, consideration should be given to the Solar Heat Gain Coefficient (SHGC)
through window panes. Aluminium frames are typically used for their durability and
market availability. In recent years, the use of unplasticized Polyvinyl Chloride (uPVC)
frames has increased due to their competitive prices and availability. Moreover, uPVC has
demonstrated higher thermal resistance compared to other materials, such as aluminium
or steel. Timber and steel frames are rarely used in window construction due to their high
cost and limited availability, and thus, they are excluded from the scope of this study.

There are different types of window glazing and panes with varying U-Values and
SHGC, as illustrated in Table 10. The thermal resistance levels of window glazing depend
on factors such as the number of panes, color, and cavity size between the panes.
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Table 10. Window glazing types and heat transfer level, LoE (Low Emissivity) [18].

SBC Requirement for Glazing 2.66 0.25

Glazing Type U-value (W/m2K) SHGC
Single Clear 6.31 0.86
Double Clear Air 3.23 0.76
Double Clear Argon 2.61 0.76
Double LoE Clear Air 2.47 0.6
Double LoE Clear Argon 1.48 0.59
Double LoE Tint Air 2.43 0.39
Double LoE Tint Argon 1.46 0.37
Double LoE SEL Clear Air 2.32 0.42
Double LoE SEL Clear Argon 1.3 0.42
Double LoE SEL Tint Air 2.32 0.3
Double LoE SEL Tint Argon 1.3 0.28

E —Sealants

Sealant materials are used to fill the gaps between the wall (blocks) and the window
frames, preventing the infiltration of air and water into indoor spaces [8]. In KSA, sealants
play a significant role in mitigating outdoor heat transfer to indoor areas. Lower-quality
sealants result in higher heat transfer to indoor spaces, leading to increased mechanical cool-
ing demand. Sealant compositions are categorized as silicone sealants, hybrid polyurethane
sealants, and polyurethane sealants.

4. Design Parameters and Energy Benchmark

This section aims to define the design parameters and energy consumption benchmark
levels to establish the study scope and enable energy upgrade scenarios.

Key performance indicators (KPIs) are crucial for evaluating the scenarios. The primary
KPI is the Annual Average Energy Consumption (AAEC) in kWh/m2/year, which serves as
a benchmark for comparing various upgrade scenarios to the original case. The evaluation
of each apartment considered at least one of the following upgrades: U-values (W/m2K),
thickness (cm), infiltration rate (ACH50), Solar Heat Gain Coefficient (SHGC) and Window-
to-Wall Ratio (WWR) for windows, and Coefficient of Performance (COP) for AC units.

The hot, arid, humid climate conditions in Jeddah necessitate mechanical systems
in all indoor spaces, a finding supported by other researchers, such as Felimban and
Alaidroos [1,18]. In addition, it is essential to consider the building location within the
neighborhood, as this could also affect the AAEC for each apartment in the building.
Additionally, the location of the building within the neighborhood must be taken into
account, as it can also impact the AAEC for each apartment. The selection of building types
was based on the number of housing units and the new buildings developed by the KSA
Ministry of Housing. Apartments account for more than 50% of the total housing units
in KSA [45].

This research focused primarily on buildings constructed using the concrete skeleton
structure (CSS), as this is the predominant construction method in Jeddah. The historical
aspect of the buildings was not considered. Moreover, the construction process of a CSS
involves wall infilling with blocks, plaster/cement finishing, and aesthetical finishing. The
Saudi Energy Efficiency Centre (SEEC) and Felimban highlight that over 70% of residential
buildings in Jeddah lack thermal insulation, underscoring the need for energy retrofit
upgrades of the existing building envelopes [1,46].

The Saudi Building Code (SBC) has upgraded its energy efficiency requirements and
energy benchmarks. However, in February 2022, the SBC National Committee revised the
energy efficiency requirements in response to feedback from construction companies and
their reluctance to issue new construction permits for residential buildings. Table 11 illus-
trates the specific value changes in energy requirements resulting from the SBC upgrades
by the National Committee.
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Table 11. SBC energy requirements upgrades (Bold numbers indicate the changes) [36,44,47,48].

Wall Con-
struction
(U-Value)

Roof Con-
struction
(U-Value)

Ground
Floor Con-
struction
(U-Value)

Repeated
Floor Con-
struction
(U-Value)

Window
Glazing

Window
Frame

(U-Value)

(WWR)
Max

Air
Infiltration
(ACH 50)

HVAC
System

Efficiency
(COP)

Started to
be applied
by 1 July

2021

0.342 0.202 0.49 0.49
(U-value)

2.66 SHGC
= 0.25

2.66

Rate

25% 4 4

Updated
on 23

August
2021

0.403 0.272 0.49 0.49
(U-value)

2.66 SHGC
= 0.25

2.66 25% 4 4

Updated 21
February

2022; ends
by the end

of 2023

0.611 0.272 0.49 0.49
(U-value)

2.66 SHGC
= 0.25

2.66 25% 4 4

Aldossary’s research established AAEC values for different residential buildings in
KSA, albeit only covering the first two floors of low-rise residential building types [32].

Unfortunately, the top floors of buildings require more extensive energy upgrade
interventions to achieve better performance, as they are more exposed to the sun’s heat
and radiation due to additional external surfaces. Researchers have observed AAEC values
ranging from 116 to 165 kWh/m2/year, which are predicted to be even higher for top floors.
However, Aldossary proposed AAEC values in the range of 77–98 kWh/m2 to achieve a
low carbon energy consumption level [7].

Various researchers, including Aldossary, Alaidroos, Krarti, and Hijazi, have ex-
plored different sets of energy retrofit measures that can reduce energy consumption in
the residential building sector by 37%, 41.5%, 50%, and up to 80% when applying hybrid
systems [18,32,49,50]. The literature often presents optimistic predictions of energy savings
for existing buildings when implementing different energy-saving measures. In this study,
detailed energy retrofit scenarios have been defined to provide a more realistic estimation
of energy-saving possibilities for specific units in Jeddah. Additionally, factors such as
infiltration rate (ACH50) and user thermal comfort temperature (◦C) have been included, as
they impact the AAEC results. However, the calculation did not consider thermal bridges
due to the complexity of methodologies required to obtain accurate results [51].

5. Case Study Descriptions and Simulation Process

5.1. Building Location and Position Selection

The selected case study was the residential building described in detail in Section 3.4.
Jeddah’s climate and location have been described in considerable detail in Section 3.4 and
by Felimban, Talep, and Aldossary [1,32,52]. The building position that was eventually
selected was based on simulation testing of six positions of a typical building in an urban
setting. Then, the worst case was selected, where the average energy consumption was the
highest. This will be further shown in the simulation progress section.

5.2. Building and Apartment Descriptions

Generally, the land area for a residential building varies among 20 m × 20 m,
20 m × 30 m, 25 m × 30 m, and 30 m × 30 m, with a built-up ratio maximum of 60% [36,53].
The building case was extracted from actual plans of a low-rise residential building (4 floors)
provided by an architectural firm [54]. However, the case is based on a land size of 750 m2

(25 m × 30 m), resulting in a built-up floor area of around 450 m2. The selected building
contains eight apartments (two per floor), and the first floor (ground floor) has parking
spaces and other services, such as driver rooms and the main entrance. The apartments
mainly face either west or east. However, the east and north sides face the neighboring
buildings, while the west and south sides face the street. These factors have an effect on the
AAEC for each apartment. Each apartment has three bedrooms, a living room, a kitchen, a
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dining room, a reception room, a maid room, and three bathrooms, as shown by the floor
plans in Figures 13–15.

Figure 13. First floor plan (ground floor) (14 Parking spots, 6 Driver rooms, and 1 guest room).

Figure 14. Repeated floor plan (3 bedrooms, 1 maid room, 1 kitchen, 1 living room, 3 bathrooms,
1 dining room, and 1 guest room).
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Figure 15. Roof floor plan.

The building fabric was defined and illustrated based on previous studies and material
properties. Tables 12 and 13 demonstrate every component in respect to total U-values,
component thickness, and other variables. The apartments on the east side of the building
have the same floor area, which is around 215 m2, while on the west side, the area is around
225 m2.

Table 12. Building specifications.

Number of Floors
Total Number
of Apartments

Area of
Apartments

Building
Location

Total Number
of Occupants in

the Building

Cooling
Set Point

Cooling Set
Back

Description

4 floors + parking
floor (parents (2) +

kids (4) + a
housemaid)

8 apartments (2
per floor)

West 215 m2

East 225 m2
Jeddah

(South East)

56 occupants
(parents (2) +
kids (4) + a
housemaid)

24 ◦C 26 ◦C

Table 13. Building fabric description and current energy values of building components.

Building Component Detailed Description Thickness (mm)
U-Value
(W/m2K)

Wall Construction 20 mm cement/plaster/mortar inside + 200 mm concrete block
heavy weight + 20 mm cement/plaster/mortar outside 240 2.676

Roof Construction
20 mm ceramic/porcelain top side + 20 mm mortar + 80 mm
sandstone, 1.83 W/mk + 5 mm asphalt1 + 200 mm concrete,
reinforced with 1% steel + 20 mm plaster bottom

345 2.81

Ground Floor Construction

25 mm ceramic/porcelain top side + 25 mm mortar + 80 mm
sandstone, 1.83 W/mk+ 100 mm concrete, reinforced with 1%
steel + 5 mm asphalt1 + 50 mm cast concrete + 150 mm stone
basalt + 2 mm soil–earth

437 2.269

Repeated Floor Construction
25 mm ceramic/porcelain top side + 25 mm mortar + 80 mm
sandstone, 1.83 W/mk + 200 mm concrete, reinforced with 1%
steel + 20 mm plaster bottom

350 2.403

Window Glazing Single-clear (SHGC = 0.86) 3 5.894

Window Frame Aluminum frames 5 5.881
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Table 13. Cont.

Building Component Detailed Description Thickness (mm)
U-Value
(W/m2K)

Details Rate

(WWR) The percentage of the total window area to total wall area 10%

Air Infiltration Rate The assumed rate is based on the blower door test (BDT) rate,
which assumes that the indoor area is pressurized under 50 PA 20 (ACH 50)

HVAC System Efficiency AC window type 1.8 COP

5.3. User Profile

In the real world, every apartment has a different user profile, while in this example,
specific information has been used to create a basis, against which other apartments can be
compared. The typical number of users in an apartment is 7, including a housemaid; the av-
erage family size is 5.9 members [45,55]. The activity in the apartment varies depending on
the parents’ professions. However, in this study, it is assumed that user activities are based
on a proposed schedule of activities and AC working duration hours, as demonstrated in
Table 14. Furthermore, every room has a different number of hours during which the AC
is used; the living room proved to be the most active room, with usage of 17.5 h per day,
and the guest room was the least active room, using an average of 3 h per day, as Figure 16
illustrates.

Table 14. User activity schedule for a case model of a Saudi Family.

Activity Sunday Monday Tuesday Wednesday Thursday Friday Saturday
Total Hours/
Room/Week

Total Hours/
Room/Month

Average Hours/
Room/Day

Master
Bedroom

23:00–
06:00

23:00–
06:00

23:00–
06:00

23:00–
06:00

23:00–
06:00

23:00–
06:00

23:00–
06:00 49 210 7

Children’s
Bedroom 1

21:30–
06:00

21:30–
06:00

21:30–
06:00

21:30–
06:00

23:30–
08:00

23:30–
08:00

21:30–
06:00 59.5 255 8.5

Children’s
Bedroom 2

21:30–
06:00

21:30–
06:00

21:30–
06:00

21:30–
06:00

23:30–
08:00

23:30–
08:00

21:30–
06:00 59.5 255 8.5

Housemaid’s
Bedroom

23:30–
07:00

23:30–
07:00

23:30–
07:00

23:30–
07:00

23:30–
07:00

23:30–
07:00

23:30–
07:00 52.5 225 7.5

Dining
Room

06:30–
07:30

06:30–
07:30

06:30–
07:30

06:30–
07:30

06:30–
07:30

06:30–
07:30

06:30–
07:30 7

120 416:00–
17:30

16:00–
17:30

16:00–
17:30

16:00–
17:30

16:00–
17:30

16:00–
17:30

16:00–
17:30 10.5

20:30–
22:00

20:30–
22:00

20:30–
22:00

20:30–
22:00

21:30–
23:00

21:30–
23:00

20:30–
22:00 10.5

Living
Room

06:00–
23:30

06:00–
23:30

06:00–
23:30

06:00–
23:30

06:00–
23:30

06:00–
23:30

06:00–
23:30 122.5 525 17.5

Kitchen

06:00–
07:30

06:00–
07:30

06:00–
07:30

06:00–
07:30

06:00–
07:30

06:00–
07:30

06:00–
07:30 10.5

255 8.514:00–
18:00

14:00–
18:00

14:00–
18:00

14:00–
18:00

14:00–
18:00

14:00–
18:00

14:00–
18:00 28

20:00–
23:00

20:00–
23:00

20:00–
23:00

20:00–
23:00

20:00–
23:00

20:00–
23:00

20:00–
23:00 21.00

Guest
Room None None None None 17:00–

24:00
17:00–
24:00

17:00–
24:00 21 90 3

The provided assumed activity hours were the minimum duration hours that varied
among families. However, a compact schedule, i.e., a schedule where the people who lived
in the house were there for the maximum number of hours, was taken as the basis to use
later in the simulation program (DesignBuilder). The assumed schedule was applied to all
the apartments to provide comparable numbers that could subsequently be validated. The
occupancy percentage was 20% during the inactive hours (07:00–16:00).
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Figure 16. Comparison of the average AC duration for different rooms per day.

5.4. Building Ownership

The ownership of a residential building was primarily only single ownership until it
developed into a multi-ownership model. In 2018, the “Mullak” ownership system was
introduced to settle the required rules for single- and especially multi-ownership types
of apartments [56]. In this study, the ownership of a building has a significant role in
designing the energy retrofitting scenarios, which have been divided into single-ownership
or multi-ownership types.

Typically, the construction of any residential building falls within three types of con-
structors: individual, private developer, or governmental. Each type has different business
activities that fulfil the construction’s primary goal. Therefore, the type of ownership falls
under single- or multi-ownership, as Table 15 illustrates.

Table 15. Different business activities for several building contractors.

Contractor Individual Private Developer Governmental Ownership Type

Business Activities

Selling
Selling Selling Multi

Living + Selling

Renting for Short Term
Renting for Short Term Renting for Long Term SingleLiving + Renting for

Short Term

The energy retrofitting scenarios have been divided into two primary types: indoor
and outdoor. The indoor scenarios are possible for both ownership types, while the outdoor
scenarios are only possible for the single-ownership type because of difficulties in the
decision-making processes.

5.5. Simulation Description

The selected software was DesignBuilder [57], which allows engineer researchers
to analyze the energy consumption of building energy. However, a comparative study
of widely used dynamic simulation tools for buildings, such as EnergyPlus, TRNSYS,
Simulink libraries CarnotUIBK and ALMABuild, IDA ICE, Modelica/Dymola, and DALEC,
demonstrated a good consensus among these tools, despite the varying levels of input
detail required by each tool [58]. The Design-Builder tool was chosen due to its availability
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in the market and its accessibility as a simulation software. It allows for the analysis
and prediction of energy consumption in any structure using predefined datasets. The
Design-Builder program is particularly user-friendly, making it suitable for educational
purposes. It eliminates the need to extensively delve into software details and codes. The
main features of using the Design-Builder software are its ability to simulate accurate
environmental performance data, its fast simulation capabilities, and its ability to import
various file types for 2D and 3D imaging. Additionally, one can save rendered images of
any result at any stage [58,59].

The study modelled the case study in the DesignBuilder software using the collected
actual floor plans from the Archteam firm. The data were entered based on previous studies
described earlier in this section.

Initially, the floor plans were extracted from the provided documents, and a 3D model
was constructed using the DesignBuilder software. The wall specifications were then
added based on Table 13, which was derived from Table 5 and other relevant literature.
Subsequently, the window and roof specifications were incorporated. Afterward, various
datasets were inputted, including ACH50 (N50), setback temperature, climate data, and
activity data. The simulation was then conducted to obtain annual energy consumption
data, which were stored in an Excel file. The simulation covered 8 apartments, each with
17 scenarios (10 indoor and 7 outdoor), resulting in a total of 272 simulations per trial.

Due to various uncertainties, the simulation was repeated multiple times, accounting
for factors such as the actual infiltration rate and the AC setback temperature, which are
further elaborated upon in the subsequent sections. Each scenario’s simulation time ranged
up to 7 s. The primary objective of using AAEC (Annualized Average Energy Consumption)
was to compare the energy consumption before and after implementing the upgrading
measures for all eight apartments within a single building.

6. Energy Retrofitting Scenario Description

The available energy retrofit interventions were described in the previous study
as a guideline for designing the energy retrofitting scenarios in this section. Table 16
illustrates every energy upgrade scenario, as it shows the interventions used. In addition,
Tables 17 and 18 illustrate the scenarios designed to achieve the SBC requirements, where
red colors mean that the value did not meet the SBC energy requirements, while green
means that the value did meet the SBC energy requirements. The concept achieves high-
resolution scenarios by starting with minimal changes and adding additional intervention
to reach an efficient scenario that meets the SBC (green labels in Tables 17 and 18). The
design was divided into two categories, indoor scenarios and outdoor scenarios, and these
are described as follows.

Table 16. Overview of indoor and outdoor scenarios. Detail for the scenario construction in
Tables 17 and 18.

Indoor Scenarios

Base Case Base Case Corner Face SW +SB + ACH50 4

Scenario 1 Mortar Finishing + Replace Windows (Creative Windows CO.)

Scenario 2 Wall (EPS 5 cm) + Cement Hollow Block (10 cm) + Mortar Finishing

Scenario 3 Wall (XPS 5 cm) (HFC) + Mortar Finishing

Scenario 4 Wall (XPS 7.5 cm) (HFC) + Mortar Finishing

Scenario 5 Wall (XPS 10 cm) (HFC) + Mortar Finishing

Scenario 6 Wall (XPS 10 cm) (HFC) + Mortar Finishing + Replace Windows (Wintek HD Plus Gray)

Scenario 7 Wall (XPS 10 cm) (HFC) + Mortar Finishing + Replace Windows (Creative Windows CO.)

Scenario 8 Wall (XPS 10 cm) (HFC) + Mortar Finishing + Replace Windows (Creative Windows CO.) + Roof XPS 10 cm

Scenario 9 Wall (XPS 10 cm) (HFC) + Mortar Finishing + Replace Windows (Creative Windows CO.) + Upgrade Roof with XPS 15 cm
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Table 16. Cont.

Indoor Scenarios

Scenario 10 Wall (XPS 10 cm) (HFC) + Mortar Finishing + Replace Windows (Creative Windows CO.) + Upgrade Roof with XPS 10 cm +
Replace ACs with COP 4

Outdoor Scenarios

Base Case Base Case Corner Face SW + SB

Scenario 1 EIFS Wall (EPS 10 cm)

Scenario 2 EIFS Wall (XPS 10 cm)

Scenario 3 EIFS Wall (XPS 10 cm) + Replace Windows Wintek HD Plus Grey

Scenario 4 EIFS Wall (XPS 10 cm) + Replace Windows (Creative Windows CO.)

Scenario 5 EIFS Wall (XPS 10 cm) + Replace Windows (Creative Windows CO.) + Upgrade Roof with XPS 10 cm

Scenario 6 EIFS Wall (XPS 10 cm) + Replace Windows (Creative Windows CO.) + Upgrade Roof with XPS 15 cm

Scenario 7 EIFS Wall (XPS 10 cm) + Replace Windows (Creative Windows CO.) + Upgrade Roof XPS 10 cm+ Replace ACs with COP 4

Table 17. Indoor energy retrofit scenarios for a residential building in Jeddah (red color indicates did
not meet the SBC and green color indicates the value meets the SBC).

Base Case Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7 Scenario 8 Scenario 9 Scenario 10

N50 (ACH50) 20.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Wall (U-Value) (W/m2K) 2.68 2.68 0.53 0.49 0.35 0.27 0.27 0.27 0.27 0.27 0.27

Thickness (m) 0.24 0.24 0.39 0.29 0.32 0.34 0.34 0.34 0.34 0.34 0.34
Roof (U-Value)

(W/m2K)
2.81 2.81 2.81 2.81 2.81 2.81 2.81 2.81 0.27 0.19 0.27

Thickness (m) 0.345 0.345 0.345 0.345 0.345 0.345 0.345 0.345 0.445 0.495 0.445

G-Floor (U-Value) (W/m2K) 2.27 2.27 2.27 2.27 2.27 2.27 2.27 2.27 2.27 2.27 2.27

Thickness m 0.44 0.44 0.44 0.44 0.44 0.44 0.44 0.44 0.44 0.44 0.44

R-Floor (U-Value) (W/m2K) 2.40 2.40 2.40 2.40 2.40 2.40 2.40 2.40 2.40 2.40 2.40

Thickness (m) 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35

Window Glazing Type Single 3 mm
6 mm–12
mm air-6

mm
Single 3 mm Single 3 mm Single 3 mm Single 3 mm

6 mm–12
mm air-6

mm

6 mm–12
mm air-6

mm

6 mm–12
mm air-6

mm

6 mm–12
mm air-6

mm

6 mm–12
mm air-6

mm
Window Glazing (U-Value)

(W/m2K)
5.89 2.13 5.89 5.89 5.89 5.89 2.69 2.13 2.13 2.13 2.13

Glazing Type Clear

Gray
reflective
SHANG-

HAI

Clear Clear Clear Clear Gray hd
plus

Gray
reflective
SHANG-

HAI

Gray
reflective
SHANG-

HAI

Gray
reflective
SHANG-

HAI

Gray
reflective
SHANG-

HAI
Window Glazing (SHGC) 0.86 0.25 0.86 0.86 0.86 0.86 0.25 0.25 0.25 0.25 0.25

Window Frame Type Aluminum
UPVC

Creative
Windows

Aluminum Aluminum Aluminum Aluminum UPVC
wintek

UPVC
Creative

Windows

UPVC
Creative

Windows

UPVC
Creative

Windows

UPVC
Creative

Windows
(U-Value) (W/m2K) 5.88 1.33 5.88 5.88 5.88 5.88 1.79 1.33 1.33 1.33 1.33

Window Ratio (WWR) 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10

Lighting (W/m2-100 lux) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

AC Type AC Window AC Window AC Window AC Window AC Window AC Window AC Window AC Window AC Window AC Window AC Split
(CoP) 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 1.80 4.00

Table 18. Outdoor energy retrofit scenarios for a residential building in Jeddah (red color indicates
did not meet the SBC and green color indicates the value meets the SBC).

Base Case Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7

N50 (ACH50) 20.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00
Wall (U-Value) (W/m2K) 2.68 0.31 0.27 0.27 0.27 0.27 0.27 0.27

Thickness (m) 0.24 0.36 0.36 0.36 0.36 0.36 0.36 0.36
Roof (U-Value) (W/m2K) 2.81 2.81 2.81 2.81 2.81 0.27 0.19 0.27

Thickness (m) 0.35 0.35 0.35 0.35 0.35 0.45 0.50 0.45

G-Floor (U-Value) (W/m2K) 2.27 2.27 2.27 2.27 2.27 2.27 2.27 2.27

Thickness (m) 0.44 0.44 0.44 0.44 0.44 0.44 0.44 0.44

R-Floor (U-Value) (W/m2K) 2.40 2.40 2.40 2.40 2.40 2.40 2.40 2.40

Thickness (m) 0.35 0.35 0.35 0.35 0.35 0.35 0.35 0.35

Window Glazing Type Single 3 mm Single 3 mm Single 3 mm 6 mm–12 mm air-6
mm

6 mm–12 mm air-6
mm

6 mm–12 mm air-6
mm

6 mm–12 mm air-6
mm

6 mm–12 mm air-6
mm

Window Glazing (U-Value)
(W/m2K)

5.89 5.89 5.89 2.69 2.13 2.13 2.13 2.13

Glazing Type Clear Clear Clear Gray hd plus Gray reflective
SHANGHAI

Gray reflective
SHANGHAI

Gray reflective
SHANGHAI

Gray reflective
SHANGHAI

Window Glazing (SHGC) 0.86 0.86 0.86 0.25 0.25 0.25 0.25 0.25

Window Frame Type Aluminum Aluminum Aluminum UPVC wintek UPVC Creative
Windows

UPVC Creative
Windows

UPVC Creative
Windows

UPVC Creative
Windows

Window Frame (U-Value)
(W/m2K)

5.88 5.88 5.88 1.79 1.33 1.33 1.33 1.33

Window Ratio (WWR) 0.10 0.10 0.10 0.10 0.10 0.10 0.10 0.10
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Table 18. Cont.

Base Case Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7

Lighting (W/m2-100 lux) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

AC Type AC Window AC Window AC Window AC Window AC Window AC Window AC Window AC Split
(CoP) 1.80 1.80 1.80 1.80 1.80 1.80 1.80 4.00

6.1. Indoor Scenarios

In Table 17, Scenario 1 involves the replacement of windows with an energy-efficient
option. Scenarios 2–5 incorporate additional measures to enhance wall insulation with
local materials to achieve the required SBC U-values. Scenarios 6 and 7 incorporate the
wall upgrade aspect of Scenario 5, with the window replacement, while the only differ-
ence between Scenarios 6 and 7 is the type of windows used. Scenarios 8 and 9 follow
the approach of Scenario 7 and upgrade the roof U-value with two distinct U-values. Fi-
nally, Scenario 10 builds upon Scenario 8 and replaces the air-conditioning systems with
efficient alternatives.

6.2. Outdoor Scenarios

In Table 18, Scenarios 1 and 2 incorporate external insulation and finishing systems
(EIFSs) as add-on measures to improve the U-value of the walls. Scenarios 3 and 4 build
upon Scenario 2 and replace the windows. Scenarios 5 and 6 follow the approach of
Scenario 4, including upgrading the roof U-values. Lastly, Scenario 7 incorporates the
measures from Scenario 5, but also involves replacing the air-conditioning systems with
energy-efficient alternatives.

Tables 17 and 18 demonstrate how and what the scenarios are. The central concept
of designing the energy retrofit scenarios was to develop scenarios from a minor upgrade
to a deeper upgrade using mixed energy retrofitting strategies (add-in, add-on, replace-it,
and wrap-it) in order to reach the SBC energy requirements. The scenarios are intended
to develop the targeted envelope component (wall, windows, and roof) to upgrade the
heat-resistant value in order to achieve better performance. In both Tables 17 and 18, the
green color indicates that the value reached the SBC minimum standards.

The infiltration rate was assumed as 20 ACH50, as recommended by Makawi, where
higher results could be possible for the basic case [60,61]. The rationale for employing a
value of 20 ACH50 to represent infiltration in simulation software is based on several factors.
ASHRAE defines infiltration as the unintended flow of outdoor air into a building through
cracks, openings, and exterior doors [61]. Airtightness is a related concept, referring to the
amount of air infiltrating a building at a pressure difference of 50 Pa [62]. Infiltration and
airtightness are distinct but related phenomena, with empirical evidence suggesting that
infiltration is typically around 1/20th the value of airtightness [62].

The blower door test (BDT) is commonly used to measure airtightness by measuring
air change rates under a 50 Pa pressure difference [61]. The resulting value, known as
ACH50, is a measure of the infiltration of outdoor air into a building and is influenced
by envelope tightness. Infiltration can contribute significantly to a building’s heating and
cooling loads, with estimates ranging from 25% to 50% in some studies [63,64]. Research
has shown a wide range of ACH50 values in residential buildings, with values as high as
39 ACH50 in some cases [65]. However, the exact value will vary depending on various
factors, including the type of window frames used.

In Saudi Arabia, a study found a lack of infiltration data on the building stock and
recorded ACH50 values of 6.58 and 7.04 for 2 houses in Dhahran City [61]. These values
were due to exfiltration caused by the central HVAC fan system. This study and other
literature show that 20 ACH50 is not considered high for an existing residential building.

To validate the proposed energy retrofitting scenarios, a value of 20 ACH50 is used for
the basic case model to improve this value to 4 ACH50, as required by the Saudi Building
Code for the airtightness of residential buildings in Jeddah. This approach aligns with
previous research recommendations and is based on a range of empirical evidence.
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7. Results and Analysis

The energy performance simulation process follows three steps. The first step explores
the highest average energy consumption of a residential building using different urban
positions. The second step shows the different energy consumption results when the
variables have been changed, such as the infiltration rate or how the temperature in the
various rooms is controlled, which will later affect the possible energy-saving results.
The third step involves performing an energy simulation for each proposed scenario in
order to calculate the potential energy savings. Hence, every step will provide significant
information that will help analyze the simulation results using different variables.

7.1. Step One: Building Position (Locating the Highest Energy Consumption)

In the KSA context, it is possible for a residential building to be situated in six different
positions when the alone (no surrounding buildings) position faces towards the south (see
Figure 17). The southwest (SW) position (see Figure 18) recorded the highest AAEC com-
pared to other positions, as shown in Figure 19. The north position is found to have almost
the same AAEC as 180 kWh/m2/year (the value is total average energy consumption of all
apartments in one building), as shown in Figures 19 and 20.

 

Figure 17. Rendering of a residential building (south orientation).

 

Figure 18. Rendering of a residential building (southwest orientation) within other buildings.
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Figure 19. Comparison of energy consumption for different building positions that face south.
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Figure 20. Comparison of energy consumption for different building positions that face north.

Note that the apartments switched sides when the building switched from north
to south orientation. At the apartment level, the AAEC increased from ground-level to
top-floor apartments, requiring additional energy-saving interventions in the designing
stage (see Figures 19 and 20).

7.2. Step Two: Effect of Changing Infiltration Rate and Cooling Temperature on AAEC

The infiltration rate ACH50 is crucial in determining the AAEC. In this study, ACH50
values of 4, 6, 7, 8, 15, 30, and 50 were considered, with 4 ACH50 considered best practice,
according to the SBC [36]. The maximum ACH50 value of 50 was determined based on pre-
vious studies that found a maximum of 39 ACH50 through monitoring methods [65]. This
study includes the infiltration rate and its impact on the AAEC, with results demonstrating
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the significance of the ACH50 on energy consumption for each scenario and apartment. The
study used 20 ACH50, calibrated with the average energy consumption bill, as reported
by Aldossary for the first 2 floors of the building [32]. Hence, different infiltration rates
(50 to 4 ACH50) were tested, and when applying lower infiltration rates, lower AAEC
results were achieved. Figure 21 demonstrates a range of increases in AAEC when only
changing the infiltration rate from 50 to 4 within the same apartment. The AAEC increase
percentages range from 62% to 74%, as the top-floor apartments with higher ACH50 had
the highest values compared to the lower floors.
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Figure 21. Changes in the impact of the ACH50 rate on AAEC for every apartment in south
orientation case.

The user comfort level is another factor affecting the AAEC, as cooler temperatures
increase energy consumption, requiring extra cooling. The thermal comfort preferences of
occupants in Jeddah vary, with a typical cooling temperature range of 19–24 ◦C, according
to Felimban [1]. The scenarios for changing cooling temperatures highlight the impact
on the AAEC. For example, as shown in Figure 22, the AAEC for apartment 1 decreases
by approximately 4 kWh/m2/year when the cooling temperature is increased by 1 ◦C.
However, decreasing the cooling temperature by 2 or 3 ◦C increases the AAEC by around
15, 33, or 51 kWh/m2/year. However, a lower cooling set-point temperature leads to a
higher AAEC in air-conditioned apartments. To conclude, both the infiltration rate and
user thermal comfort levels are considered primary impact factors that contribute to the
increase or decrease in the AAEC, as shown in Figures 10 and 11.
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Figure 22. Impact of changing the setback point of the cooling temperature on AAEC using Design-
Builder simulation in south orientation case.

7.3. Step Three: Energy Performance Simulation and Energy Savings

The energy simulation of the basic model used 20 ACH50 infiltration rates and aimed
to produce scenarios targeting a rate of 4 ACH50, as the SBC standards require. According
to the simulation results, Figures 12, 13, 17 and 18 illustrate the AAEC for each apartment
using infiltration rates of 20 and 4 ACH50. The following two sections illustrate the AAEC
results that depend on the user scenario and the selected infiltration rate. The simulation
was divided into indoor and outdoor scenarios, as explained earlier in the description of
the scenarios.

A—Indoor Scenarios

As previously explained, indoor scenarios can be applied individually to any apart-
ment. The simulation results show an extensive reduction in AAEC when using a deep
energy retrofit scenario (Scenario 10); the reduction was up to 121 kWh/m2/year. When
applying a minor retrofit scenario (Scenario 2), it was possible to reduce the amount of
electricity used by at least 34 kWh/m2/year compared to the basic model. In addition, the
AAEC varied from one apartment to another depending on the apartment position (floor
level) and the apartment orientation in the building. All of the deep retrofit scenarios led to
a more efficient AAEC for all apartments.

The most critical factor of AAEC reduction was the insulation upgrades for the walls
and roofs. Adding an insulation layer to the walls and roofs resulted in a significant sharp
reduction in energy use, as shown in Figures 23 and 24. Additional upgrade interventions,
such as window replacement and roof upgrade, added further reduction to the energy
consumption with different percentages.
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Figure 23. AAEC values for indoor energy retrofitting scenarios using 4 ACH50 for infiltration rate.
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Figure 24. AAEC values for indoor energy retrofitting scenarios using 20 ACH50 for infiltration rate.

It was also shown that window and AC upgrades greatly influence the ACH50 rate,
where outdoor heat is prevented from penetrating through the air gaps to the indoor space.

Energy savings gradually increased from Scenario 1 (5–10%) to Scenario 10 (45–56%),
where the infiltration rate was 20 ACH50, while for the 4 ACH50 infiltration rate, Scenario 1
(6–12%) to Scenario 10 (55–65%) are illustrated in Figures 25 and 26. There were remarkable
differences in energy savings between apartments when applying the different Scenarios
(1, 2–5, 6–7, and 8–10).
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Figure 25. Possible energy savings from testing different scenarios (indoor) where the infiltration
rate is 20 ACH50.
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Figure 26. Possible energy savings from testing different scenarios (indoor) where the infiltration
rate is 4 ACH50.

Apartments 7 and 8 recorded around 60% savings when using Scenarios 8, 9, and 10,
where additional insulation was added to the roofs. However, apartments 1–6 only had a
slight savings increase when applying Scenarios 8, 9, and 10 compared to Scenarios 6 and 7.
Apartments 7 and 8 had less energy savings than apartments 1-6 when using Scenarios 1–7.
Therefore, it is suggested that every apartment has specific properties that require different
energy retrofitting scenarios, and an individual cost analysis per apartment is required.
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Furthermore, more energy savings were achieved when the basic model used
20 ACH50 and the applied scenarios used 4 ACH50. The energy savings increased for
Scenario 1 from 5–10% to 17–26%, and for Scenario 10, they increased from 45–56% to
63–65%, where the change in the ACH50 rate had a significant impact on the energy sav-
ings percentage (see Figure 27). The considerable energy savings show the importance of
considering infiltration rate levels in energy retrofitting applications to achieve a better
AAEC for all apartments.
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Figure 27. Possible energy savings from testing different scenarios (indoor) where the infiltration
rate is 4 ACH50, with a rate of 20 ACH50 for the basic model.

The indoor scenarios are very valuable for individual decision making for energy
retrofit upgrades. The only concern in these indoor scenarios is the thermal heat transfers
through the concrete skeleton structure (thermal bridges), especially when the structure
intersects with an indoor partition. In this study, thermal bridges have not been incorpo-
rated in the calculations, as the main objective of the study was to calculate the overall
energy-saving possibilities so that the factors could be easily calculated in the future in
order to help retrofit the residential buildings and ensure energy efficiency.

In summary, the indoor scenarios of energy retrofitting applications have great poten-
tial to enhance the energy efficiency of residential apartments, with energy savings ranging
from 20% to 65% depending on the apartment’s circumstances.

B —Outdoor Scenarios

The outdoor scenarios, as observed earlier, can only be applied to the whole building
and cannot be applied to individual upgrades to individual apartments. The simulation
results show a sharp reduction in AAEC when using a deep energy retrofit scenario, as can
be seen with Scenario 7 shown in Figures 28 and 29. However, adding 10 cm of insulation to
the outdoor wall, as shown in Scenario 1, can significantly reduce at least 50 kWh/m2/year
compared to the basic model. Figures 28 and 29 illustrate significant reductions in AAEC,
each using different infiltration rates of 20 ACH50 and 4 ACH50.
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Figure 28. AAEC for outdoor energy retrofitting scenarios using 20 ACH50 for the infiltration rate.
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Figure 29. AAEC for outdoor energy retrofitting scenarios using 4 ACH50 for the infiltration rate.

To provide more detail, Figure 28 presents different ranges of decrease of the AAEC
depending on the apartment and the applied scenario. The AAEC results for apartment
1 show a 33% reduction for Scenario 1 and a 46% reduction for Scenario 7. However,
apartment 8 records an 18% reduction for Scenario 1 and a 55% reduction for Scenario 7.

Apartments 1–6 gradually increased their energy savings when applying the scenarios
in order, as Figures 30 and 31 illustrate. Apartments 7 and 8 had less energy savings
when using Scenarios 1–4 compared to the other apartments. However, outdoor Scenarios
5–7 significantly increased the energy savings for apartments 7 and 8. Generally, the
high-resolution scenarios depend on the infiltration rate levels and the selected scenario.
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Figure 30. Possible energy savings from testing different outdoor scenarios where the infiltration rate
is 20 ACH50, with a rate of 20 ACH50 for the basic model.
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Figure 31. Possible energy savings from testing different scenarios (outdoor) where the infiltration
rate is 4 ACH50, with a rate of 4 ACH50 for the basic model.

Figure 31 indicates more promising energy savings for all units when applying sce-
narios that include improving the infiltration rate to 4 ACH50 compared to the results in
Figure 31. Figure 32 shows decreasing savings percentages from 50% to around 30% for
apartments 1 and 8, respectively. However, if any of Scenarios 5–7 applied to all apartments
1, 2, 3, 4, 5, 6, 7, and 8, then AAEC could reach efficient consumption values of 52, 55, 61,
63, 66, 68, 75, and 76 kWh/m2/year, respectively.
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Figure 32. Possible energy savings from testing different scenarios (outdoor) where the infiltration
rate is 4 ACH50, with a rate of 20 ACH50 for the basic model.

In summary, the simulation results of the energy performance for residential buildings
in Jeddah validated an optimistic range of energy savings (30–60%) when applying different
energy retrofit scenarios.

8. Discussion

The discussion has been divided into three main points. Initially, the AAEC is dis-
cussed in respect to the eight apartments, based on the analyzed properties; secondly, the
energy-saving possibilities are discussed in respect to applying different scenarios; finally,
the uncertainties and the effects on the AAEC are addressed, such as the infiltration rate
(ACH50) and the user thermal comfort temperature.

8.1. Average Annual Energy Consumption

The simulation results for residential apartments range from 145 to 221 kWh/m2/year,
depending on the orientation and the floor level. Apartments situated on the upper floors
consume more AAEC than apartments found lower in the building due to the heat exposure
from the roof. For instance, apartments 7 and 8 recorded the highest AAEC of 216 and
221 kWh/m2/year.

The apartments that faced the west recorded a higher AAEC than east-facing apart-
ments when they were located on the same floor. In addition, 2 west-facing apartments, i.e.,
apartments 2 and 4 (161, 166 kWh/m2/year), consumed more than the upper floor, east-
facing apartments 3 and 5 (152, 163 kWh/m2/year). The apartment location, specifically
the orientation and floor level, are the main factors used to calculate the AAEC.

8.2. Energy-Saving Possibilities

In general, the simulation results demonstrate a significant impact from every scenario.
The impact degree is based on the weaknesses in the envelope component design, such
as the walls, the windows, or the roof. Furthermore, in respect to apartments 1–6, the
weaknesses came from the walls and the windows, where different energy savings were
recorded from Scenarios 1–7, ranging from 7% to 47%, whereas Scenarios 8–10 only add
about 2% savings compared to Scenario 7.
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The weaknesses in apartments 7 and 8 were due to all components, and the roof
presented the main weakness. For instance, apartment 8 had energy savings when applying
Scenarios 1–7, ranging from 6% to 26%, and 55% to 56% for Scenarios 8–10.

Every scenario has energy-saving possibilities, leading to better energy performance
to achieve the main objective of extensive simulation validation.

8.3. Uncertainties

Uncertainty factors affect the AAEC, such as the actual infiltration rate and the user’s
thermal preferences (user thermal comfort). Each factor dramatically influences the AAEC
as they can increase the energy-saving possibilities when they are known before designing
the possible energy scenarios.

An actual infiltration rate (ACH50) is a significant factor that can be used to demon-
strate actual energy savings, as Figure 33 illustrates. It is also important to note that the
savings percentage increased when the infiltration rate was enhanced.
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Figure 33. Possible energy savings when different infiltration rates were applied.

The existing residential buildings in Jeddah, KSA, currently require an air conditioning
system every day of the year when an infiltration procedure occurs. If the infiltration rate
is tested, then the air tightness of the indoor spaces could be designed better in the energy
retrofitting scenarios.

The other factor is the difference in user thermal comfort. User thermal comfort varies
from family to family. However, both the infiltration rate and cooling temperature affect the
increasing possibility of AAEC for all apartments, as Figure 34 illustrates. Understanding
the user’s thermal comfort would help designers and occupants to lower their energy
usage; increasing designers’ awareness so that thermal comfort is considered in the design
process is very important. In short, higher cooling temperatures and lower infiltration rates
lead to extensive energy savings.

123



Buildings 2023, 13, 1645

0

50

100

150

200

250

300

350
Ap

t.1

Ap
t.2

Ap
t.3

Ap
t.4

Ap
t.5

Ap
t.6

Ap
t.7

Ap
t.8

Ap
t.1

Ap
t.2

Ap
t.3

Ap
t.4

Ap
t.5

Ap
t.6

Ap
t.7

Ap
t.8

Ap
t.1

Ap
t.2

Ap
t.3

Ap
t.4

Ap
t.5

Ap
t.6

Ap
t.7

Ap
t.8

4 ACH50 7 ACH50 20 ACH50

AA
EC

 k
W

h/
m

2/
ye

ar

24 C°, Set back 26 C° 24 C°, Set back 27 C° 23 C°, Set back 26 C°

22 C°, Set back 26 C° 21 C°, Set back 26 C°

Figure 34. Impacts of cooling temperature and infiltration rate change on AAEC for all apartments.

9. Conclusions

The energy retrofit scenarios presented in this study were validated through digital
simulation using DesignBuilder software to demonstrate the potential for energy savings.
The baseline case model yielded AAEC values for apartments 1, 2, 3, 4, 5, 6, 7, and 8,
respectively, of 145, 161, 152, 166, 163, 174, 216, and 221 kWh/m2/year. However, it is
important to note that the building’s location within the urban environment influences
the AAEC for all units. Additionally, the position of each apartment (orientation and floor
level) results in different AAEC values.

This paper has presented a comprehensive case study that considers crucial elements,
such as building location, apartment positioning, user profiles, and ownership types.
Two energy-upgrade scenarios, focusing on indoor and outdoor improvements, were
introduced for the eight apartments. These scenarios primarily involve upgrading building
components (walls, windows, and roofs) to meet the energy benchmark level defined by
the upgraded SBC energy standards. The outcomes of the analysis provide insights into key
variables that can significantly impact energy savings. It is worth noting that achieving the
highest energy savings depends on various factors, including interventions for improving
the building envelope, enhancing the infiltration rate, and determining the desired level
of thermal comfort. While the simulation encompassed different design variables, two
main variables (infiltration and user thermal comfort level) can yield more accurate AAEC
values if known during the scenario design phase.

However, it is important to consider not only energy savings, but also the cost aspect,
when selecting the optimal scenario. Evaluating the cost associated with each scenario is
crucial to determine its suitability for individual cases. This aspect will be further explored
in a subsequent paper, providing a more comprehensive understanding.

In conclusion, based on the analysis of energy retrofit scenarios in Jeddah, a series
of simulations was conducted to confirm the potential for energy savings, ranging from
25% to 66%. The findings emphasize the significance of implementing energy-saving
measures and highlight the opportunities for improving energy efficiency in the residential
building sector.
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Nomenclature

List of abbreviations
AAEC Average Annual Energy Consumption
ACH Air Change per Hour
ACH50 Air Changes per Hour at 50 pascals pressure differential
CDD Cooling Degree Days
COP Coefficient of Performance
CSS Concrete Skeleton Structure
EIFS External Insulation Finishing System
EPS Expanded Polystyrene Insulation
ERA Energy Retrofitting Application
GCC Gulf Cooperation Council
KPI Key Performance Indicator
KSA Kingdom of Saudi Arabia
SBC Saudi Building Code
SEEC Saudi Energy Efficiency Centre
WWR Window-to-Wall Ratio
XPS Extruded Polystyrene Insulation
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Citation: Erişen, S. A Systematic

Approach to Optimizing

Energy-Efficient Automated Systems

with Learning Models for Thermal

Comfort Control in Indoor Spaces.

Buildings 2023, 13, 1824. https://

doi.org/10.3390/buildings13071824

Academic Editors: Yingdong He and

Nianping Li

Received: 26 June 2023

Revised: 14 July 2023

Accepted: 17 July 2023

Published: 19 July 2023

Copyright: © 2023 by the author.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

buildings

Article

A Systematic Approach to Optimizing Energy-Efficient
Automated Systems with Learning Models for Thermal
Comfort Control in Indoor Spaces

Serdar Erişen

Department of Architecture, Atılım University, Ankara 06830, Turkey; serdar.erisen@atilim.edu.tr

Abstract: Energy-efficient automated systems for thermal comfort control in buildings is an emerging
research area that has the potential to be considered through a combination of smart solutions. This
research aims to explore and optimize energy-efficient automated systems with regard to thermal
comfort parameters, energy use, workloads, and their operation for thermal comfort control in indoor
spaces. In this research, a systematic approach is deployed, and building information modeling (BIM)
software and energy optimization algorithms are applied at first to thermal comfort parameters, such
as natural ventilation, to derive the contextual information and compute the building performance of
an indoor environment with Internet of Things (IoT) technologies installed. The open-source dataset
from the experiment environment is also applied in training and testing unique black box models,
which are examined through the users’ voting data acquired via the personal comfort systems (PCS),
thus revealing the significance of Fanger’s approach and the relationship between people and their
surroundings in developing the learning models. The contextual information obtained via BIM
simulations, the IoT-based data, and the building performance evaluations indicated the critical levels
of energy use and the capacities of the thermal comfort control systems. Machine learning models
were found to be significant in optimizing the operation of the automated systems, and deep learning
models were momentous in understanding and predicting user activities and thermal comfort levels
for well-being; this can optimize energy use in smart buildings.

Keywords: indoor air; thermal comfort; user occupation; artificial intelligence; machine learning;
natural ventilation; building performance; building information modeling

1. Introduction

Designing buildings with automated systems is emerging research; yet, further sys-
tematic approaches to the optimization of energy use and the deployment of the smart
systems and learning models for thermal comfort control and well-being in indoor spaces
are needed [1,2]. Smart systems and Internet of Things (IoT) technologies, which are used
for energy-efficient buildings and environments, also have a rising impact on personal com-
fort systems (PCS) [3]. The seminal studies have investigated adjustable air-conditioning
systems to meet the desired levels of thermal comfort and well-being with regard to user
preferences [4–6]. Thermal comfort levels such as mean radiant temperature [4] have
become significant in the exploration of the design and deployment of automated smart
systems; this is especially the case with Fanger’s approach, which applies the predicted
mean votes of users [1]. Considering user preferences for thermal comfort and well-being
also motivates this research to explore the systematic approaches and methods used in
developing and improving the energy-efficient automated smart systems that are to be
applied in indoor environments. Related articles also analyze the correlational changes in
thermal comfort levels by controlling the automated heating, ventilation, and air condi-
tioning (HVAC) systems through the use and levels of thermostats and fans [5], which are
tested for different seasons [6].

Buildings 2023, 13, 1824. https://doi.org/10.3390/buildings13071824 https://www.mdpi.com/journal/buildings128



Buildings 2023, 13, 1824

In the control and regulation of the thermal comfort and well-being of users, a sys-
tematic approach is followed in this research in defining and optimizing the energy usage,
power, workloads, and operation of the automated systems to be applied for ventilation,
cooling, and heating in indoor environments. An open-source IoT-based dataset, including
the voting of users acquired from the special care context in a residential building, is an-
alyzed and processed in the experiments concerning the user occupation and predicted
activities for thermal comfort and well-being. Therefore, this study aims to derive thermal
comfort parameters, generate algorithms, and develop learning models in the optimization
of smart systems and energy-efficient infrastructure that will be based on IoT data for
thermal comfort and well-being in the contexts of designed indoor environments.

In configuring smart spaces and systems, digital simulations are crucial in the search
for the technical possibilities and the limits of building performance evaluation and in the
generation of contextual data and parameters for state-of-the-art smart systems for well-
being and thermal comfort. In investigating the parameters for setting up energy-efficient
IoT-based automation systems in smart buildings and environments, it also crucial for the
streaming data to be integrated with the collaborative and common workspace platforms
such as that of building information modeling (BIM) software. In this research, the critical
parameters for thermal comfort and well-being are explored and investigated through BIM
simulations, algorithms, and learning models using real-time IoT data from the conditioned
experiment space.

Thus, the dataset from an experimental work was analyzed, where the IoT technolo-
gies were embedded within the specific physical configuration of the indoor space in an
apartment flat in Ankara, Turkey, to achieve greater infection control during the pandemic
for individuals who might suffer from COVID-19 or other ailments [3,7]. Additionally,
real-time learning models were applied in that experimental work to produce big data
about the categorized activities and the comfort levels of users after surveying the po-
tential applications of sensors, IoT technologies, and learning models for healthcare and
well-being [3]. The study was also significant in its integration of innovative research
on real-time learning systems with indoor environments for monitoring and predicting
thermal comfort levels and well-being. For instance, the concentration levels of CO2 and
the air quality are critical parameters, and their changes were observed through natural
ventilation experiments [3]. In this research, these correlated factors are also analyzed,
along with other thermal comfort parameters, user occupation patterns, and the voting
of users.

This research proposes to explore and optimize the energy use, workloads, and opera-
tion of automated systems for thermal comfort control in indoor spaces. In that regard, the
building performance of the indoor space is evaluated first, based on the existing dataset
derived from the thermal comfort levels and optimal energy use for ventilation and air
quality. BIM software is applied to simulate the experiment environment for heating and
cooling to analyze the workloads in achieving thermal comfort levels. Similarly, energy
optimization algorithms and models are explored, developed, and tested with regard to the
inputs from natural ventilation experiments in optimizing the energy use for zero-energy
building research to deploy minimum energy for air purification and ventilation as well as
for the desired thermal comfort levels and well-being of users. The survey on the related
literature and the outcomes of this research further showed that the learning models could
improve the efficiency of smart systems in energy optimization. Thus, automated systems
are proposed to achieve thermal comfort levels and to better meet the desired well-being of
users by deploying black box learning models in indoor environments with smart technolo-
gies. Accordingly, the voting of users is examined by both including and excluding them
from the dataset to observe the challenges in developing artificial intelligence (AI) models
such as convolutional neural networks (CNN)s for automation systems.

In brief, this research is unique in comparison to that of the related literature and
applies a systematic approach that deploys learning models to explore the optimal energy
use and building performance of automated smart systems that are to be developed for

129



Buildings 2023, 13, 1824

thermal comfort and well-being in the context of indoor spaces. The research examines an
open-source dataset that allows the evaluation of the facts about the building performance,
natural ventilation, air quality, and user activities and the user voting acquired via PCS. The
outcomes of this systematic approach also indicate that in deploying simulations and smart
systems with learning models, it is crucial to derive and process the context-based data
when optimizing the thermal comfort control for each specific condition. The simulation of
the experiment area by BIM software allows the generation and evaluation of context-based
information on building performance, power loads, and energy optimization parameters.
The data from the environment were applied to develop algorithms and unique deep
learning models for the operation of smart systems, and Fanger, as well as non-Fanger,
approaches were examined in the optimization of the novel, lightweight, and efficient deep
learning models for state-of-the-art automation systems. Briefly, the objectives and major
contributions of the research can be highlighted as follows:

• BIM simulations and energy optimization algorithms are explored to provide context-
based information about the energy use and capacities of the automated systems to be
installed into the experiment environment.

• Machine learning models are applied in discovering the optimization of the operation of
the automated systems for thermal comfort control in the context of indoor environments.

• Lightweight and efficient deep learning models are developed for understanding the
user activity and thermal comfort levels in the context of the experiment environment,
in which IoT-based smart systems for thermal comfort and well-being are installed.

This article proceeds as follows: in Section 2, the related works on thermal comfort
control and well-being are surveyed with regard to the research on the building perfor-
mance evaluation as well as natural and artificial ventilation, smart systems and buildings,
and learning models. In Section 3, the article introduces the materials and methods of the
systematic approach followed in this research. Section 4 presents the experiments and
results that are followed in the order introduced in Section 3. Section 5 discusses the results
and evaluates the facts with regard to the possible steps to be applied in developing and
operating automated smart systems in indoor environments. Section 6 briefly concludes
the research.

2. Related Works

The seminal articles have reviewed the literature and systems for thermal comfort
control in buildings; they have also considered the occupation and well-being of users [1,2].
One of these articles proposes a combination of models, systems, and procedures for smart
applications [1]. The research emphasizes that the predicted mean vote (PMV) is the main
thermal comfort modeling approach in finding the correlation between the environmental
parameters and the personal factors via the vote of occupants, in reference to Fanger’s
pioneer work in the 1970s [1].

Many articles also investigate zero-energy buildings, the building design, and its
components with regard to thermal comfort parameters such as heating, cooling, natural
and artificial ventilation, and air quality. For instance, Wei et al. used CiteSpace (5.8.R3
SE 64-bit) to discover the relevant literature, which was also categorized with respect
to the different approaches to zero-energy building research [8]. Gassar et al. explore
the performance optimization parameters and models during the design of buildings for
energy-efficient heating, cooling, and lighting by surveying related articles and works in
the literature [9]. In another seminal article, the façade performances of the buildings in
Singapore were studied with regard to climate change by reporting the major factors, such
as temperature, humidity, wind speed, corrosion, degradation, material use, and vegetation,
which also influencing the building performance [10].

The seminal works also consider passive building design [11–13]. For instance, Eki-
house is a solar house prototype for the Solar Decathlon Europe 2012 competition developed
by examining the building design strategies for different seasons and with regard to the
energy design optimization of a house in Madrid deploying photovoltaic systems [11].
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Similarly, Lopez-Escamilla et al. conducted a study on a social housing prototype, which
was first presented in the Solar Decathlon competition in 2015, by investigating the design
of bioclimatic double skin in a tropical climate [12]. Santy et al. explored the standards
for the design of a passive house, without using HVAC systems, by depending on the
bioclimatic analyses of some regions in Indonesia [13].

Furthermore, the researchers have examined natural and artificial ventilation as signif-
icant thermal comfort parameters. For instance, the authors investigated the parameters
that influence the optimization of energy use with regard to the specific atrium typology in
buildings and divided the energy simulation periods in which the HVAC systems were
applied [14]. The researchers have also explored using HVAC systems to meet thermal
comfort levels in different seasons [5,6]. On the other hand, Abdullah et al. studied the
performance of building components with regard to the design of windows for natural
ventilation; they considered the analyzed parameters and evaluated their performance in
relation to the environmental facts [15]. Similarly, window opening behavior (WOB) was
inspected by Kim et al. in relation to environmental parameters of indoor and outdoor
spaces; they also considered the occupant behavior and thermal comfort in “structural
equation modeling” [16]. The paper argues that new human–technology relations should
be followed in adopting advanced technologies and systems for successful energy-efficient
design strategies [16]. In the experiments of that research, the collected data from the
exterior and indoor spaces were processed with regard to temperature, CO2 concentration,
and solar radiation [16]. Monitoring the occupant behavior is also considered in the devel-
opment of structural equation modeling with regard to WOB [16]. Window opening events
were discretely evaluated, and the research concluded that occupant access to the systems
can increase tenant satisfaction and reduce operational costs [16].

The air quality and air index values of indoor environments were also seen as equally
significant in one of the recent articles, which considers the data on the air quality of indoor
environments to develop learning models for health and well-being purposes [3]. In another
research work, air conditioning design was studied by considering a building performance
simulation of the air quality and thermal comfort of an indoor stepped hall [17]. The impact
of the research on thermal comfort levels was explored by measuring the air velocity,
temperature, and air change rate with the help of building modeling that simulated the
airflow, temperature, and air velocity distribution in the different locations in that indoor
space [17]. The user occupation patterns with the air index and gas sensor value (GSV) also
provide substantial results for energy-dependent modeling in the performance evaluation
of buildings and the development of IoT-based state-of-the-art HVAC systems [18,19].

There are also reviews on the related literature that evaluate the capabilities of BIM for
managing the operation and maintenance of green buildings [20]. Many articles also review
the smart systems and buildings with regard to digital twins and BIM in Industry 4.0 [21]
and the use of neural networks to decrease errors in predicting the actual energy consump-
tion rates in the building energy performance evaluation [22].

In another seminal research work, Lee et al. reviewed the major concepts of responsive
architecture that can be evaluated within the scope of energy-efficient buildings and envi-
ronments with smart systems [23]. Comprehensive surveys on smart building technologies,
systems, and sensing technologies also aim to discover new approaches in human–building
interactions with regard to energy use and occupation, as well as the features of buildings
and components [2,14]. A deep survey was also made on the categorizing of the applied
smart technologies in [2]; the work was similar to that in [24]. Correspondingly, Al-Obaidi
et al. review the use of IoT technologies applied for energy-efficient buildings and cities
with a comprehensive survey on the concepts of infrastructural development, models,
technological potential, applications, and the challenges related to their use [25].

Sensor-based environments and IoT technologies in buildings have also increased
considerably [24,26]. These technologies meet the requirements for special use and self-
care [27,28], in addition to providing improvements in energy efficiency and crowdsourcing
environmental data [24], which have led to an increase in the quality of smart homes [29].
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They also have significant potential for smart decision making, which can be integrated
into BIM platforms [30] in the monitoring of workflow and construction processes [31–33],
as well as in building energy models, analyzing sensorial information [34], and energy
management in smart house systems [35,36]. IoT and sensor-based technologies have also
been employed for well-being and for the remote monitoring purposes of smart healthcare
in buildings [24,26–29,37].

Occupant behavior and health in buildings are vital aspects that should be considered
with the energy usage, well-being, and building performance evaluation [18,38–42]. There
is also research on identifying the evaluation criteria of the smartness of buildings, which
can be categorized into different groups with the use of scoring systems [43]. A seminal
article also applied the voting system and the learning models together with data from the
indoor working spaces of the Helios building with IoT-based sensors [44]. In assessing
the votes, the mean and standard deviation were applied, in a similar manner to Fanger’s
approach [44]. Thus, predicting the complex user behavior and updating the existing
dataset ubiquitously with regard to user activity remain developing research areas with
higher potential. Architects continue to survey the demand for further design requirements
and parameters that can be updated in real-time when considering user activities and
thermal comfort levels [45,46]. Accordingly, Almusaed et al. inspected the smart building
design concepts with regard to the rising impact of AI and digital twins [47]. In most
recent applications, IoT technologies and AI have been used for real-time learning and
monitoring [3].

The potential of smart systems was also discovered in related studies with overarching
experiments using machine learning (ML) and real-time deep learning models [3]. In a
comprehensive review article, the models were classified as white box, grey box, and black
box models, such as machine learning models, artificial neural networks, and recurrent
neural networks, which are deployed for predicting building energy usage [48]. In that
research, the building envelope parameters, HVAC systems, and weather factors were
surveyed accordingly [48]. Another survey was conducted on applying ML and AI models,
as well those that do not apply black box models, in the estimation and prediction of thermal
comfort in the classrooms of primary schools in Japan [49]. The research also conducted
comprehensive analyses of the factors that define thermal comfort by considering the
voting data from the occupants [49].

In another research work with a comprehensive review, the applications of machine
learning and statistical models were analyzed in the evaluation of building energy perfor-
mance and the prediction of energy-efficient retrofitting considerations [50]. In another
study, machine learning models were applied in the generation of a design method to
explore the optimal energy-saving residential form [51]. According to the research, ma-
chine learning models are used to compare and combine the results of energy optimization
methods with regard to various performance indicators. These methods also aid in de-
termining the best locations for energy-saving buildings [51]. In another related research
work, machine learning models, such as Gaussian process regression (GPR), were applied
in global sensitivity analyses for energy prediction and optimization by exploring the archi-
tectural typology of a courtyard house [52]. In another article, machine learning models
were applied to predict building energy usage under different environmental conditions,
with a greater concern for climate change and the difficulties in measuring its effects in
different geographic regions and contexts [53].

Different studies also applied genetic algorithms, incorporated with neural networks,
for green architecture by reviewing the studies in various research areas and different parts
of buildings regarding energy usage and optimization in several countries [54]. Similarly,
Fallah et al. applied artificial neural networks optimized with electrostatic discharge
algorithms to calculate the parameters for evaluating the energy efficiency and thermal
loads of residential buildings [55]. In another research work, artificial neural networks were
applied in the prediction and analyses of the mean radiant temperature for the location of
selected residential building in Sendai, Japan [56].
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Accordingly, the systematic approaches are explored and deployed in our research
through the surveyed thermal comfort parameters, BIM, algorithms, and learning models
used in the improvement of the building performance evaluation, thermal comfort control,
and well-being by the applied models and methods. The dataset from a unique experiment
environment, in which IoT and smart sensor systems are applied, is processed by deploying
the BIM software, energy-optimization algorithms, and step-by-step learning models that
are proposed for use with state-of-the-art automation systems.

3. Materials and Methods

This article aims to derive a systematic approach to developing energy-efficient so-
lutions for thermal comfort control and well-being in indoor spaces and to employ them
in operating state-of-the-art systems. Thus, the research explores the thermal comfort pa-
rameters for the energy-efficient execution of the automated solutions by first considering
the building performance and context-based data of indoor spaces. The thermal comfort
parameters surveyed from the related literature that are to be explored in this research are
briefly noted as follows:

• Temperature;
• Humidity;
• Air quality and CO2 concentration;
• Airflow and ventilation;
• User occupation;
• User voting;
• Performance of the buildings and building components;
• The facts from indoor and exterior environments.

The study analyzes a dataset related to these parameters from the selected indoor
experiment space and deploys the energy optimization algorithms as well as building
performance evaluation models. The research also explores the performance and efficiency
of “grey-box” and “black-box” learning models [48] and attempts to develop unique deep
CNNs to increase the efficiency of smart systems deployment to predict the thermal comfort
levels and well-being of users.

The open-source dataset used in acquiring the critical inputs about these parameters is
based on the IoT cloud of the experiment environment, which has smart systems installed to
acquire the user-rated well-being values with the help of personalized devices [3,7,57]. The
experimental data of the observations were also processed and tested during the pandemic
by the real-time learning models deployed to predict and monitor occupant behavior and
well-being in the experiment environment [3].

In the parametrization of the state-of-the-art smart and automated systems for thermal
comfort and well-being, the BIM simulations of this experiment environment were gener-
ated in this research using Autodesk Revit Architecture 2023 and Autodesk Insight (for Revit
2023) software to evaluate the building performance and to calculate the energy use and
workloads (Figures 1 and 2a). The components of the building were modeled, and their
construction details and heat transfer coefficients were reported with the help of the BIM
software Autodesk Revit Architecture, using Intel(R) Core(TM) i7-4700HQ CPU @ 2.40 GHz
as the hardware resource with four cores and eight logical processors for computations,
and NVIDIA GeForce 750 M as the Graphic Processing Unit (GPU) used in the simulations
and renderings (Figures 1 and 2a, Table 1).
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Figure 1. BIM simulation and the drawings of the experiment environment: (a) plan; (b) 3-
dimensional drawing; (c) AA section; (d) BB section.

Figure 2. (a) Rendering from BIM simulation scene of the IoT-based camera; (b) faster R-CNN
prediction applied in the experiment area [3].
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Table 1. Building components and their features in the experiment area.

Component ID Building
Components

Dimensions Heat Transfer
Coefficient (W/(m2·K))Area (sq·m) Thickness (cm)

1 Exterior wall 6.851 20 2.66
2 Interior wall 7.27 15 3.65
3 Interior wall 9.036 15 3.82
4 Floor 7.64 18 4.65
5 Ceiling 7.64 18 4.71
6 Interior wall 5 15 3.65
7 Exterior windows 1.45 1 3.69
8 Interior door 1.8 3.5 1.87
9 Radiator 0.366 10 -
10 Smart system 0.0875 15 -
11 Smart system 0.0875 15 -
12 IoT-based camera - - -

Air index parameters that were highly related to thermal comfort levels were stud-
ied with regard to energy use and optimization through the derived models and energy
optimization algorithms for smart systems that depended on the dataset from the experi-
ment environment. The test dataset from the natural ventilation experiments was further
processed to compare the results with the earlier observations and performances of the
learning models with regard to the chosen parameters for thermal comfort.

Additionally, various machine learning and deep learning models were trained and
tested, and their performances were compared to the training and test datasets to find
the optimal learning models for the operation of smart systems based on the ventilation
experiments. The dataset acquired from this experiment space also included the classified
labels for user activities and thermal comfort levels. In that regard, novel and efficient
deep CNNs were further developed, trained, and tested with these datasets in this research
for state-of-the-art technologies which correlated with the thermal comfort and air quality
levels, user activities, and user-defined voting values.

3.1. The Parameters for Models and Methods Applied in the Experiments

The challenges of the COVID-19 pandemic have inspired studies on the air quality and
activity patterns of users who may require intensive care in indoor spaces [3,18,38]. The
temperature, humidity, airflow, and air quality of indoor environments are absolutely vital
for analyzing user occupation patterns and well-being [18,37,38]. Their parameterization for
energy usage and behavior prediction through gaining knowledge about the user activity
is also extremely important [18,37,38] and useful in developing the building performance
evaluation models by applying BIM, energy optimization models, and algorithms and in
the evaluation of advanced learning models using machine learning algorithms and even
state-of-the-art deep learning models.

Since the 1970s, Fanger’s approach has encouraged the processing of data about the
well-being of users in spaces [1]. Thus, PMV has become the relevant method in modeling
and assessing thermal comfort levels [1]. Similarly, related projects regarding thermal
comfort and well-being have also considered the specific design of special care contexts
for healthcare and infection control in buildings using innovative IoT technologies [3,7].
The developed projects provided big data about the activities and preferences of users,
which can be processed for deciding on thermal comfort levels. Thus, the crowdsourced
IoT data from indoor spaces were considered in the scope of user occupation patterns and
thermal comfort parameters in this research, including the natural ventilation experiments
for energy optimization methods and greater well-being at the residential scale.

3.2. The Experiment Environment and Its Simulation

During the COVID-19 pandemic, a room in a residential building in Ankara, Turkey,
was designed as the experiment environment using IoT-based sensors and real-time learn-
ing models and aiming for the special care and well-being of the users [3,7]. The room
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that was used in the experiments has a 7.64 sq m floor area and a 2.7 m clear height
from the floor to ceiling; thus, it is around 20.63 m3. Accordingly, the BIM simulation
of the experiment environment was modeled via Autodesk Revit Architecture to assess the
building performance of the components and the thermal comfort conditions of this area
(Figures 1 and 2a, Table 1).

3.2.1. Smart Systems Applied in the Experiment Environment

An IoT-based camera and smart systems (Figure 2b, Table 1) were installed in the
experiment room and included ultrasonic sensors together with humidity and temperature
sensors [3,7]. The smart systems also included an MQ-2 gas sensor to provide critical data
regarding the air quality and the levels of particles, including carbon dioxide (CO2) as
well as butane (C4H10), liquefied petroleum gas (LPG), methane (CH4), and smoke [3,7].
Additionally, a rating system was designed to be handled by the remote controller, enabling
the users to vote on their well-being and comfort levels (Figure 3) [3,7]. Similarly, a web
server based on the local area network (LAN) of this space was developed to collect the
relative user data [3,7].

Figure 3. User-rated voting system for monitoring the well-being of the occupant.

Thus, the related parameters about the air quality and air index values, together with
the recognized activities of the users and the user-rated data, were acquired as six different
observations from different sensors simultaneously, generating the dataset, and fed to the
IoT Cloud channel on ThingSpeak, the MathWorks IoT platform [57], via the system [3,7].

3.2.2. The Real-Time Learning System

The generated dataset from the sensors was acquired as the IoT data and used to
develop a real-time learning system, including a CNN, which was trained, tested, and
optimized for the monitoring and well-being of the users [3,7]. The developed real-time
deep learning system predicted the labeled user occupation patterns and environmental
data, including thermal comfort levels and critical behavior. It provided feedback about
the user activity and critical circumstances for well-being in real-time [3]. The system also
served to generate big data about the labeled predictions of user activities, which were
applied as separate behavior labels; the system proved its efficiency with a 99.97% success
rate in test accuracy and in real-time prediction and recognition of activity during the
experiments [3]. Furthermore, faster R-CNN models were applied to recognize objects and
people in the room using IoT-based imaging devices (Figure 2b) [3].

3.3. Dataset

The dataset, “IoT Channel for Real-Time Learning & Monitoring” [57], used in this
research had 113.327 inputs, including sensor data and the predictions of the real-time
learning system based on each sensor data item [3]. The last 100 inputs also served as
open-source datasets on the public IoT channel [57]. The initially collected dataset from the
IoT cloud included 2170 channel feeds; 1567 of these included raw data from the indoor
environment. Six hundred and three inputs included six observation inputs about motion
tracking, air quality, temperature, humidity, the well-being of users, and the correlated
data about the user activities, as they were also used in training the real-time learning
system in the related research [3]. The training dataset with six observations included ten
categorized activities about the user occupation (1, 5, 6, 7, 9, 10) and thermal comfort levels
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in the indoor environment (2, 3, 4, 8), as illustrated in Table 2; these were recorded and
predicted for thermal comfort and well-being.

Table 2. Examples from the dataset with ten classes.

Categorized Activities
Temperature

(Celsius)
Humidity
(Percent)

Gas Sensor
Value (GSV)

User-Rated
Well-Being

D1
(cm)

D2
(cm)

1. Visitor (or user) sits 24.6 58 502 888 41.1 57.2
25.9 50 566 888 54.6 72.3
25.9 50 566 888 66.27 84
26.1 49 539 888 87.3 95
26.1 49 536 888 87.3 98

2. Ventilation 25.4 36 481 888 76.59 78
25.4 35 472 888 77.5 79
25.4 36 468 888 77 80
25.3 33 467 888 76.26 81

3. Cold, dry indoor air 25.2 33 472 888 77.02 81
25.3 33 467 888 76.26 81
20.6 32 469 888 76.46 81
20.9 32 488 888 76.26 81

4. Hot, humid indoor air 26.1 49 533 888 78.31 88
26.1 49 536 888 78.63 87
29.8 51 502 888 69.6 86
29.8 52 502 888 71.5 101.1

5. Going Out 26 50 542 5 88.8 124
26 50 542 5 85.82 124
26 50 542 5 86.25 131
26 50 546 5 86.25 131

24.6 48 542 5 102 149.5
24.7 53 502 5 129 149

6. Entering In 26 48 541 888 98.43 134
26 48 540 888 107.19 123

27.1 50 502 888 127 143.3
27.1 50 502 888 114.4 129.1

7. User moves into the bed 25.7 49 501 5 75.71 67
25.8 49 424 4 78.26 69
24.8 48 517 5 48.5 59.2
25.3 49 502 4 23.1 33.2

8. Air quality and
well-being correlation 25.8 50 556 2 75.61 102

26 50 508 5 77.61 92
24.5 48 555 5 75.3 94.3
24.9 48 502 5 85.5 107.1

9. Two people move within
the room 25.9 49 585 888 66.4 101

25.9 49 578 888 66.4 103

10. User moves from the bed 25.9 49 425 4 77.83 68
25.9 49 541 5 77.11 53
24.5 48 552 5 34.1 42.2
24.6 48 549 5 27.5 34.9

The dataset also included specific experiments on natural ventilation and observations
on the changes in air index values and the air quality of the indoor environment. For
example, changes in the room temperature, humidity, and GSV were observed by providing
natural ventilation to the well-heated experiment room at noon on 18 November 2020 for
14 min 41 s, or 881 s, as shown in Figure 4, from moments A to B [3]. The average room
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temperature in the experiments was 25.9 ◦C, and the outside temperature in Ankara, Turkey,
was 13.9 ◦C (Figure 4) [3]. There was 25–30 s period between the sensor observations, which
were sent to the cloud and acquired in real-time, and 12–13 s for predicting each observation.
Accordingly, the outcomes of the experiment provided a substantial basis for the evaluation
of the energy-based modeling and building performance of the indoor environment. Thus,
the observations on temperature, humidity, and GSV were also used as the training dataset
in this research into developing machine learning and deep learning models based on these
ventilation experiments (Figure 4).

Figure 4. The training dataset for the ventilation experiment on November 18th [3,57].

3.4. Analyses of the Heat Losses and Power Loads to HVAC Systems

In the evaluation of the building performance and in finding the optimal energy use of
state-of-the-art HVAC technologies, such as heaters, radiators, coolers, air conditioners, and
air purifiers, building performance simulations were conducted first with the help of the
BIM data of the experiment room. In the calculation of the heat losses and workloads that
were observed in the simulations as well as in the real experiments, the heat coefficients
of the building components in Table 1 were used, depending on the information from the
BIM simulation. Thus, the power loads for the radiator or heater, to compensate for the
heat losses from the exterior wall and windows in the experiment room at a given time,
can be found by Equation (1).

Hload = h × A × (Tout − Tin) = h × A × ΔT(t), (1)

where h is the heat transfer coefficient, A is the area of the building component (Table 1),
and ΔT(t) is the temperature difference between the exterior (Tout) and indoor zones (Tin).

3.5. Algorithms for Optimizing the Energy Use of the Automated Thermal Comfort Systems
for Ventilation

Given that the research investigated the optimization of energy use in buildings with
automated systems, thermal comfort parameters such as natural ventilation were explored
together with the contextual information from the experiment environment in deciding
the sizing and capacities of the systems to be applied in the contexts of indoor spaces. This
section aims to derive algorithms for deciding on the balanced energy levels and energy
loss in the experiment environment during the natural ventilation experiments. Thus, the
heating loads for the automated systems were aimed to be computed by comparing the
used energy with regard to the heating and cooling in the experiment environment. The
outcomes of the algorithms were assumed to derive critical energy levels and sensor values
for automated systems. Thus, it was also significant to consider the values from the BIM
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simulations and the modeling in developing the algorithms and computing the building
performance by learning the context-based data from the indoor environment to decide on
the critical energy levels for the automated state-of-the-art smart systems.

The concern regarding the automated systems for thermal comfort control offers
further potential for energy-efficient smart infrastructural developments. To this end, this
study explored the design constraints and parameters for efficient automated systems
based on energy optimization algorithms and optimized learning models developed with
the datasets from the natural ventilation experiments together with the data provided by
the BIM software Autodesk Revit Architecture.

Even though the flow of air by natural ventilation removes the number of particles
with negative effects on the air quality and health, there is a compromise in the heat energy
through the decrease in the temperature and humidity of the experiment room. Thus, novel
algorithms were explored and applied to the training and test datasets to optimize the
changes in GSV with regard to the energy change without directly changing and computing
the room’s temperature or the building components’ heat constants. The energy loss or the
amount of work to change GSV was correlated in this research to derive the optimal energy
loss function that can be used for artificial systems to improve the air quality without
decreasing temperature and heat energy.

In the development of the algorithms, thermal loads and temperature values in the
experiment environment were considered balanced or in equilibrium at certain moments.
Thus, Equation (2) was deployed for this analysis in the optimization of energy usage and
energy loss for the conditioned areas in the buildings by natural ventilation and airflow,
with decreasing GSV in the time interval from moments A to B.

∂energy (per GSV)

∂t
=

Hloss |AB
∂GSV |AB

∂t

(2)

The outcomes of Equation (2) can be defined with the units of ‘Joule per GSV’. Thus, the
energy loss to decrease the gas level by artificial means can be optimized by Equation (2),
which defines a gradient function for the optimal energy loss that is based on the change in
GSV in the dataset. Using Equation (1), (A) denotes the infinitesimally thin and resisting
surface area for the heat transfer, like a window opening for ventilation, and (t) is the
duration of the natural ventilation experiment.

The heat loss from the wall is compensated for by heating the room with another
energy source, the radiator (Figures 1 and 2, Table 1), as discussed, to keep the room
temperature steady throughout the day. Thus, the heat loss during the ventilation of
the room can be calculated as the direct heat transfer between the room and the exterior
environment. Therefore, the heat loss during the ventilation experiments, from moments A
to B (Figure 4), can be expressed in Equation (3).

Hloss |AB = hAir × Aopening ×
∣∣∣∣A
B
((ToutA − TinA)−
(ToutB − TinB))

(3)

Thus, the changes in GSV can be calculated by Equation (4).

∂GSV |AB
∂t

= ∇GSV =
|GSVA − GSVB|

Δt |AB
(4)

In this regard, it is significant to consider the outcomes of Equations (2)–(4) in defining
and deciding the critical energy levels and optimizing the size, capacities, and energy that
can be used by the smart systems in the regulation of the air quality and thermal comfort
levels of indoor spaces.
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3.6. Applying Machine Learning and Deep Learning Models on the Dataset

Machine learning and deep learning models have also been advanced for the recogni-
tion of human activity and thermal comfort levels; they are used in smart spaces, industrial
applications, and energy-efficient smart infrastructure [7,24]. In this regard, machine learn-
ing and deep learning models were explored further in the ventilation experiments datasets
to find the optimal learning models for the operation of energy-efficient and smart auto-
mated systems, such as air purifiers, by recognizing and predicting thermal comfort levels
and well-being.

In the experiments of the related studies, the well-being values and GSV were also
correlated with the air index values by exploring the real-time IoT data, which are con-
sidered critical for the user occupation [3]. This correlation is significant for building
performance evaluation models trained through machine learning algorithms and artificial
neural networks. Thus, the correlating changes in room temperature, humidity, and GSV
were separately studied through ML and AI to develop the efficient and optimized learning
models in this research.

The earlier related studies on the training dataset showed that the most efficient
methods were applied through GPR algorithms [3]. Thus, GPR algorithms were also
surveyed and applied in this research to the training as well as the new test datasets for
the ventilation experiments. Accordingly, the kernel function for the exponential GPR
model [58], which was applied in the experiments of this research, can be iterated in
Equation (5).

ke(xn, xm|θ) = σ2
f × exp

⎛
⎝−

√
(xn − xm)

T × (xn − xm)

σl

⎞
⎠ (5)

In Equation (5), theta (θ) is the parametrization vector; xn and xm represent two
different inputs in the training data as the observations of the measured sensor values to
predict the following one with regard to the given parametrization vector. σl stands for
the standard deviation between inputs, σf denotes the length scale, and T stands for the
transpose operator.

The squared exponential kernel function is similarly expressed in Equation (6) [58].

kse(xn, xm|θ) = σ2
f × exp

(
−1

2
(xn − xm)

T × (xn − xm)

σ2
l

)
(6)

Thus, the Matérn 5/2 GPR function can be defined as in Equation (7) [58].

kmtrn(xn, xm|θ) = σ2
f ×

⎛
⎜⎜⎝1 +

√
3
√
(xn − xm)

T × (xn − xm)

σl

⎞
⎟⎟⎠× exp

⎛
⎜⎜⎝−

√
3
√
(xn − xm)

T × (xn − xm)

σl

⎞
⎟⎟⎠, (7)

and the rational quadratic kernel function is expressed in Equation (8), where alpha
(α) is the non-negative parameter of the covariance [58].

krq(xn, xm|θ) = σ2
f ×

⎛
⎝1 +

∣∣∣(xn − xm)
T × (xn − xm)

∣∣∣
2 α × σ2

l

⎞
⎠, α ≥ 0 (8)

In the experiments, the kernel functions and the standard deviation signals were
calculated and assigned by MATLAB Regression Learner (in Statistics and Machine Learn-
ing Toolbox, Version 12.5, MATLAB R2023a) software. Thus, machine learning and deep
learning models were employed using MATLAB Regression Learner (Table 3) and using
the abovementioned equations on the training and test datasets.
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Table 3. Learning models applied to the natural ventilation datasets.

Model Type
Number of

Connected Layers
First Layer Size

Second
Layer Size

Third Layer Size

GPR Squared Exponential - - - -
GPR Matérn 5/2 - - - -
GPR Exponential - - - -

GPR Rational Quadratic - - - -

Neural Network—Narrow 1 10 - -
Neural Network—Medium 1 25 - -

Neural Network—Wide 1 100 - -
Neural Network—Bilayered 2 10 10 -
Neural Network—Trilayered 3 10 10 10

Neural Network—Optimizable 1 1 10 - -
Neural Network—Optimizable 2 3 10 10 10
Neural Network—Optimizable 3 3 10 10 10

In the experiments, GSV and the user activity were studied by further tracing the votes
for well-being to find the optimal energy levels for the automated systems to be used for
activating the ventilation and in deciding the grounding algorithms and learning models
with regard to the standard deviation and mean values, as in Fanger’s approach [48].

3.7. Development of Deeper and Efficient CNNs

Regarding the rising challenges in developing extremely small and efficient real-time
learning models [59], the research developed novel artificial neural networks with increased
depth and various kernel sizes of the CNN, which used the same dataset as that in related
articles [3,7,57] (Table 4). Given that the dataset included tiny and compelling inputs about
the user activities and thermal comfort levels, the kernel sizes of the neural networks
needed to be adjusted to a very constrained dimension, and the models were supposed
to be trained and to make fast predictions. Therefore, new deep learning models were
developed to decrease the size and parameters of the CNN compared to the CNN applied in
the real-time learning system in the related research [3] (Table 4). Increasing the depth and
efficiency of the learning models was the research aim and the challenge of this research;
the limits were overcome by adding convolution layers, increasing the channels, changing
the kernel sizes of the convolution layers, and adding further global pooling layers, as
illustrated in Table 4 and Figure 5. The developed neural networks were applied to the
dataset with ten classes while only including the four related categories for the thermal
comfort levels (2, 3, 4, and 8) in Table 1; this increased the difficulty of training the learning
models and testing their performance compared to the earlier research [3]. The models are
also compared to the non-Fanger and Fanger’s approaches by excluding and including the
user-rated well-being values in the dataset to understand the challenges and the potential
of the user-defined values in developing the learning models for smart automation systems.

Table 4. Convolutional neural networks (CNNs), developed and applied to the dataset with
ten classes.

Model
Number of

Convolution
Layers

Number
of Layers

Number of
Connections

Depth of
Architectures

Kernel
Sizes of

Convolutions
Parameters

Model Size
(kB)

CNN [3] 1 6 5 1 3 × 3 13,900 34.9
CNN-D3 (ours) 8 20 19 3 6 × 6 and 1 × 1 2500 15.9

CNN-D3_v2 (ours) 11 24 23 3 1 × 1 and 3 × 3 12,800 54.9
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Figure 5. The network architecture of CNN-D3_v2.

4. Experiments and Results

Based on the chosen parameters, the experiments were conducted through BIM simu-
lations, the developed algorithms, and learning models on the datasets in evaluating the
building performance and thermal comfort levels with regard to the introduced systematic
approach. The methods were applied in order to decide the optimization of the automated
smart systems for thermal comfort control and well-being in indoor spaces and special
care contexts.

4.1. Experiments and Results on the Heat Losses and Thermal Conductivity

In the experiments, BIM simulation and the insights for the heat losses and power
loads were deployed first in order to have proper modeling parameters for the sizing of the
HVAC systems. Depending on the digital model of the experiment room, developed via
Autodesk Revit Architecture, Autodesk Insight software was applied to simulate the hottest
and coolest days of one year and to calculate the peak loads for the cooling and heating of
the location of the experiment area (Table 5).

Table 5. The calculated power loads and building performance analyses for thermal conductivity.

Experiment
Conditions

Instant Sensible
Load (W)

Delayed Sensible
Load (W)

Power Load (W)
(Heat Loss)

21 January at 00:15, outside: −8.0 ◦C, inside: 21.1 ◦C (Heating—BIM simulation)

Glass—Conduction −89 - -
Wall - −102 -

21 July at 14:45, outside: 37.8 ◦C, inside: 23.9 ◦C (Cooling—BIM simulation)

Glass—Conduction 12 - -
Wall - 132 -

18 November at 12:30, outside: 13.9 ◦C, inside: 25.9 ◦C (Ventilation—Real experiment)

Glass—Conduction - - −64.06
Wall - - −218.68

14 March at 14:30, outside: 15.0 ◦C, inside: 26 ◦C (Ventilation—Real experiment)

Glass—Conduction - - −58.72
Wall - - −200.46

A similar methodology was followed in the ventilation experiments to evaluate the
building performance in real-world conditions (Table 5). Accordingly, the ventilation
experiment, which was similar to the one on 18 November (Figure 4), was repeated on
14 March 2021. The experiments were conducted in the same room with an average room
temperature of 26 ◦C and the outside temperature of 15 ◦C at noon, at 14:30 (Figure 6).
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Figure 6. BIM visualization of the experiment room for simulating the building performance of
thermal conductivity on 14 March.

In the calculations of the heat loads using Equation (1), it was decided that all the
interior zones and other neighboring rooms would have the same temperature as the
experiment room (Figure 6). Given that the heat coefficients for the building components
were in Kelvin (K), the temperature values were converted into K during the calculations.
As a result, the heating load for the radiator was found to be 259.18 Watts (W), at least,
to compensate for the heat loss from the exterior wall, 200.46 W, and from the windows,
58.72 W, for this real experiment on 14 March (Table 5). Similarly, 282.74 W was needed
for the radiator to compensate for the heat loss from the wall, 218.68 W, and the windows,
64.06 W, on 18 November.

The observations from the natural ventilation experiments on 14 March were also
arranged as the test dataset, as illustrated in Figure 7, to examine the performance of the
developed learning models. Thus, the observation values were also planned to derive the
values of the minimal energy loss for a certain amount of betterment in the air quality.

Figure 7. Test dataset for the ventilation experiments on 14 March.
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4.2. Energy Optimization of the Automated HVAC Systems with Regard to the Energy Lost by the
Natural Ventilation

In the calculation of the minimal energy loss for a certain amount of betterment in the
air quality, the abovementioned Equations (2)–(4) were employed together on the given
temperature and GSV acquired on 18 November and 14 March (Table 6). Accordingly, the
temperature values given in Celsius were converted into K during the calculations (Table 6).

Table 6. Values from the natural ventilation experiments to calculate the energy loss.

Experiment Date
hair

(W/(m2·K))
[60]

Aopening

(sq·m)
ToutA

(K)
ToutB

(K)
TinA

(K)
TinB

(K)
GSVA GSVB Δt|A

B ·(s)

18 November [3] 25.5 0.48 287.05 287.05 299.05 298.45 557 463 881
14 March 25.5 0.48 288.15 288.15 299.15 298.55 536 446 828

Accordingly, the heating loads were both equal to −7.344 W (Joule/s) during the
natural ventilation experiments. The energy used to improve the air quality in the experi-
ments on 18 November was calculated as 6470.064 Joule and 68.831 Joule per GSV. Similarly,
6080.832 Joule of energy was used for the experiments on 14 March, resulting in 67.565 Joule
per GSV, indicating the energy needed to decrease the GSV per unit.

4.3. Experiments on Machine Learning and Deep Learning Models

Given that the exact conditions were not purely linear and solvable by simpler equa-
tions, machine learning and deep learning models were further explored on the training
and test datasets of the ventilation experiments (Figures 4 and 7). Thus, the aim was to
optimize the operation of the smart systems, such as the air purifiers and conditioners,
by deploying the learning models in controlling the thermal comfort and air quality and
taking action before the needed energy and desired thermal comfort levels were exceeded.
Accordingly, MATLAB Regression Learner software was run to deploy the learning models
on the training and test datasets of the natural ventilation experiments that were executed
when determining the best computation method for a precise calculation in simulating
the thermal conductivity and change in thermal comfort levels. In all the experiments
with the learning models, Intel(R) Core(TM) i7-4700HQ CPU @ 2.40 GHz was used as
the hardware resource with four cores and eight logical processors. The use of a parallel
pool was activated with four local parallel pool workers during the experiments. For the
regression experiments, GSV or temperature was selected as the response value, and the
remaining two observations, including humidity, were arranged as inputs. To prepare the
training data, MATLAB Regression Learner was set through ten cross-validation folds;
principal component analysis (PCA) was disabled, and the optimizer was not applicable.

Table 7 illustrates the results of the experiments on the selected machine learning
and deep learning models applied to the partial training dataset, which only included
the observation values from the sensors from moment A, when the natural ventilation
was allowed, to moment B, when the natural ventilation was ended (Figure 4). In these
experiments, the inputs were the temperature and humidity values to predict GSV as the
response. Accordingly, Figure 8 illustrates the prediction results of the wide neural network
on the partial training dataset.

The trained learning models were then tested through the test dataset (Figure 7,
Table 7). Figure 9 illustrates the prediction results of the medium neural network, which
was trained on the partial training dataset and tested on the partial test dataset and only
included the observations from moments A to B (Figure 7).
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Table 7. Training and test results of learning models on the partial training dataset for the ventilation
experiment. Inputs: temperature and humidity. Response: gas sensor value (GSV).

Model Type
RMSE

(Validation)
RMSE (Test)

Number of
Iterations

Model Size
(kB)

Training
Time

(s)

Prediction
Speed (obs/s)

GPR Squared Exponential 0.477 1.648 - 9 19.113 410
GPR Matérn 5/2 0.446 1.802 - 9 18.398 660
GPR Exponential 0.445 2.004 - 9 17.857 850

GPR Rational Quadratic 0.459 1.846 - 9 17.237 720

Neural Network—Narrow 0.584 1.358 - 4 15.973 470
Neural Network—Medium 0.477 1.314 - 5 20.639 600

Neural Network—Wide 0.441 1.843 - 7 20.332 300
Neural Network—Bilayered 0.471 2.246 - 6 20.152 510
Neural Network—Trilayered 0.474 2.476 - 8 24.284 1200

Neural Network—Optimizable 1 2.503 1.793 30 4 33.325 880
Neural Network—Optimizable 2 0.602 1.288 30 76 250.21 640
Neural Network—Optimizable 3 0.612 1.405 100 4 406.3 720

Figure 8. Prediction results of wide neural network on the partial training dataset for the ventilation
experiment. Inputs: temperature and humidity. Response: GSV.

Figure 9. Prediction results of medium neural network on the partial test dataset for the ventilation
experiment. Inputs: temperature and humidity. Response: GSV.
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The developed learning models that were trained and tested on the selected datasets,
and they were also utilized using randomly selected inputs to compare the prediction
results with the ground truth (Table 8).

Table 8. Predicted GSV by the trained wide neural network.

Inputs Output Ground Truth

Temperature
(◦C)

Humidity
(Percent)

Predicted
(GSV) *

Real
(GSV)

26 47 53.3 51.8
25.9 44 51.5 50.7
25.8 41 50.9 50.3
25.5 35 48.5 47.3
25.5 35 48.5 47.2

* error < 0.05.

Based on the same partial training dataset, all the selected learning models were also
trained by setting the inputs as humidity and GSV in order to predict the temperature as
the response (Table 9). The trained models were then tested on the partial dataset using the
selected inputs. Figure 10 illustrates the prediction results of the trilayered neural network,
tested on the partial test dataset for the ventilation experiment.

Table 9. Training and test results of learning models on the partial training dataset for the ventilation
experiment. Inputs: humidity and GSV. Response: temperature.

Model Type
RMSE

(Validation)
RMSE (Test)

Number of
Iterations

Model Size
(kB)

Training
Time (s)

Prediction
Speed
(obs/s)

GPR Squared Exponential 0.056 0.119 - 9 3.9408 680
GPR Matérn 5/2 0.051 0.121 - 9 6.4251 670
GPR Exponential 0.060 0.137 - 9 5.7391 560

GPR Rational Quadratic 0.052 0.123 - 9 4.5206 760

Neural Network—Narrow 0.067 0.225 - 4 8.6182 760
Neural Network—Medium 0.067 0.236 - 5 9.5076 820

Neural Network—Wide 0.055 0.170 - 7 11.817 810
Neural Network—Bilayered 0.063 0.159 - 6 11.588 920

Neural Network—Trilayered 0.078 0.112 - 8 14.179 960
Neural Network—Optimizable 1 0.110 0.247 30 4 341.47 740
Neural Network—Optimizable 2 0.070 0.181 30 4 47.279 1500
Neural Network—Optimizable 3 0.591 0.652 100 112 185.44 1600

Figure 10. Prediction results of Trilayered Neural Network on the partial test dataset for the ventila-
tion experiment. Inputs: humidity and GSV. Response: temperature.
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All the selected learning models were also trained and tested on the whole training
and test datasets (Figures 4 and 7) to observe the performances of the learning models in
predicting the values for the ventilation experiments. Table 10 illustrates the results of the
learning models on the training dataset by setting the inputs as temperature and humidity
values and the response as GSV. Accordingly, Figure 11 illustrates the prediction results of
the exponential GPR model on the selected training dataset.

Table 10. Training and test results of learning models on the training dataset for the ventilation
experiment. Inputs: temperature and humidity. Response: GSV.

Model Type
RMSE

(Validation)
RMSE (Test)

Number of
Iterations

Model Size
(kB)

Training Time
(s)

Prediction
Speed
(obs/s)

GPR Squared Exponential 0.358 3.121 - 17 6.0042 4500
GPR Matérn 5/2 0.355 3.195 - 17 5.3396 5700

GPR Exponential 0.346 3.149 - 17 8.7419 6500
GPR Rational Quadratic 0.349 3.157 - 17 14.765 6400

Neural Network—Narrow 0.701 3.108 - 4 6.6549 7300
Neural Network—Medium 0.602 3.434 - 5 11.471 7500

Neural Network—Wide 0.390 3.401 - 7 17.75 9500
Neural Network—Bilayered 0.537 3.135 - 6 15.43 8200
Neural Network—Trilayered 0.431 3.312 - 8 19.729 13,000

Neural Network—Optimizable 1 0.973 2.508 30 4 45.322 14,000
Neural Network—Optimizable 2 0.734 2.863 30 4 236.92 14,000
Neural Network—Optimizable 3 0.703 2.858 100 11 599.37 17,000

Figure 11. Prediction results of exponential GPR on the training dataset for the ventilation experiment.
Inputs: Temperature and humidity. Response: GSV.

The whole training dataset was also prepared by setting the inputs as humidity and
GSV in order to predict temperature as the response. The trained learning models were
also tested on the test dataset with selected inputs and responses. Accordingly, Table 11
illustrates the training and test results of the learning models. The prediction results of
the rational quadratic GPR on the training dataset are illustrated in Figure 12, and the
prediction results of optimizable neural network 3 on the test dataset are illustrated in
Figure 13.
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Table 11. Training and test results of learning models on the training dataset for the ventilation
experiment. Inputs: humidity and GSV. Response: temperature.

Model Type
RMSE

(Validation)
RMSE (Test)

Number of
Iterations

Model Size
(kB)

Training Time
(s)

Prediction
Speed
(obs/s)

GPR Squared Exponential 0.039 0.293 - 17 6.5397 8600
GPR Matérn 5/2 0.039 0.308 - 17 8.877 7500
GPR Exponential 0.039 0.335 - 17 9.6738 7900

GPR Rational Quadratic 0.038 0.324 - 17 14.116 7300

Neural Network—Narrow 0.061 0.251 - 4 12.466 8900
Neural Network—Medium 0.051 0.344 - 5 19.061 6200

Neural Network—Wide 0.041 0.244 - 7 23.841 11,000
Neural Network—Bilayered 0.052 0.437 - 6 21.347 10,000
Neural Network—Trilayered 0.073 0.389 - 8 26.61 11,000

Neural Network—Optimizable 1 0.301 0.393 30 4 43.231 15,000
Neural Network—Optimizable 2 0.070 0.246 30 13 88.246 19,000
Neural Network—Optimizable 3 0.099 0.157 100 4 360.81 17,000

Figure 12. Prediction results of rational quadratic GPR on the training dataset for the ventilation
experiment. Inputs: humidity and GSV. Response: temperature.

Figure 13. Prediction results of optimizable neural network on the test dataset for the ventilation
experiment. Inputs: humidity and GSV. Response: temperature.

148



Buildings 2023, 13, 1824

4.4. Experiments and Results of Deeper and Efficient CNNs on the Selected Datasets

The results of the natural ventilation experiments revealed that training precise learn-
ing models was another challenging task. Thus, the deep learning models were further
developed by considering the complex datasets and inputs for smart systems and auto-
mated technologies using less energy to predict user activity and thermal comfort levels.

The developed deep learning models (Table 4), considering the challenges and needs
related to efficient smart systems and the users’ thermal comfort levels and well-being, were
tested through the selected datasets. Table 12 illustrates the results of the developed neural
networks applied to the dataset with four classes, excluding the user-rated well-being
values. Table 13 illustrates the results of the same CNN models, which were also trained
and tested to grasp the challenging role of Fanger’s approach by including the user-rated
well-being values in the training dataset with four classes, categorized by considering the
user occupation and thermal comfort levels through six sensor observations for each input.

Table 12. Results of CNNs on the dataset with four selected classes without user-rated well-being values.

Models *
Training Time

(s)

Final Training
Accuracy
(Percent)

Validation
Accuracy
(Percent)

Test
Accuracy
(Percent)

Training
Loss

Validation
Loss

CNN [3] 38 100 100 100 0.001300 0.001300
CNN-D3 (ours) 71 100 100 100 0.001500 0.001500

CNN-D3_v2 (ours) 88 100 100 100 0.000485 0.000485

* All models were trained for 5000 iterations with a 0.001 initial learning rate.

Table 13. Results of CNNs on the dataset with four selected classes, including the user-rated well-
being values.

Models *
Training Time

(s)

Final Training
Accuracy
(Percent)

Validation
Accuracy
(Percent)

Test
Accuracy
(Percent)

Training
Loss

Validation
Loss

CNN [3] 32 77.78 77.78 80 0.3967 0.3967
CNN-D3 (ours) 73 100 100 100 0.0019 0.0019

CNN-D3_v2 (ours) 88 100 100 100 0.0301 0.0301

* All models were trained for 5000 iterations with a 0.001 initial learning rate.

The results reveal that the accuracy of CNNs, used for the real-time learning system in
the related studies [3,7], sharply decreased when including the user-rated voting values
in the dataset (Tables 12 and 13). On the other hand, the CNNs that were developed
specifically with regard to the size of the datasets in this research performed much better
when compared to the earlier and shallower models, even if they were lightweight and
smaller than 16 and 55 kB (Tables 4, 12 and 13).

5. Discussion

Automated systems in buildings are expected to be designed to be energy-efficient.
The consideration of environmental facts in the development of energy optimization algo-
rithms and computing technologies offers greater potential for automated systems. The
energy-efficient automated systems with deep learning and real-time learning models, de-
veloped through the IoT data from the environments, are also gaining increasing attention.
Regarding the related seminal works in the literature, this study aimed to deploy a system-
atic approach to discover the parameters and constraints in optimizing the energy usage
of automated solutions for thermal comfort control. In this regard, building performance
simulations, energy optimization algorithms, and grey box and black box learning models,
such as ML and deep learning models, were explored for the control of thermal comfort
and well-being. The chosen methods were conducted through BIM simulations in the
evaluation of the building performance (Table 1, Figures 1 and 2), as well as for energy
optimization in the heat loss and ventilation experiments via the equations and learning
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models developed through the IoT-based datasets, including the user-rated voting in ac-
cordance with Fanger’s seminal approach (Figures 3, 4, 6 and 7, Table 2). Thus, the design
of automated systems can be considered in relation to the parameters and the challenges
of optimizing the cost of operations and energy usage, as well as the performance of the
learning models in thermal comfort control (Tables 3 and 4).

Smart automation systems should consider the parameters for thermal comfort levels,
such as temperature, humidity, and air quality. In this research, BIM software was used
to derive context-based information about the building components and to simulate the
thermal comfort levels with regard to the essential performance parameters. The building
performance simulations (Figures 1 and 2, Table 1) for the evaluation of the energy loss and
usage in the ventilation experiments (Figures 4 and 7) also made it possible to decide on the
functional parameters and electricity features of energy-efficient air purifier and conditioner
systems. Thus, based on the facts from the developed BIM simulations, using Autodesk
Revit Architecture and Autodesk Insight software, calculations for the thermal conductivity
of the building components and the peak loads of heating, cooling, and ventilation were
made (Figures 1 and 2, Tables 1, 5 and 6). Thus, to keep the room temperature steady, the
peak load to the HVAC system for cooling was calculated as 144 Won 21 July and 191 W for
heating on 21 January, based on the BIM simulations and modeling (Table 5).

It can also be concluded from the experiments that 58.72 W of heat was calculated
as being lost from the windows, and 200.46 W was calculated as the heat loss from the
wall that the heater should compensate for in order to keep the room temperature constant
during and after the ventilation experiments on 14 March (Table 5, Figure 6). Similarly, the
experiments on 18 November revealed that the peak load to the radiator was calculated as
282.74 W; to compensate for the heat losses from the wall, it was as 218.68 W; and for the
windows, it was as 64.06 W (Table 5). The attempt was made to further optimize the energy
usage and the electricity features of the systems via Equations (2)–(4), without tackling the
temperature and humidity changes in the experiment area. For instance, on 14 March, a
state-of-the-art air purifier needed to have a lowest fan setting of at least 7.344 W (Joule/s) to
take action instead of natural ventilation; thus, further energy loss from the openings and
windows can be minimized by the system without decreasing the temperature of the indoor
spaces (Table 6). If the purifier was allowed to apply 40 W for a maximum fan setting, then
the system needed to run for at least 161.75 s for the conditions on 18 November and 152 s
for the conditions on 14 March for the purification of the indoor air using the same energy
as that lost during the experiments (Table 6).

The energy optimization algorithms were only expressed for the simpler solutions in
deciding on the needed capacities of the smart systems, whereas the conditions were not
purely linear in this research. Thus, the related real-time IoT data from the sensors on the
thermal comfort levels were also processed through machine learning and deep learning
models to decide on the optimization of the operation of the automated systems, which
can be activated or stopped before the needed energy and desired values are exceeded. In
other words, apart from the fixed algorithmic solutions, regression models such as machine
learning and deep learning models were further explored in finding the optimal model to
operate the automated systems (Table 3). A series of experiments was conducted by deploy-
ing MATLAB Regression Learner to develop machine learning and deep learning models
and to predict the desired sensor values and states that could stimulate the systems to take
action or to decrease and terminate the energy usage. Comparing the results of the root
mean square error (RMSE) values of learning models revealed that the complex algorithms
and deep learning models (Table 4) could be further evaluated for more sophisticated
conditions and robust calculations in energy optimization (Tables 7–11).

For instance, in predicting the ventilation experiments, the wide neural network
returned the best results for the partial training dataset (Figure 8), and the optimizable
(2) neural network had the best performance for the partial test dataset once GSV was set
as the response (Table 7). Thus, the wide neural network was also developed and tested to
predict GSV by randomly selecting the given inputs (Table 8).
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In the following experiments, however, the rational quadratic GPR returned the best
RMSE result for the partial training dataset, and the trilayered neural network performed
the best for the partial dataset once the temperature of the room was set as the response
parameter (Figure 10, Table 9). In predicting the responses for a longer period, exponential
GPR returned the best RMSE result for the training dataset (Figure 11), and the optimizable
(1) neural network returned the best RMSE for the test dataset once GSV was set as the
response (Table 10). By setting temperature as the response (Table 11), rational quadratic
GPR returned the best RMSE for the training dataset (Figure 12), even though most of the
neural networks also returned similar results. On the other hand, the test dataset allowed
for a better examination of the efficiency of the trained networks, and the optimizable
(3) neural network returned the best RMSE result by far for the test dataset (Figure 13,
Table 11).

In brief, various machine learning and deep learning models yielded the best results
for different datasets and response parameters. It can be concluded from these results
that different learning models can be trained and optimized for each different action and
parameter. On the other hand, it should be noted that most of the optimizable neural
networks were more lightweight and returned more consistent results for the training
datasets and better results in predicting the test datasets compared to the machine learning
algorithms (Tables 7 and 9–11).

Better performance results for the unknown test datasets were much more significant
for the real-time learning and real-world applications. Moreover, the prediction accuracies
of the neural networks improved by increasing the depth and training iteration; they per-
form much better on complex test datasets with longer periods. They also had the potential
to be improved by increasing the number of fully connected layers (Tables 10 and 11). In
this regard, the novel deep neural networks were developed and further trained in this
research for energy-efficient automated systems predicting thermal comfort levels and
well-being (Table 4).

Regarding the user-rated well-being values and Fanger’s approach, the attempt was
made to advance the calculation methods by adopting the deep neural networks, such as
CNN, in recognizing and correlating the thermal comfort levels and user activities in the
datasets (Table 2, Figures 3, 4 and 7). On the other hand, it is observed from the results
that developing learning models for ideal prediction is yet another challenge and a difficult
research problem, as only a few learning models predicted the ideal responses in this
research (Figures 9, 10 and 13).

Thus, the experiments were also conducted to develop new classification-based neural
networks by increasing the depth of the learning models (Figure 5), and they were tested
on the dataset with the classified user activities (Table 2). Accordingly, the new CNNs
with different depths and the CNNs of the earlier related research [3] were used in the
experiment on the training dataset by only including four classes of thermal comfort levels
(2, 4, 5, 8 in Table 2). The networks were also trained with regard to both non-Fanger
and Fanger’s approaches by excluding and including the user-rated well-being votes in
the dataset.

The results show that the earlier version of the CNN, used in the real-time learning
system, needed more depth and accuracy in predicting the dataset with four classes and
the user-rated well-being values (Tables 12 and 13). The experiments also revealed that
involving the user-rated well-being values also increased the difficulty and challenges for
the learning models. In this regard, it can be concluded that the consideration of Fanger’s
approach in developing deep learning models also needs novel and efficient solutions to be
applied to energy-efficient automated systems; the attempt to investigate this was made in
this research (Tables 4 and 13).

Limitations and Proposals of the Research

The limitations and future proposals of this work can be briefly discussed. There are
still limited data about the building performance and natural ventilation experiments for
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the explored context. For instance, there are no data from other spaces as there is a lack
of smart systems or corresponding IoT data. Thus, only hypothetical models could be
developed with regard to the adjacent areas, with the help of BIM simulation; the heat
coefficients of the building components of each area were simulated. On the other hand,
the developed algorithms allowed the calculation of the optimization of energy use for
natural ventilation without depending on the heat coefficients. Instead, machine learning
and deep learning models were explored for the more complex conditions to be adapted
to the internal dynamics and correlations among the indoor facts and usage patterns and
were considered to be much more significant in this research.

Be that as it may, the usage of IoT systems can be encouraged and multiplied in
various environments to calculate heat losses and energy efficiency in the surrounding areas.
Additionally, the usage periods in this research were not divided into seasons as a limitation
of the dataset once the related studies in the literature were considered [6]. Comprehensive
datasets from the experiment environments with affordable new hardware resources and
scalable computing technologies can be developed and trained for energy-efficient solutions
and sustainable environments in different contexts for future work [24,61].

All in all, a systematic approach for defining the parameters and energy-efficient
solutions for automated systems in thermal comfort control was explored and executed
through the existing datasets in a special care context. The BIM simulations provided
abundant resources about the context in evaluating the building energy performance,
energy use, and optimization for heating, cooling, and ventilation of the experiment
area. These provided the basis for the sizing and electrical features of the state-of-the-art
automated systems to be applied in this context. The contextual data from the experiment
area were also processed to develop energy-optimization algorithms, ML, and deep learning
models in order to predict thermal comfort levels and classify activities so that the efficiency
of the automated systems, by applying learning models, could be improved by decreasing
the energy usage and the runtime needed to take action. In brief, from the experiments
and results, a combination of different optimization methods, algorithms, and learning
models can be proposed for developing and deploying energy-efficient state-of-the-art
technologies to take action for thermal comfort control with regard to the specific context
of indoor environments and the occupations of the users:

• BIM simulations should be encouraged in providing context-based information from
the areas in which IoT-based smart systems are to be installed.

• Energy optimization algorithms should be explored and applied with regard to the
thermal comfort parameters, such as air quality and context-based data, to be evaluated
in the building performance, energy usage, and thermal conductivity when deciding
on the optimal electricity features of the automated systems without changing other
thermal comfort levels.

• Machine learning models that fit best when optimizing the energy use and operation
of the automated systems should also be discovered and applied with regard to the
thermal comfort parameters and contextual information.

• Finally, more complex, yet lightweight, deep learning models that are to be trained
quickly and are good at accurate prediction should be explored and applied to smart
systems that take action by recognizing the classified activities needed to control
thermal comfort and well-being.

6. Conclusions

Smart systems and technologies in buildings offer well-being and thermal comfort
control, and they have the potential to be developed systematically with regard to ther-
mal comfort parameters, user preferences, and energy-efficient concerns. Based on the
experiments conducted, it can be inferred that BIM simulations and IoT systems are highly
effective in acquiring, generating, and processing comprehensive data from indoor spaces.
Additionally, black box models were found to be highly useful for processing sensor data
through advanced algorithms and learning models, thereby enabling effective thermal com-
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fort control and enhancing overall well-being. These findings have significant implications
for the development of advanced building management systems and can pave the way for
more efficient and sustainable indoor environments in the future.

It is clear from the results that context-based information and the outcomes of com-
putations of the building performances of indoor spaces, acquired with the help of BIM
simulation and modeling, are absolutely crucial in the evaluation of the experiments related
to thermal comfort parameters, such as natural ventilation, in order to develop zero-energy
buildings as well as state-of-the-art and energy-efficient automated systems for thermal
comfort control. Moreover, energy-optimization algorithms that are developed with the
help of context-based information from BIM simulations and smart systems allow for a
decision on the critical thermal comfort parameters, energy usage, and power loads for
the capacities and electricity features of the automated systems. Nevertheless, the energy-
optimization algorithms are only considered when the heating loads and thermal conditions
are caught in a balance during the ventilation experiments, even though the phenomena of
airflow and natural ventilation need to be considered through the changing states. In this
regard, the development of machine learning and deep learning models is understood to
be extremely significant in the optimization of the operation of energy-efficient automated
systems that can predict the critical energy levels and user activity when the temperature
and heating loads in the indoor spaces are changed and not in equilibrium, or once they
cannot be resolved by simpler equations. The experiments on learning models showed that
machine learning and deep learning models that fit best to the conditional changes might
facilitate and optimize the operation of the automation systems efficiently with regard
to the varying circumstances and might help to decide how and when these intelligent
systems should take action. In this regard, the use of artificial intelligence models in the
development of state-of-the-art automated systems is also seen as crucial in understanding
user activity and thermal comfort levels in indoor spaces. Thus, user-defined ratings and
Fanger’s approach were considered in developing novel learning models to decide on
the thermal comfort levels during the operation of smart systems, which were found to
be absolutely crucial in recognizing and predicting the user activity and thermal comfort
levels that can significantly decrease the energy used for thermal comfort control.

The systematic approaches applied in this research can enable the development of
energy-efficient state-of-the-art smart systems for thermal comfort control and well-being.
Consequently, thermal comfort levels in buildings can be optimized by the automated
systems with regard to the contextual information about the building components and the
evaluation of their performances and also by considering the user activities and preferences
in indoor environments in designing energy-efficient buildings with smart systems.
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Abbreviations

AI Artificial Intelligence
BIM Building Information Modeling
◦C Celsius
CH4 Methane
C4H10 Butane
cm Centimeter
CNN Convolutional Neural Network
CO2 Carbon dioxide
GPR Gaussian Process Regression
GPU Graphic Processing Unit
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GSV Gas Sensor Value
HVAC Heating, Ventilation, Air Conditioning
IoT Internet of Things
K Kelvin
kB Kilobyte
LAN Local Area Network
LPG Liquefied Petroleum Gas
m Meter
min Minute
ML Machine Learning
obs/s Observations per second
PCA Principal Component Analysis
PCS Personal Comfort Systems
PMV Predicted Mean Vote
R-CNN Region-Based Convolutional Neural Network
RMSE Root Mean Squared Error
s Second
sq m Square Meter
W Watt
WOB Window Opening Behavior
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Abstract: Sleep is vital for human health, while sleep quality is affected by indoor thermal environ-
ments. This study aims to investigate human thermal comfort with a thermal-conductive bed during
sleep in summer. A series of experiments were conducted in a climatic chamber of a university.
Subjects slept on a thermal-conductive bed, with or without the supply of water cooling them by
flowing through the pipes embedded in the bed. The supply water was set at 20, 25, 28, and 30 ◦C.
The indoor temperature was set at 32 ◦C. The bed surface temperature (back, buttock, thigh, and
calf) and the subject’s skin temperature were measured. Questionnaires after waking up the next
morning were conducted. The results show that when there was no water supply in the pipes
of the thermal-conductive bed, the bed surface temperature was 0–1.5 ◦C higher than the indoor
temperature, and subjects felt slightly warm. When the supply water temperature was 28 or 30 ◦C,
subjects felt thermally comfortable during a night’s sleep. This study demonstrates that the proposed
thermal-conductive bed with supply water temperatures of 28–30 ◦C can create a comfortable sleep
environment for residents who have no air-conditioning systems in summer, which can also help
save building energy.

Keywords: thermal comfort; thermal-conductive bed; sleep comfort; thermal environment

1. Introduction

People spend approximately one-third of their lifetime sleeping. Sleep can help people
recover from physical and mental fatigue caused by daytime activities, which is essential
to help the body restore energy to maintain physical function [1,2]. Sleep quality and
sleep thermal comfort could be strongly affected by indoor thermal environments [3–5]. A
comfortable thermal environment is vital to short sleep latency and obtaining deep sleep [6].
Thus, to obtain higher work or study efficiency during the daytime, air conditioners are
adopted in residential bedrooms in many buildings [7]. According to a survey in Shanghai,
90% of 800 families used air conditioners during the whole sleep time in summer [8].
In Hongkong, where the hot and humid summer lasts for over four months, 68% of
554 respondents kept their air conditioners running all night [9]. As a result, a large
amount of energy was consumed. In China mainland, the electricity consumption of
air conditioners accounted for over 30% of the total power consumption of residential
buildings in summer [10]. In Hongkong, the proportion of electricity usage from residential
air conditioners in 1971 accounted for 14.6%, while it increased to 30.4% in 1996 and 45% in
2011, respectively [11,12].

Nevertheless, many discomfort complaints were found when air conditioning systems
were used, especially in summer [13,14]. A study in Hongkong showed that around 60% of
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the respondents experienced waking up even if they turned on air conditioners. They felt
cold or warm during sleep [9]. Kim et al. [15] showed similar results that occupants in Korea
were exposed to either high or low indoor temperatures during sleep. Air temperatures
that deviated from the neutral temperature would raise the frequency and duration of
wakefulness and reduce slow wave sleep (SWS) and rapid eye movement sleep [16]. By
estimating thermal comfort and sleep quality before and after sleep, Pan et al. [17] found
that the requirements for thermal comfort of sleeping people differ from that of waking
people. It has been investigated that sleep quality was affected by cold exposure or
moderate heat in a constant thermal environment [18].

Undoubtedly, heating, ventilation, and air conditioning (HVAC) systems play a vital
role in creating comfortable indoor thermal environments in modern buildings. However,
the high level of thermal comfort certainly needs much more energy [7]. For the reason of
economic development and environmental protection, energy consumption in buildings
has attracted people’s attention [19,20]. Hoyt et al. [21] and Zhang et al. [22] pointed out
that every 1 ◦C increase in the set-point temperature for cooling can roughly reduce 10%
energy consumption of an air conditioning system. Under these circumstances, methods to
both save energy and improve thermal comfort have been explored, such as a personalized
ventilation system. In China, electric fans are widely accepted as an effective method to
improve the thermal environment and save energy in summer [23,24]. In a study conducted
by He et al. [24], the fan-use rate was 80% at the environmental temperature of 30 ◦C.

Furthermore, the methods to improve thermal comfort during sleep have attracted
the attention of some researchers in recent years. Okamoto-Mizuno et al. [25] performed
a series of experiments to confirm the effect of head cooling on human sleep stages and
body temperature. The obtained results show that the whole-body sweating rate was
significantly decreased by the use of a cooling pillow during sleep under humid heat
conditions. Irshad K. et al. [26] conducted a field study on sleeping comfort in a test
chamber with a thermoelectric air-cooling system. The results show that the subjects felt
comfortable and had a better sleep quality in a thermoelectrically cooled room at a power
input of 720 W. Yu et al. [23] studied the proper electric fan control strategy in summer sleep
thermal environments. The results indicate that the dynamic air supply control strategy
of the fan, which was stabilizing–falling–stabilizing–rising–stabilizing, can improve sleep
quality. Another similar study found that when the indoor temperature was below 32 ◦C,
providing appropriate air velocities could alleviate the thermal discomfort of occupants
during sleep [27]. Furthermore, He et al. [24,28] conducted a series of experiments on
subjects’ thermal comfort with desk fans in a hot–humid environment. They found that
desk fans made more than 80% of subjects feel acceptable at 28 and 30 ◦C. In addition,
He et al. [29,30] also found that the radiant cooling desk reduced warm sensation and
increased both comfort and acceptability of subjects in hot environments.

Moreover, Pan et al. [31] designed a bed-based task/ambient conditioning (TAC) sys-
tem, which was defined as the environmental conditioning system that allowed occupants
to independently control their local thermal micro-environments in buildings. The results
indicate that the application of the bed-based TAC system would help to attain obvious
energy savings. In order to investigate the effect of TAC on the local body of sleeping
people, Lan et al. [32] designed a bedside personalized ventilation (PV) system to provide
fresh and cool air directly to the head and face of sleepers. After using the bedside PV
system, people felt cool, and their skin temperature dropped. As reported in Nunneley
SA et al.’s studies [33,34], cooling the head reduces thermal stress more effectively than
cooling any other area of the body. Furthermore, Krauchi et al. [35] indicated that the skin
temperature of the foot was important for good sleep. It has to be maintained at a relatively
high temperature to facilitate the rapid onset of sleep.
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As indicated by the above-mentioned studies, local cooling can improve human
thermal comfort during sleep in summer. However, some problems remain unresolved.
For example, the application of the TAC system to sleeping environments in real buildings
helps reduce energy consumption; however, the bulky air ducts and ventilation plenums of
the TAC system may cause inconvenience to occupants [31]. Moreover, although the TAC
system was improved by removing the air ducts [36–38], it might still cause a cold draft.
Furthermore, during the application of the bedside PV system to sleepers, the ventilation
time could be continuous for 7 h or more. In a study by Xia et al. [39], headache or dizziness
were reported when people were exposed to air currents for a long time. Additionally, some
diseases, such as pains in joints, rheumatism, or colds, might be caused by air drafts during
night sleep [40]. For air conditioning systems based on ceiling radiant cooling panels
(CRCP), the main way of exchanging heat with internal heat sources in a sleep environment
is radiation. Although the CRCP-based air conditioning systems could avoid the cold
draft, condensation was observed from time to time due to the high level of humidity [41].
Moreover, radiant heat transfer was not as efficient as convective or conductive heat transfer,
and the radiant cooling systems consumed more energy. For example, He et al. [42,43]
indicated that the radiant cooling desk consumed cooling energy 89.9, 104.4, and 130.7 W
at 28, 30, and 32 ◦C, respectively.

In this paper, a thermal-conductive bed that directly cools sleeping users was proposed.
The main purpose aims to study the effects of the proposed bed on human thermal comfort
during sleep in summer, as well as its energy-saving potential. Firstly, the configuration of
the thermal-conductive bed was described. Then, a series of experiments were performed
in a climatic chamber during the hot summer of 2021. During the experiments, subjects’
thermal sensation and thermal comfort votes were recorded by answering questionnaires.
Furthermore, the skin temperature of different body areas of the subjects was measured.
Finally, the energy-saving potential of the thermal-conductive bed was discussed. This
study provides a potential solution for energy efficiently improving human thermal comfort
during sleep in summer, especially for those people who have no air conditioning indoors.

2. Methodology

2.1. Description of Thermal-Conductive Bed

Figure 1 shows the configuration of a thermal-conductive bed. A water tank (No. 21
in Figure 1a) was installed to supply the required water to the thermal-conductive bed. The
supply of water sent to the thermal-conductive bed was provided by a circulating water
pump (No. 18 in Figure 1a). The bedstead was equipped with both bedhead pipe and
bed-end pipe with a diameter of 15 mm for supply water circulation. The stainless-steel
pipes, which have the characteristics of good thermal conductivity and low cost, were
used for the pipes. The pipes were installed in the upper panel of the bed to circulate cold
water so that the bed could cool the human body lying on it. The bottom of the bed panel
was empty. The inlet-water pipe was divided into two branches after passing through
the main solenoid valve (SV). One branch was connected with the inlet of the bedside
pipe. The other was connected to the inlet of the bed-end pipe. The outlet pipes of the two
branches merged after the SV. Thermometers were installed on the supply and return pipes
to measure the water temperature. Moreover, a bed frame (No. 3), which was made of
sturdy and corrosion-resistant wood, was used to support the pipes.

The space between the pipes was filled with heat insulation material (No. 14 in
Figure 1c), and the bottom of the pipes was padded with a heat insulation plate (No. 15 in
Figure 1c) to reduce the transfer of cold energy to the cavity of the bed. The temperature of
water in the return pipe can be adjusted by adjusting the opening of valves 9 and 10.
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Figure 1. The configuration of the thermal-conductive bed used in this study: (a) the layout; (b) the
axonometric view; and (c) the A-A sectional view. The numbers in the figure and the names are
one-to-one correspondence are as follows: 1. Supply pipe; 2. Return pipe; 3. Bed frame; 4. Bedside
water pipes; 5. Bed-end water pipes; 6. Solenoid valve on inlet pipe; 7. Solenoid valve on outlet pipe;
8. Solenoid valve on bedside supply pipe; 9. Solenoid valve on bedside return pipe; 10. Solenoid
valve on bed-end return pipe; 11. Solenoid valve on bed-end supply pipe; 12. A thermometer in
bedside return pipe; 13. A thermometer in bed-end return pipe; 14. Insulation material; 15. Heat
insulation plate; 16. Shutoff valve; 17. Thermometer; 18. Water pump; 19. Non-return valve;
20. Flowmeter; 21. Water tank.

The size of the thermal-conductive bed was 2 m (length) × 1 m (width) × 0.45 m
(height). The thickness of the bed plate was set at 0.05 m, and the pipe spacing was 0.085 m.
The thickness of the human body was assumed to be 0.18 m. The water flows along the
direction over the length of the bed, and the heat conduction of the body is vertical to
the direction of water flow. The heat between the human body and the bed was mainly
transferred by heat conduction, and then, the heat was carried away by water in the form
of convection heat transfer, assuming that the physical body came into contact with the
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bed surface completely. The mathematical description of the problem can be expressed
as follows:

cp × m × δtw = q × A (1)

q = K ×
(

ts − tw

)
(2)

In which
K =

1
Rt +

1
h

(3)

Rt = ∑n
i=1

δi
λi

(4)

h =
Nu × λw

H
(5)

Nu = 0.023Re0.8Pr0.4 (6)

where q is heat dissipation between the human body and the bed, in W/m2; δtw is a
temperature rise of cold water, in ◦C; A is the contact area between the human body and
bed, in m2; tw is average water temperature, in ◦C; ts is average skin temperature, in ◦C;
h is the convection heat transfer coefficient between the bottom of the bedplate and water,
in W/(m2·K); cp is the specific heat at a constant pressure of water, in J/(kg·K); m is flow
mass of water, in kg/s; Rt is the total thermal resistance of bed cushion, in (m2·K)/W;
λi and δi are thermal conductivity (in W/(m·K)) and thickness of mattress (in m), respec-
tively; Nu, Re, Pr are Nusselt number (dimensionless), Reynolds number (dimensionless),
Prandtl number (dimensionless), respectively; λw is a thermal conductivity of water, in
W/(m·K); H is the equivalent diameter, that is, the height of the aqueduct, in m. The
mattress consisted of one single material with thermal conductivity of 0.15 W/(m·K), and
the thickness was 0.05 m.

2.2. Experiment Conditions

The experiment was conducted in a thermal-conductive bed placed in a climatic cham-
ber with dimensions of 4.2 m × 3 m × 2.6 m in summer, as shown in Figure 2. The climatic
chamber was located at the College of Resource and Environment and Safety Engineering
at Hunan University of Science and Technology, Xiangtan, China. Xiangtan is located in the
central south of China. According to the code for thermal design of civil buildings in China
(GB 50176-2016) [44], Xiangtan belongs to the Hot-Summer and Cold-Winter (HSCW) Zone.
The chamber was equipped with an air conditioning system to maintain constant indoor
air temperature, humidity, and air velocity throughout the experiment.

Figure 2. The layout of the climatic chamber.
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A warm indoor environment (air temperature: 32 ± 0.5 ◦C, RH: 70 ± 5%, air velocity:
0.1 ± 0.02 m/s) was set in the chamber. The lights were turned off after the subjects fell
asleep. The acoustical environment was acceptable, according to the subjects’ responses.
Five conditions with different supply water temperatures were defined, as listed in Table 1.
It should be noted that the water temperature refers to the temperature of supplied water in
pipes at the inlet of the bed head, obtained from thermometer No. 17, as shown in Figure 1.

Table 1. Experimental information.

Indoor Air Temperature
(◦C)

Indoor RH
(%)

Air Velocity
(m/s)

Supply Water Temperature
(◦C)

Case 1 32 ± 0.5 70 ± 5 0.1 ± 0.02 without water
Case 2 32 ± 0.5 70 ± 5 0.1 ± 0.02 20
Case 3 32 ± 0.5 70 ± 5 0.1 ± 0.02 25
Case 4 32 ± 0.5 70 ± 5 0.1 ± 0.02 28
Case 5 32 ± 0.5 70 ± 5 0.1 ± 0.02 30

2.3. Subjects

A total of 12 subjects (age: 22.5 ± 2.5 years old; height: 170.5 ± 4.5 cm; weight:
68.7 ± 14.8 kg) participated in the experiments. They were all male students of Hunan
University of Science and Technology. Since wearing only a few clothes and attaching
temperature sensors to the skin (especially the chest area) during the experiment were very
inconvenient for females, no female students were recruited for the experiments. Before
the experiment began, each subject was inquired whether he was willing to participate
in the experiment. Oral consent was obtained from each subject who was willing to
participate in the experiment, and they were told that they could quit at any time during
the experiment. The subjects have lived in Xiangtan, China, for more than one year. The
Pittsburgh Sleep Quality Index (PSQI) questionnaire was used to evaluate the sleep quality
and sleep disorders of each subject within one-month intervals [45]. The results showed
that each participant was without sleep disorders. A candidate who had a PSQI global
score of less than 5, which indicated no sleep disorder, was suitable for the experiment. All
the subjects were in healthy condition. In the 24 h before participating in the experiments,
they did not smoke and do strenuous exercise, or drink alcohol or coffee. They wore short-
sleeved T-shirts and shorts without bed coverings. The clothing insulation was 0.2 clo.
The thermal-conductive bed was covered with a thin blanket, and the upper layer was
covered with a mat. Moreover, a simple oral explanation of the purpose and procedure
of the experiment was given to each subject by the researchers before the experiments
were conducted.

2.4. Measurement and Questionnaires

During the experiments, subjects’ local skin temperature, bed surface temperature,
thermal environment parameters, inlet and outlet water temperature (the temperature of the
water entering and exiting the pipes), and inlet water flow rate were continuously measured
and recorded throughout the whole night of the experiments. As for the measurement
of bed surface temperature, four points on the thermal-conductive bed surface which
contacted with the back, buttock, thigh, and calf of the human body were selected as the
measurement points. Table 2 illustrates the detail of the instruments used in this experiment.
All of the instruments had been calibrated before the measurement.

In this study, the human body was divided into five areas: shoulder; chest; abdomen;
thigh; and calf. The body surface of each area included the upper part exposed to indoor air
and without covering with the quilt (U), the back part in touch with the mattress (B), and
the parts on both sides of the physical body (S). On the upper surface of the body, the skin
temperature of the chest, abdomen, thigh, and calf were measured. On the back of the body,
the skin temperatures of the back, right thigh, and right calf were measured. On the side of
the body, the skin temperatures of the left shoulder, left abdomen, left thigh, and left calf
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were measured. The iButton sensors were attached to the skin surface by medical adhesive
tape. Figure 3 shows one of the investigated subjects lying on the thermal-conductive
bed in the climatic chamber after the sensors were attached. It should be noted that after
attaching the iButton sensors to the human body, subjects wore short-sleeved T-shirts and
shorts, as Section 2.3 described.

Table 2. The measured parameters and used sensors.

Parameter Sensor Type Accuracy Measurement Range

Skin temperature iButton sensors DS 1922L ±0.5 ◦C −40–85 ◦C
Bed surface temperature;

Inlet/outlet pipe
water temperature

K-type thermocouples with
data logger LabQuest2 0.5 ◦C 0–45 ◦C

Air temperature Thermo-hygrometer TR-72Ui ±0.3 ◦C 0–50 ◦C
Relative humidity Thermo-hygrometer TR-72Ui ±5% 10–95%

Inlet water flow rate Floater flowmeter LZT-1002 M ±0.5 L/min 1–7 L/min

Figure 3. One of the investigated subjects lay on the thermal-conductive bed after the sensors were
attached (after attaching the iButton sensors to the human body, subjects wore short-sleeved T-shirts
and shorts).

The temperatures of the bed surface beneath the back, buttocks, thigh, and calf of
subjects were measured with temperature sensors, and the water temperatures of the
inlet and outlet were monitored. During the experiment, two sets of independent data
acquisition equipment (LabQuest2) were used for measurement. Data loggers (Thermo
Recorder TR-72Ui) were used to measure the indoor air temperature and RH around the
bed, located 0.5 m from the bed surface. By regulating the opening of valves No. 9 and 10,
as shown in Figure 1, the temperature of the supply water can be adjusted accordingly.

2.5. Questionnaires

Human thermal comfort was affected by the adaptability and expectation of the
thermal environment [46,47]. Therefore, the proper indoor temperature could not be
assessed simply by thermal sensation votes (TSV). In this study, the questionnaires mainly
consisted of the following two parts: (1) a pre-sleep survey; and (2) a survey after waking
up the next morning. In part (1), the subjects reported their physical and psychological
state during the continuously measured day. It was conducted after the subjects reached
the climatic chamber and adapted to the environment. In part (2), the subjects reported
their thermal sensations and thermal comfort when they woke up the next morning.
Table 3 presents the scales of subjective responses in the questionnaire. A seven-point scale
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suggested by ASHRAE Standard 55 [48] was used to rate subjects’ thermal sensations. A
five-point scale was adopted to assess subjects’ thermal comfort.

Table 3. Scales of subjective responses in the questionnaire.

Thermal Sensation Votes
(TSV)

Cold Cool Slightly cool Neutral Slightly warm Warm Hot
−3 −2 −1 0 +1 +2 +3

Thermal comfort votes
(TCV)

Comfortable Slightly
uncomfortable Uncomfortable Very

uncomfortable
Extremely

uncomfortable
0 1 2 3 4

2.6. Experimental Procedure

Measurement sensors were settled before the subjects arrived at the climatic chamber.
The sleep schedule was consistent with the subjects’ usual sleep time. The experimental
procedure is described below:

(1) 22:00 Subjects reached the climatic chamber and were accommodated in the thermal
environment for 30 min;

(2) 22:30 Subjects filled out the before-sleep survey questionnaire for physical and psy-
chological status during the day;

(3) 22:35 The iButton sensors were attached to specified areas of the skin of subjects, as
shown in Figure 3;

(4) 22:40 Check and adjust the equipment to make them display and record normally;
(5) 23:00 Turn off the lights after observing that the subject did not move their

body frequently;
(6) 7:00 After the subjects woke up, they were asked to answer questions about their

thermal sensation and thermal comfort for sleep.

2.7. Data Analysis

In this study, the mean skin temperature of the upper area (MSTU), the back area
(MSTB), and the side area (MSTS) of a human body were calculated by weighing the area
coefficients of each surface area. The calculation formulas are listed below:

MSTU = a1Tchest-u + a2Tabdomen-u + a3Tthigh-u + a4Tcalf-u (7)

MSTB = b1Tback-b + b2Tthigh-b + b3Tcalf-b (8)

MSTS = s1Tshoulder-s + s2Tabdomen-s + s3Tthigh-s + s4Tcalf-s (9)

where Tchest-u, Tabdomen-u, Tthigh-u, and Tcalf-u are the skin temperatures of the upper parts of
the chest, abdomen, thigh, and calf, respectively; Tback-b, Tthigh-b, and Tcalf-b represent the
skin temperatures of the back, the back parts of thigh and calf, respectively, and Tshoulder-s,
Tabdomen-s, Tthigh-s, and Tcalf-s represent the skin temperatures of around the shoulder, the
side parts of abdomen, thigh, and calf, respectively. Table 4 illustrates the ratios of body
surface area (a, b, s) according to references [49,50].
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Table 4. Surface area ratios of the calculated skin temperature.

No. Upper (a) Back (b) Side (s)

1 0.27 0.54 0.03
2 0.22 0.26 0.26
3 0.36 0.2 0.36
4 0.15 / 0.33

3. Results

3.1. Bed Surface Temperature under Different Water-Supplied Conditions

The bed surface temperature of the thermal-conductive bed was measured under ex-
perimental conditions described in Section 2.2. Figure 4 shows the bed surface temperature
distribution in different cases. As for the same sites of the bed surface, the bed surface
temperature when there was no water flowing through the pipes was 1.8–9.3 ◦C higher
than when the supply water temperature was set at 20, 25, 28, or 30 ◦C. Specifically, when
there was no water flowing through the pipes, the bed surface temperature varied from
32 to 33.5 ◦C, which was 0–1.5 ◦C higher than the indoor temperature (32 ◦C) due to the
heat from the subjects. When the supply water temperature was raised from 20 ◦C to 25 ◦C,
the surface temperature of the thermal-conductive bed changed significantly. Specifically,
when the supply water temperature was 20 ◦C, the bed surface temperature varied from
23 to 26 ◦C. When the supply water temperature was 25 ◦C, the bed surface temperature
varied from 29 to 30 ◦C. However, the variation in bed surface temperature was slight when
the water temperature increased from 25 to 30 ◦C. Specifically, when the supply water
temperature was set at 25, 28, and 30 ◦C, the bed surface temperature varied from 29 to
31 ◦C. Furthermore, a decreasing trend of the surface temperature from the bedhead to the
bed-end was observed. The results indicate that when the supply water temperature was
from 25 to 30 ◦C, the bed surface temperature was relatively stable (29–31 ◦C).

 
Figure 4. The surface temperature distribution of thermal-conductive bed under different cases.

3.2. Skin Temperature under Different Supply Water Temperatures

The mean skin temperature (MST) of different body segments (the upper, the back,
and the left side of the human body) under experimental conditions calculated from

165



Buildings 2023, 13, 1936

Equations (7)–(9) is shown in Figure 5. The linear fitting lines of MST throughout the night
are also presented.

 
Figure 5. The correlation between the mean skin temperature and the water supply temperature.

As illustrated in Figure 5, MSTU varied from 34.3 to 35.0 ◦C, and MSTB varied in
a range of 34.1–34.4 ◦C. MSTS was more fluctuating with a difference of 0.8 ◦C under
experimental conditions. It can be seen that MSTU, MSTB, and MSTS increased stably with
the rise of supply water temperature. Both MSTB and MSTS were lower than MSTU under
various test cases. When tw was 20 ◦C, the difference between MSTU and MSTS reached
1.08 ◦C. As tw increased to 28 ◦C, the difference between MSTU and MSTS decreased to
0.58 ◦C. Moreover, when tw increased to 28 ◦C, MSTS and MSTB tended to be consistent,
which could be due to the side and back areas of the body being closer to the bed than the
upper body areas.

Based on the linear regression functions developed for MST and supply water temper-
ature (tw), the correlation between the two parameters was found. The sensitivity between
the two correlated parameters can be reflected by the slope value. It was shown that tw was
most sensitive to MSTB, followed by MSTU and MSTS.

3.3. Correlation between TSV, TCV, and Supply Water Temperature

The temperature of supply water in the pipes of the thermal-conductive bed has an
important impact on the thermal sensation. Too high or too low a temperature of sup-
ply water makes people feel uncomfortable. In this study, subjects who voted “Cold”,
“Cool”, or “Slightly cool” were regarded as having cool sensations. Then, the percentages
of cool sensation (the proportion of the subjects having cool sensations to the total sub-
jects) in the back, buttock, and thigh was calculated. Moreover, the linear fitting method
was used to determine the correlation between thermal sensation vote (TSV) and supply
water temperature (tw). The results are presented in Figure 6. The regression model is
listed below:

Øcool = 2.67-0.089tw, R2 = 0.89 (10)

where Øcool is the percentage of the subjects having cool sensations in the back, buttock,
and thigh to the total subjects, and R2 is the coefficient of determination.
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Figure 6. The correlation between the percentage of cool sensations and the supply water temperature.
The percentage of cool sensations refers to the percentages of subjects voting “Cold”, “Cool”, or
“Slightly cool”.

As shown in Figure 6, the percentage of subjects with cool sensations showed a strong
negative correlation with the supply water temperature (R2 = 0.89). When the supply water
temperature increased by 1 ◦C, the percentage of subjects with cool sensations decreased
by 8.9%. Specifically, when the supply water temperature was set at 20 ◦C, 100% of subjects
had cool sensations in the back and buttock areas, and 70% of subjects had cool sensations
in the thigh. When the supply water temperature was set at 28 ◦C, less than 20% of subjects
had cool sensations in the back, buttock, and thigh. In other words, the lowest temperature
of supply water was expected to be above 27.8 ◦C. Furthermore, it is indicated that the back
area of the human body was more sensitive to the supply water temperature. For example,
when the supply water temperature was 28 ◦C, the percentage of cool sensations in the
back was higher than the percentages in the buttock and thigh (back:19%; buttock:13%;
thigh: 6%). This could be explained by a larger contact area around the back with the
thermal-conductive bed than the other two body areas.

Furthermore, subjects who voted “Slightly uncomfortable”, “Uncomfortable”, and
“Very uncomfortable” were regarded as feeling thermal discomfort. Then, the percentages
of thermal discomfort (the proportion of the subjects feeling thermal discomfort to the
total subjects) in the back, buttock, and thigh were calculated. Moreover, the correlation
between thermal discomfort and the supply water temperature is illustrated in Figure 7.
The regression model is listed below:

Ødsicomfort = 2.76-0.091tw, R2 = 0.91 (11)

where Ødiscomfort is the percentage of the subjects feeling thermal discomfort in the back,
buttock, and thigh to the total subjects.
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Figure 7. The correlation between the percentage of thermal discomfort and the supply water
temperature. The percentage of thermal discomfort refers to the percentages of subjects voting
“Slightly uncomfortable”, “Uncomfortable”, or “Very uncomfortable”.

As shown in Figure 7, the percentage of subjects feeling thermal discomfort showed
a strong negative correlation with the supply water temperature (R2 = 0.91). When the
supply water temperature increased by 1 ◦C, the percentage of subjects with cool sensations
decreased by 9.1%. To be specific, when the supply water temperature was set at 20 ◦C,
100% of subjects had cool sensations in the back and buttock areas, and 88% of subjects had
cool sensations in the thigh. When the supply water temperature was set at 28 ◦C, less than
20% of subjects had thermal discomfort in the back, buttock, and thigh. Namely, the lowest
supply water temperature was expected to be greater or equal to 28 ◦C.

According to the above results, subjects felt thermally comfortable when their back
was cool at a water supply temperature of about 28 ◦C. Therefore, it is suggested that tw
around 28–30 ◦C is suitable for a thermal-conductive bed in this study. In such conditions,
MSTU, MSTB, and MSTS could be, respectively, in the range of 34.7–35 ◦C, 34.1–34.3 ◦C,
and 34.2–34.4 ◦C.

3.4. Thermal Sensation and Comfort

Similar to the results presented in Section 3.3, the proportions of the subjects’ local
and overall thermal sensation and comfort votes were calculated. Figure 8 illustrates the
proportions of local and overall thermal sensation votes. The thermal sensation votes
varied under different water-supplied conditions. The subjects voting “Neutral” accounted
for the highest proportion when the supply water temperature was 28 or 30 ◦C. Specifically,
in terms of no-water conditions, more than 75% of the subjects felt slightly warm or warm
in the areas of the calf, thigh, buttock, back, and shoulder, and 75% of the subjects felt
neutral in the part of the abdomen. The overall thermal sensation votes were slightly warm
(40%) and warm (60%). When the supply water temperature was 20 or 25 ◦C, more than
55% of the subjects felt slightly cool in the areas of the calf, thigh, buttock, back, abdomen,
and shoulder. When the supply water temperature was 28 or 30 ◦C, more than 85% of the
subjects felt neutral in the areas of the calf, thigh, buttock, back, abdomen, and shoulder.
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Figure 8. The proportions of thermal sensation vote with different supply water temperatures.

The proportion of thermal comfort votes under different water-supplied conditions is
presented in Figure 9. The proportion of the subjects feeling comfortable with the supply
water temperature at 28 or 30 ◦C was much higher than when without water or the supply
water temperature at 20 or 25 ◦C. Specifically, in terms of no-water condition, only 5% of
the subjects felt comfortable in the areas of the shoulder and abdomen. The overall thermal
comfort votes were uncomfortable (65%). When the supply water temperature was 20 or
25 ◦C, less than 30% of the subjects felt comfortable in the shoulder, buttock, back, thigh,
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and calf. Especially 80% of the subjects felt uncomfortable in the back. However, when the
supply water temperature was 28 or 30 ◦C, more than 85% of the subjects felt comfortable
in the shoulder, abdomen, back, buttock, thigh, and calf, and the proportion of overall
thermal comfort votes reached 85–90%. The results indicate that the thermal-conductive
bed with the supply water temperature at 28 or 30 ◦C satisfied the requirements of subjects’
thermal comfort during sleep.

Figure 9. The proportion of thermal comfort votes with different supply water temperatures.
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4. Discussion

The results in Section 3.4 indicate that the thermal-conductive bed helps improve
subjects’ thermal comfort during sleep in summer. Furthermore, the thermal-conductive
bed also exerted great energy-saving potential. Firstly, the thermal-conductive bed main-
tains human thermal comfort with a background temperature of 32 ◦C during sleep. The
upper limit of the set-point temperature of air conditioners in actual buildings at night in
summer could be increased. It was reported by Zhang et al. [22] that approximately 10%
energy of an air-conditioning system can be reduced when the indoor set temperature in
summer increases by 1 ◦C. In order to obtain a comfortable zone proposed by ASHRAE
Standard [48], the indoor temperature of air-conditioning buildings during summer is
generally below 26 ◦C [41,51,52]. When occupants use this type of thermal-conductive bed
for sleep, the indoor temperature could be improved to 32 ◦C, and the energy consumption
of the air conditioning system could be reduced by over 60%. In addition, the supply water
temperature of the thermal-conductive bed was high (>25 ◦C), which makes it possible to
directly use natural cooling sources in summer and to achieve a super high COP value if
any chiller is needed.

Despite the effects of the thermal-conductive bed in terms of thermal comfort and
energy-saving during sleep in hot summer, some problems remain unsolved:

(1) This study only recruited male subjects aged 22.5 ± 2.5 years old for testing. Females
were probably more sensitive to the thermal environment [53,54]. Moreover, subjects
of other age groups may have different reactions to the thermal-conductive bed. It
would be better to explore this issue in the future experimental environment;

(2) This study only investigated subjects’ thermal comfort with the thermal-conductive
bed when the indoor temperature was 32 ◦C. If the bed is effective in maintaining
thermal comfort in extreme conditions, it is reasonable to believe that it is also effective
in less extreme conditions, although the findings with other indoor temperatures may
be different. While more experiments are needed to demonstrate the thermal comfort
of people with the thermal-conductive bed in different indoor temperatures;

(3) Psychological parameters, such as electroencephalogram, electrooculogram, and
electroencephalogram, were not measured to evaluate human sleep quality. The
measurements of these parameters can provide basic information for examining the
sleep process [55] and can be investigated in the future;

(4) It must be noted that the thermal-conductive bed was still crudely made. Future
research should focus on retrofits of design, structure, and appearance to better meet
the requirements of sleeping people;

(5) The optimal operating strategy of the thermal-conductive bed and the air conditioners
was not discussed.

5. Conclusions

In this study, a series of experiments on human thermal comfort with a thermal-
conductive bed during sleep were conducted in the summer. The main conclusions are
summarized as follows:

(1) The bed surface temperature was 0–1.5 ◦C higher than the indoor temperature when
there was no water supply in the pipes of the thermal-conductive bed. When the
supply water temperature was 20 ◦C, the bed surface temperature was lower than
26 ◦C. When the supply water temperature varied between 25 to 30 ◦C, the bed
surface temperature was relatively stable (29–31 ◦C);

(2) The mean skin temperature on the back of the human body was more sensitive to the
supply water temperature than the upper and the side areas of the human body. When
the supply water temperature varied between 28 to 30 ◦C, the mean skin temperature
on the back and the side of the human body was consistent.

(3) Subjects perceived a slightly warm feeling when there was no water supply in the
pipes of the thermal-conductive bed. When the supply water temperature was 28
or 30 ◦C, subjects felt thermally comfortable. Under such conditions, the mean skin
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temperature of the upper, the back, and the side of the human body varied from 34
to 35 ◦C.

The thermal-conductive bed could be used for people who have no air conditioning
systems in summer or as an alternative bed for sleep by extending the indoor set-point
temperature range. It can also help save a lot of energy in buildings. However, the
limitations of this study should not be ignored; for example, only male subjects aged
22.5 ± 2.5 years old participated in the experiment, while the findings of male subjects
at other ages or female subjects may be different. Therefore, the experiment conditions
and target subjects must be improved in future studies to verify the thermal comfort of
the thermal-conductive bed for improving night sleep quality in summer. In addition, the
design of the bed is required to be improved before applying it to actual buildings.
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Abstract: This research is part of a wider study on the sustainability of high-rise buildings within the
urban environment. The focus here is on wind and temperature stratifications per different height
through in situ monitoring on a high-rise residential tower in the Mediterranean climate of Tel Aviv,
and their impact on thermal comfort and user safety. The appropriateness of design is discussed in
relation to the direct exposure to higher-up wind velocities, the thermal perception of the residents
through questionnaires, and the safety and usability of the outdoors space according to height. The
potential for advancing the energy efficiency of the structure is also discussed. The study covers a hot
and a cold season, focusing on the specificities of the wind regime in the specific climate, through
seasonal variations. Results from the monitoring of data confirmed increased wind and gust velocities
per building height all year round, reaching the level of danger for the occupants during winter,
cancelling, thus a successful operation of the outdoor balcony space. The occupants’ perception and
use of the outdoor balcony space per building height were in direct relationship to the increased
wind velocities per height. Discussion and conclusions critically evaluate the residential high-rise
building typology in the Mediterranean climate through the design of the outdoor balcony space
along the height of the envelope. The results set an initial understanding and delineation for future
studies, while underlining the complications of designing and occupying tall buildings and the level
of detailing required.

Keywords: residential high-rise design; wind climate per building height; thermal perception per
building height; Mediterranean climate; seasonal variations

1. Introduction

The numbers of high-rise buildings around the world have been growing rapidly over
the last decades, with the 21st century portraying increasingly vertical urban environments.
However, while the high-rise typology is embraced in many of the world’s cities, the
performance of such buildings, in relation to sustainable strategies, is lacking the scientific
background that it requires. One such consideration relates to the high-energy consumption
in high-rise buildings in comparison to all other construction [1–3] and the need to comply
with strict energy regulations around the world [4–6]. Building energy efficiency has
become especially challenging in today’s energy intensive era, while most of the high-rise
building stock is mechanically supported, consuming large amounts of energy, relative
to the buildings’ increased volume and scale. As far as ‘green credentials’ are concerned,
the percentage of buildings that pursue this procedure and aim towards improving the
tall-building performance is growing; however, these numbers are still small on a global
scale, and mainly refer to office environments [7–13].
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However, ‘building sustainability’ is a wide term, and it does not necessarily mean
that projects that employ a number of sustainable strategies or solutions or present a
number of sustainability credentials are on the whole successful [2,14], with the actual
energy needs of the structure after completion being an important parameter. In addition,
advanced green technologies have not yet yielded the success they were meant to have,
while their realization can potentially skyrocket a project’s budget, e.g., the installation of
wind turbines for electricity production. At the same time, regulations like the 2010/31/EU
Energy Performance of Buildings Directive (EPBD) state that all new buildings must be
nearly Zero Energy Buildings (nZEBs) by 2020 [4]. The implementation of passive strategies
towards the achievement of this goal is a must, i.e., natural ventilative cooling in reducing
energy loads. The success of natural ventilation is relative to building orientation, seasonal
variations [15,16], and building height, while its implementation also maintains a thermally
comfortable, healthy indoor environment [13,17].

Nevertheless, designing a high-performance high-rise building that incorporates
renewable energy sources (RES) and non-renewable ones is a complex matter, that requires
a much higher flexibility on budget and time [8,18]. The Council of Tall Buildings and
Urban Habitat (CTBUH) defines a building of 14 or more floors, or more than 50 m, being
within the threshold of the ‘tall building’ definition [19]. But, while the focus on sustainable
tall-buildings mainly points towards iconic architecture of technological and structural
innovation in the height range of 300–400 m [20], an increasing range of 50–100 m high
buildings is designed and built without green credentials, certification, or any form of prior
studies through simulation and modelling. So, despite an increase in building height, these
higher-than-average buildings most likely do not satisfy the requirements of sustainable
construction and lack studies relating to their successful operation, while design guidelines
for tall buildings are generally lacking.

Whereas research on appropriate strategies to bridge the gap between the high-rise
buildings and the new era of energy codes is vital [21,22], further issues that arise with
the increase in building height within the urban fabric are equally pressing and concern
social, environmental, economic factors, and more. In this process, site-specific studies
in neighborhoods and urban areas become important in order to start mapping the inter-
connections between environmental variables and urban morphology [23–27]. The topic
of urban winds and high-rise buildings, for example, has gained popularity in recent
years being of growing relevance to the increasing complexity of this building typology
within the urban environment [28–35]. In addition, urban winds and high-rise buildings
have been studied from an urban ventilation perspective and the reduction of urban heat
islands [36–39].

This study explores the impact of urban winds on a 100 m tall residential building
envelope and the effect of the changing microclimate per building height. A critical evalua-
tion is conducted on the design of balconies on the building envelope. The appropriateness
of building design according to height is discussed in relation to the direct exposure of
balconies to higher-up wind flow speeds, the thermal perception of the residents, and the
potential for energy efficiency through a more climate responsive design. Conclusions
highlight the need for a holistic understanding of the design of high-rise buildings that
goes beyond the pressing issues of energy efficiency. Results form part of a wider research
program on the sustainability of the high-rise typology aiming at the successful formation
of sustainable design strategies. The objective is a holistic understanding on tall build-
ing design by combining issues of energy efficiency and thermal comfort. The studies
are based on on-site monitoring of case-studies located in the Mediterranean climate of
Tel Aviv.

2. Background Studies

The performance of high-rise buildings is influenced both by internal and external
conditions. The microclimate of high-rise buildings changes with increasing altitude above
ground, more specifically, wind speed increases, while dry bulb temperature drops. Urban
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studies have also shown that the opposite is often the case, as the Venturi effect and
downward drafts may cause higher speeds at the base of tall buildings [40,41], whereas
overshading the pedestrian level may cause significantly lower temperatures there than
at the sunny top of a tower [42–44]. The above relationships have a direct effect on
heating and cooling loads in relation to height [45,46]. Previous research on the high-rise
typology highlighted the issue of increased height in relation to all other construction,
and how it affects the structure’s energy performance [47–50], the wind regime created at
ground level and the surrounding urban fabric; affecting pedestrian thermal perception
and movement [51].

Height and arrangement of neighboring buildings play an important role in high-rise
construction, where urban wind velocities and solar radiation, or sun shading from sur-
rounding structures may influence their microclimate, thermal behavior, and indoor/outdoor
thermal comfort levels [52–54]. While simulations are vital in drawing conclusions on the
building’s behavior, these are mainly conducted on stand-alone structures, and possibly
fail to capture important interconnections and mutual influences with the surrounding
urban fabric. Urban studies using on-site monitoring also become important for a more
accurate representation of the urban environment, and an understanding of the complex-
ity that governs the design of tall buildings from a variety of angles, i.e., environmental,
social, etc.

This paper studies the microclimate that is created along the envelope of high-rise
buildings in Tel Aviv, with a special emphasis on wind and gust velocities at different height
balconies. The methodology is based on in situ monitoring. Tel Aviv’s increasing high-rise
building activity over the last few years [55] makes the city a good case for studying the
microclimate around such buildings, and assessing the potential for upgrading tall-building
design. The city’s Planning and Construction Committee issued the 2025 City Master Plan,
setting new guidelines for further skyrise development [55], while an increasing number of
buildings considerably higher than the existing urban canopy, i.e., 150 m tall and higher, is
already massively changing the city’s skyline.

Tel Aviv is located in the coastal zone defined as Climatic Zone A in Israel Standard SI
1045 [56]. The climate is characterized by rainless summers and mild, wet winters. Average
annual temperatures range around 20 ◦C, with a minimum average of 13 ◦C in January, and
a maximum average of 27 ◦C in August. Prevailing wind direction is W and NW, with wind
speed averages fluctuating between 3–5 m/s. Global solar radiation can reach 3.43 MJ/m2

in the summer, and 1.53 MJ/m2 in winter. Relative humidity is high throughout the year,
with annual averages of 60–67%, so even when summer temperatures are not extreme,
there is still heat stress, especially during the months of July and August. The city’s long
hot season spans from about mid-March to the end of October [57], making cooling and
ventilation an integral part of annual indoor acclimatization in buildings in Israel.

Preliminary monitoring studies were conducted in two prominent high-rise office
buildings. One is Electra Tower, 165 m tall, and the other one is Midtown Tower, 200 m
tall, located in close proximity to the main case-study, the residential tower. Wind and
gust velocities were compared between the on-site measurements and the recorded data
at the weather station located at the Tel Aviv beach. Gust wind speed is wind speed
measured over a smaller period of time, i.e., 2–3 s wind speed, referring to smaller character
fluctuations, and represents the maximum gust speed values that people feel the most,
while these values are usually double those of wind speed [33,58,59]. Data collection
covered two monitoring periods. The first one took place during early-March 2019, this
period being considered a transitional winter–spring period with temperatures ranging
between 13–18 ◦C. The second monitoring period was conducted during August (2019)
which is considered the heart of the summer. The on-site monitoring stations were located
on the rooftops of the high-rise buildings.

Figure 1 depicts the results of the first monitoring period, 6–12 March 2019. Results
are given as wind and gust speed averages between the depicted timeframes. Data confirm
that gust speeds are usually 2–2.5 times and higher compared to the wind speed. Generally,
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gust speeds resemble more the wind speed recordings at the Tel Aviv weather station at
the beach, but with higher values at the tower tops. Increases in the wind velocities occur
from midday to approximately 21:00 h, while during the night they subside. Gust speed
maxima are in the range of 6–7 m/s. On the last day of the monitoring period gust speed
averages reached 8.5 m/s, while individual recordings were about 10 m/s. The second
monitoring period took place between 7–16 August 2019. Here, again, gust speed averages
resemble more closely the recordings at the Tel Aviv beach weather station. In this set
of data, one more on-site weather station was located on the balcony of Midtown Tower
approximately halfway of its total height, at an approximate height of 100 m, located
on the side of the tower, and at an approximate distance of 30 m from its neighboring
residential tower (Figure 2, right). Wind and gust velocity averages are in the range of
4–5 m/s, while individual gust recordings at the Midtown balcony reached 8 m/s during
14 August 2019.

The summer recordings presented lower wind velocities (Figure 3). The lowest average
recordings are at the balcony level, confirming that wind speed increases with building
height. However, gust velocities at the balcony level accelerate to as high as those at the
tower tops, and at times reach even higher values. Data indicate that the Venturi effect
is at play here, with the narrower cross section of the urban canyon between the towers
presenting higher gust velocities than the ones on the roof. A possible explanation for this
is that gust velocities are influenced both by the distributions of the average wind speed
and the turbulence intensity. As a result, an area with high wind velocities may also have
high gust velocities, while an area with low average wind velocities may present high gust
velocities if the turbulence is high [60].

 

Figure 1. Wind and gust speed velocity averages between the depicted timeframes on the building
tops of Electra Tower (165 m above ground) and Midtown Tower (200 m above ground). Wind speed
recordings from the Tel Aviv weather station located at the beach are also included.

178



Buildings 2023, 13, 1979

 

Figure 2. (Left) view of on-site monitoring station at the balcony of Midtown Tower. (Right) view of
on-site monitoring station at the roof-top of Midtown Tower, 200 m above ground.

Figure 3. Wind and gust speed velocity averages between the depicted timeframes on the building
tops of Electra Tower and Midtown Tower, and the balcony of Midtown Tower. Wind speed recordings
from the Tel Aviv weather station located at the beach are also included.

The results of these studies prompted further research on the turbulent flow modi-
fication of wind and gust velocities per building height in the urban environment based
on on-site monitoring. The focus here is on different height balconies and the effect of the
wind stratifications per building height of a residential high-rise case study. Conclusions
are made on the outdoor thermal comfort of the building occupants (balconies), the safety
and usability of the balcony outdoor spaces design at increasing height above ground, as
well as regarding missed opportunities for advancing the structure’s energy efficiency.
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3. Materials and Methods

3.1. The Case-Study

On-site monitoring of wind and temperature variations is conducted on different
height balconies of a residential high-rise case study. The design configuration is considered
a typical one, where every floor level is similar to the one above, with no considerations
or detailing relating to specific heights above ground, i.e., the design of the balconies
along the building envelope. Conclusions are mainly based on a critical evaluation of the
residential high-rise building typology in the Mediterranean climate of Tel Aviv (Csa in the
Köppen–Geiger climate classification), setting an initial understanding and delineation for
a future study’s roadmap in similar climates. The study covers a hot and a cold season.

The proposed case study has a West orientation, facing the prevailing W/NW wind
direction in Tel Aviv, while it is distanced about 3 km downwind from the coast, with
the dense urban fabric of Tel Aviv covering the intermediate space (Figure 4). The city’s
highway is located nearby, as are the national rail services. The residential tower is a
relatively new construction approximately 100 m high and is positioned in close proximity
(approximately 15 m) to its twin tower to its south (Figure 5). The towers are located within
an urban plot with noticeable high-rise building activity and medium-density 2–3 floor
apartment buildings. Below is a height analysis of the case-study balconies. The data are
relevant to the CTBUH typical tall building characteristics, in reference to a residential
tower, based on the Council’s wide database of built projects [61]. The entrance, ground
level floor-to-floor height is 4.65 m and a typical floor is 3.1 m high. A half floor is also
estimated above the entrance level. Based on the above data, the estimated monitoring
height above ground of the balconies, is:

• Floor 4 (West orientation): 4.65 m ground level floor-to-floor height + 3.1 (typical floor
height) × 3 + a half floor = 4.65 + 9.3 + 1.6 = 15.55 m

• Floor 15 (South orientation): 4.65 m ground level floor-to-floor height + 3.1 (typical
floor height) × 14 + a half floor = 4.65 + 43.4 + 1.6 = 49.65 m

• Floor 17 (West orientation): 4.65 m ground level floor-to-floor height + 3.1 (typical
floor height) × 16 + a half floor = 4.65 + 49.6 + 1.6 = 55.85 m

• Floor 28 (West orientation): 4.65 m ground level floor-to-floor height + 3.1 (typical
floor height) × 27 + a half floor = 4.65 + 83.7 + 1.6 = 89.95 m

 

Figure 4. Location of residential tower (yellow rectangle (within the urban fabric of Tel Aviv, depicting
distance from the sea promenade.
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Figure 5. View of the residential tower and case-study balconies at floors 4, 17, and 28 on the West
windward façade, and floor 15 on the South, side façade—between the two residential towers.

3.2. Micro-Meteorological Measurements

In situ micro-meteorological measurements were conducted at different height bal-
conies, representing summer and winter periods. Monitoring was conducted with HOBO
USB Microstations H-21 (Figure 6). Table 1 shows the specifications of the sensors used.
Three monitoring locations/balconies were selected on the West windward façade at floors
4, 17, and 28, and one on the South, side façade, between the case-study tower and its
neighboring one, both residential, at floor 15 (corner effect) (Figure 5). Floor 15 balcony
was chosen in order to better understand the Venturi effect between the two towers, and
how it affects the microclimate there. Recorded data included dry bulb temperature (◦C),
relative humidity (%), wind direction (degrees), wind speed (m/s), and gust speed (m/s).

The summer study period spans from 25 June to 1 July 2020, and the winter study
period from 26 January to 3 February 2021. For the summer period, environmental data
were recorded on floor levels 4 and 28 (West orientation—windward façade). For the winter
period, initial studies showed considerably higher wind and gust speed velocities that
demanded the collection of a larger set of data, as well as a higher level of analysis of the
results produced. As a result, monitoring expanded to cover both the windward façades,
on floor levels 4, 17, and 28 (West orientation), and the side façade on floor 15 (South
orientation—between the towers). Comparisons are made between the summer and winter
periods from the in situ meteorological stations, wind velocities from the weather station at
the beach, and survey questionnaires administered to the respective residents.
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Figure 6. Installation of micro-meteorological station for data acquisition: dry bulb temperature (◦C),
relative humidity (%), wind speed (m/s), gust speed (m/s), and wind direction (in degrees).

Table 1. Specifications for HOBO USB Microstation H-21 used for micro-meteorological measurement.

Parameters Sensor Measurement Range Accuracy Resolution

Air temperature (◦C) HOBO S-THB-M002 −40 ◦C to 75 ◦C ±0.21 ◦C from 0◦ to 50 ◦C 0.02 ◦C at 25 ◦C

Relative humidity (%) HOBO S-THB-M002 0–100% ±2.5% from 10% to 90% 0.1% RH

Wind speed (m/s) HOBO S-WCF-M003 0 to 76 m/s ±1.1 m/s or ±5% of reading 0.5 m/s (1.1 mph)

Gust speed (m/s) HOBO S-WCF-M003 0 to 76 m/s ±1.1 m/s or ±5% of reading 0.5 m/s (1.1 mph)

Wind direction (◦) HOBO S-WCF-M003 0 to 355◦ ±7 degrees 1 degree

Tripod HSW 2 m Tripod Tower

Figure 7 shows the micro-meteorological stations in place during the monitoring
periods of the respective balconies. The photographs depict quite clearly the urban views
toward the sea/west orientation. While there are a number of high-rise buildings in close
proximity to the case study, these are not located directly in front of the tower. Except for
floor 4 that faces a low-rise building at that level, sited at a distance of more than 15 m, and
floor 15 that is located between the residential towers, again at a distance of approximately
15 m, floor 17 and floor 28 are completely exposed. Floor 17 is also exposed from above as
there is no balcony directly above it, while floor 28 is shaded and covered by the balcony of
the floor above, which is also the last one in the building.
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West orientation floor 4. South orientation floor 15  

West orientation floor 28. West orientation floor 17. 

Figure 7. Micro-meteorological stations at different height balconies. Top left, clockwise: West
orientation floor 4; South orientation floor 15(between the towers); West orientation floor 17; West
orientation floor 28.

4. Results

4.1. Summer Period

Figure 8 graphs depict the summer timeline (25 June to 1 July 2020) in relation to wind
and gust velocities, and temperature variations from the micro-mereological stations on
floor 4 and floor 28. Wind speed from the weather station at the beach is also depicted as
a reference point. The weather station at the beach is located 10 m above ground and is
unobstructed by buildings or vegetation, as opposed to the urban location of the residential
tower where the monitoring took place. However, the monitored balconies are on average
much higher than the surrounding building canopy. The height of the micro-mereological
station is 1.5 m, while the case study balcony heights are mentioned further up in the
Case-study section. According to the above calculations, the height difference between the
weather station at the beach (sea level plus 10 m) and floor 4 is 5.55 m higher, and 79.95 m
higher for floor 28. The distance between floor 4 and floor 28 is about 75 m.

Data are depicted as averages between 00:00, 12:00, and 16:00 h. The specific time-
frames represent best the daily fluctuations of the environmental variables under study.
Monitoring results confirm that wind speed increases with height, while temperature drops.
Regarding the temperature, daily values range between 23–29 ◦C, while the variations
between floor 4 and floor 28 are approximately 1–2 ◦C less for floor 28. In addition, the
average diurnal temperature variations are in the range of 1–2 ◦C less at night, suggesting
an overheating of the urban environment. Wind velocities for floor 4 range between 0.3–
1.7 m/s, while the increase per building height (floor 4 to floor 28) is in the range of 20% to
more than 100%, with values reaching 2–3.4 m/s at floor 28. Similarly, gust speed values at
floor 4 range from 1.0–5.0 m/s, while at floor 28 they accelerate to 1.7–7.0 m/s. Gust speed
recordings seem to follow more closely the air velocities recorded at the beach weather
station. The trend is similar, but with lower values for floor 4, while a better correlation
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exists with floor 28, however there, wind spikes can be higher. The highest recorded gust
velocity is 7.0 m/s at floor 28, at 16:00 on 26 June 2020, with a temperature of 25.8 ◦C.

 

 
Figure 8. Summer period recordings from 25 June to 1 July 2020, depicting wind speed, gust velocity
and temperature variations from the micro-meteorological stations located at floor 4 (top) and floor
28 (bottom) on the West façade, in relation to wind speed from the meteorological station at the beach
at a height of 10 m, at 00:00, 12:00, and 16:00 h.

According to Lawson and Penwarden’s extensive ‘Land Beaufort scale’ on wind effects
on people at pedestrian level height [62,63], an air velocity value of 7.0 m/s refers to ‘force
of wind felt on body’, and is at the threshold between a ‘moderate breeze’ and a ‘strong
breeze’; however, these specifications refer to wind speed at 1.75 m height. Floor 28 is at a
height of almost 90 m plus the height of the standing person. In addition, the balcony’s
frame and railings are made of glass, possibly enhancing a feeling of discomfort to a person
standing there, by exposing them to the intensified environmental variables. Figure 9
shows a view of the floor 28 balcony during summer. While the city views are astonishing
the balcony is devoid of any decoration due to the high winds. The residents placed a
children’s pool that is hardly used according to their statements, and that is securely held
in place with the weight of a metal chair. The effective use of the balcony space and the
opening of the glass doors for ventilation is discussed further on in this paper through an
analysis of occupants’ questionnaires.
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Figure 9. View of balcony at floor 28 during summer. The balcony is devoid of decoration due to the
high winds, while the children’s pool that is seldom used by the owners is secured in place with the
weight of the metal chair.

4.2. Winter Period

Graphs in Figures 10 and 11 depict the winter period results from 26 January to 3
February 2021, in relation to wind and gust velocities, and temperature variations from the
micro-meteorological stations at the residential balconies, as well as air velocities from the
weather station at the beach. Due to the higher air flows during winter, the data collection
expanded, covering floors 4, 17, and 28 on the windward West façade, and floor 15 on the
South, side façade, between the two residential towers. The height differences between
the weather station at the beach, located 10 m above ground, and the monitored balconies,
are as follows: 5.55 m for floor 4, 39.65 m for floor 15, 45.85 m for floor 17, and 79.95 m
for floor 28. Data are depicted as averages between 00:00, 12:00, and 14:00 h. The specific
timeframes are considered to best represent the daily fluctuations of the environmental
variables under study, while an hourly analysis is also conducted further down in this
paper. Daily temperature variations range from about 14 ◦C at night to as high as 27 ◦C
during the day, with an average of just above 18 ◦C for the timeframe under study, as
recorded at floor 4, 15.55 m above ground. The highest temperatures are observed around
12:00. Monitoring results confirmed that temperature drops with building height between
floor 4 and floors 15 and 17; however, there is a slight increase again at floor 28 during
winter, e.g., 20.6 ◦C at 12:00 on 26 January at floor 4, drop to 18.4 ◦C at floor 17, and rise
again to 20.1 ◦C at floor 28.

Further studies within the urban environment have shown higher temperatures on
the roofs of the towers due to their exposure to unobstructed direct and diffuse solar
radiation, as opposed to lower levels, certainly the pedestrian level, which are overshaded
by the adjoining towers. A thermal comfort study on the specific climatic conditions
of Tel Aviv during summers and winters of 2007–2011 reported that the city’s all-year
thermal comfort range is between 19–25/26 ◦C [64]. These results resemble the temperature
stratifications of the current monitoring data. In hot climates, as per ASHRAE [65], the
comfort zone shifts towards warmer conditions compared to colder climates. However,
one’s perception between comfort and discomfort lies between the calibration of micro-
climatic conditions [66]. Outdoor thermal comfort within the urban environment is a multi-
faceted subject that involves a number of environmental variables not easily quantified or
controlled and is relative to peoples’ specific preferences and attributes [67–70]. The impact
of urban wind is pivotal. In this paper, the complexity of the outdoor urban environment is
discussed in relation to building height through the presence of balconies.
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Figure 10. Winter period recordings from the 26 January to 3 February 2021, depicting wind speed,
gust velocity and temperature variations from the micro-meteorological stations located at floor
15—South, side façade orientation, in relation to wind speed from the meteorological station at the
beach at a height of 10 m, at 00:00, 12:00, and 16:00.

 
Figure 11. Cont.
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Figure 11. Winter period recordings between 26 January to 3 February 2021 depicting wind speed,
gust velocity and temperature variations from the micro-meteorological stations located at floor 4
(top), floor 17 (middle) and floor 28 (bottom)—W façade orientation, in relation to wind speed from
the meteorological station at the beach at a height of 10 m, at 00:00, 12:00, and 16:00.

During the winter period, monitored air velocities were quite high between 27 January
and 2 February, with the beginning and the end of the monitoring week having weak wind
days. Results confirm an increase in air velocity per building height. Wind speed averages
at floor 4 are in the range of 1 m/s, with a spike to 3.5 m/s on 29 January, at 14:00. The
increase, however, from floor 4 to floors 15 and 17, as a general rule, is in the range of 3, 4,
and almost 5 times more, e.g., 0.7 m/s at floor 4 rises to 4.0 m/s at floor 17, 4.4 m/s at floor
15 (side elevation—corner effect), and then accelerates to 6.7 m/s at floor 28. Regarding
gust speed averages, both summer and winter periods confirm that these usually reach
twice the mean wind speed. In addition, similarly with the summer period, monitored
gust speed velocities seem to more closely follow the air velocities at the meteorological
station at the beach, especially with the increase in building height, e.g., between 29 and
30 January 2021, the trend is exactly the same. Nevertheless, with the increase in building
height, both wind and gust speeds relate more to the air velocities at the beach and tend to
increase considerably by the time they reach floor 28.

The correlation between air velocities at the beach and the monitoring balconies is
especially prominent at the West windward façade, while the trend is not as obvious for the
side balcony on floor 15. As a general rule, gust speed increases by approximately double
from floor 4 to floors 15 and 17, and then another two times higher up, at floor 28. At 14:00
on 1 January, gust velocity at floor 4 was 4.4 m/s, then increased to 8.4 m/s for floors 15
and 17, and reached 14.7 m/s at floor 28, while at the same time air velocity at the beach
was 4.9 m/s. Floor 28 presented considerably higher velocities throughout the windy days
that span 27 January to 2 February, with gust speed averages of 8.9 m/s, while at the same
time averages for floors 15 and 17 were 5.9 m/s.

In relation to the monitored wind and gust velocities, these are increased twofold and
more from the ones during summer. From the graphs of Figure 7, it is quite clear that the
velocities of the wind entering Tel Aviv from the beach, as recorded by the meteorological
station there, can be quite high, with a maximum of 11.5 m/s on 29 January, at 14:00,
and a minimum of 1.5 m/s on 2 February, at 14:00. Cohen et al.’s on-site monitoring
study of outdoor pedestrian wind stratifications in three urban locations within Tel Aviv’s
urban fabric, recorded wind speeds between 0.9–1.9 m/s during winter, and 1.1–2.2 m/s
during summer [64]. Similar values were also recorded by these authors during spot
measurements, but the scope of these works is not part of this study. Nevertheless, the
results highlight the considerable reductions of urban winds from the coastline inland. A
further analysis on the diurnal cycle of hourly wind and gust speed velocities in relation
to wind direction, and to the air velocities recorded at the beach meteorological station, is
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conducted in the following section for a better understanding of the wind behavior per
building height during winter.

Diurnal Cycle of Hourly Air Velocities

Figure 12 illustrates a day-and-night hourly analysis on the air velocity stratifications
per building height and orientation (West vs. South façade) for the monitored balconies,
in relation to the maximum air velocity at the beach during the specific timeframe under
study. Results confirm that wind speed increases with height; however, they also underline
the importance of wind direction, depicted in degrees from north eastwards on the graphs.
During the day, wind accelerates mainly from floor 4 to floor 28; however, in the early
morning hours, due to the change in wind direction, floor 17 may present equal or even
lower air velocities than floor 4. Nevertheless, it is quite clear than even though floor 4
could also reach high wind velocities, e.g., graph ‘29.01 p.m.’ with daily gust speeds of
8 m/s, wind velocities at higher balconies can extend to the level of danger, making the
balconies at higher altitudes dangerous and thus non-usable, redundant. An example is
graph ‘29.01 a.m.’, when at 8:30 in the morning an 18 m/s gust speed is recorded at floor
28. While the above example could be considered extreme, the graphs indicate that during
high-wind winter days, wind velocities at higher floors range between 4–6 m/s, and gust
speeds reach 8–10 m/s on a regular basis at floor 28.

Figure 12. Cont.
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Figure 12. Day-and-night maximum wind and gust velocities between 27 January–1 February
depicting floor 4, floor 17, and floor 28 (West windward façade) and floor 15 (South side façade-
between towers), in relation to the maximum wind velocities at the beach. The numbers indicate
wind direction in degrees from N eastwards. The continuous lines of the graph represent the wind
flow from lower level to the highest, while the time frames depict the highest values recorded during
the specific day.

4.3. Wind Comfort Criteria

Even though this case study focuses on the wind profile per building height, it was
important to relate the results of these studies to ‘pedestrian height urban winds’ and ‘wind
comfort criteria’, in order to provide an understanding on the effects that environmental
conditions have on a person occupying the balconies discussed here, and so many others
in many similar buildings. However, pedestrian wind comfort is a multifaceted matter
that involves a number of parameters. Results go beyond the mechanical effects wind has
on people according to the Beaufort scale, i.e., direct effect of wind force [71,72], while
the thermal effects or thermal perception describe the physical, physiological and psycho-
logical parameters of peoples’ comfort conditions outdoors. Physical adaptation relates
to physical activity, adding or removing clothing items (reactive adaptation), or an active
response to the environment, like the opening of a parasol (interactive adaptation) [73,74].
Physiological adaptation relates to changes that occur after repeated exposure to a stimulus,
while psychological factors mainly relate to one’s expectations from the environment, and
depend on the time of exposure, control and familiarity with the environment, as well as a
‘perceived naturalness’ [70].

Currently, no universal wind comfort criteria for pedestrians have been agreed upon
to date, while existing such are mainly based on research studies (field studies and ther-
mal simulations) [75–77], and may differ amongst different countries and institutions. As
a result, more outdoor studies are needed within the urban fabric on a global scale for
establishing threshold values between tolerable and unacceptable wind conditions for
pedestrians [51,78,79]. Table 2 depicts an evaluation of ‘wind comfort and danger’ ac-
cording to Lawson and Penwarden’s extended ‘Land Beaufort scale’ at pedestrian level
height [62,63], Lawson’s wind assessment in the UK [80], and NEN 8100 wind criteria
according to the Netherlands Normalisation Institute (NEN) [81]. The code for pedestrian
wind comfort created by the NEN is currently the only official document on a global scale.
It is not a legal building requirement, but offers assistance through the provision of strict
guidelines for incorporating wind comfort in building construction [72].
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Table 2. Lawson’s assessment in the UK [30], Land Beaufort’s scale [Lawson and Penwarden], and
NEN 8100 wind criteria.

The Lawson Wind
Comfort Criteria

NEN 8100 Wind
Comfort Criteria

Land Beaufort Scale Wind
Speed at 1.75 Height Effect

(m/s)

>25
>20 14.6–17.1

Dangerous to walk
People blown over

Strong Gale
Poor

traversing>20 Unacceptable to walk

10–12

10

12.1–14.5 Fast walking
Great difficulty with balance Near Gale

Moderate
traversing8–10 9.8–12 Pedestrian transit.

Inconvenience felt when walking

6–8 7.6–9.7
Walking, Sightseeing.

Hair blown straight, difficult to
walk steadily

Strong Breeze
Moderate
strolling

6 5 5.6–7.5 Short periods of standing/sitting
Force of wind felt on body Gentle Breeze/Moderate

Breeze/Fresh Breeze
Moderate:

Sitting4
2.5

3.9–5.5 Long periods of standing/sitting
Raises dust, hair disarranged

2.4 3.8 Hair disturbed/clothing flaps

<3.9 <2.5
1.1–2.3 Acceptable for sedentary

activities. Wind felt on face
Calm/Light Air/Light Breeze

Good:
Walking strolling sitting0–1.0 No noticeable wind

Low wind velocity (<1.0 m/s) in hot environments has a negative effect.

Nevertheless, commonly agreed findings between the different indexes see no discom-
fort for wind speeds up to 5 m/s, some discomfort and unpleasant feelings from 5–10 m/s,
and strongly unpleasant feelings and potential danger beyond that [82,83]. However, such
data, sparse as they may be, refer to pedestrian comfort and safety, whereas here we discuss
comfort and safety on balconies of high-rise residential buildings. This is quite a different
discussion since it implies mostly sedentary activities (sitting, dining, etc.), and involves
safety discomfort (whether lack of safety is genuine or just perceived) as well as significant
hazards, not least in the case of toddlers and the elderly, as well as people with a low body
mass. The above monitoring results on air velocities per building height, with a focus on
the winter period, range from ‘uncomfortable’ to ‘dangerous’, according to the international
indexes on wind comfort (Table 2).

4.4. Resident Survey

In order to better understand the impact of the intensity of the environmental variables
per building height on the thermal perception of the potential balcony users, the subjective
human perspective was included in a survey using self-administered semi-structured
questionnaires [84,85]. Tables 3 and 4 give an overview of the effective use of the balcony
space by their occupants, as an outdoor extension of the apartment area, an understanding
of their reliance on the mechanical systems of the building for heating and cooling, and
their relationship to natural ventilation, as well as their perception of natural light within
the premises. The questions also included the occupants’ perception of noise from the
highway and railway below, as well as noise from wind gusts.

The responses of the occupants are a combination of their individual preferences on
comfort and satisfaction, and the effect of the environmental variables. The responses from
floor 4 are the mildest. The balcony is used for recreation throughout the year, infiltration
and noises are barely noticed, and natural light levels are pleasant, probably due to this floor
level being shaded by a building opposite. The floor 17 balcony has a different character.
While the occupants spend up to 1 h per day outdoors, both during winter and summer,
they pointed out that this is because they prefer to smoke outdoors and that all balcony
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items are tied down due to strong winds, while windows are barely opened for ventilation.
Windows and balcony doors also remain mainly closed due to noises from the highway
and railway below, while noises due to wind are prominent. During winter, wind and gust
velocities are mainly felt in the morning and at dusk, and during summer the sunlight is
especially strong at sunset due to the balcony’s west orientation.

Table 3. Occupant responses on the effective annual use of the balconies A.

South—Leeward Façade West—Windward Façade

15th Floor 4th Floor 17th Floor 28th Floor

Opening balcony glass doors for ventilation

1. A few times a day V

2. Once day V V

3. Sometimes

4. Few times V

5. Not at all

Perception of light

1. Very strong V V V

2. Strong

3. Neutral/Pleasant V

4. Weak

5. No light

Is the balcony in use in Winter?

1. Daily V V

2. From time to time V

3. Not at all V

Is the balcony in use in Summer?

1. Daily V V V

2. From time to time

3. Not at all V

How much time do you spend on the balcony?

1. Less than 15 min V V

2. 15–30 min V

3. 60 min

4. More than 60 min V
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The occupants on floor 15, on the other hand, prefer natural ventilation to air con-
ditioning (A/C), so even though most of the time wind phenomena can be intense, with
gust velocities ranging between 8–12m/s during the day (Table 2), these occupants try to
open the glass doors to the balcony for as long as they feel comfortable. However, they
do not enjoy staying on the balcony, and only use this space for storing equipment, which
they tie down due to the high wind velocities. The perception of light is also strong, and
occupants have added Venetian blinds to avoid glare. The most extreme responses are from
the occupants of floor 28, that also relate to the pronounced environmental phenomena
there. The occupants do not use the balcony at all, except very rarely in summer. They have
added outdoor electric blinds and automatic opening sensors, in order to control natural
light intensity and introduce some natural ventilation within the premises. Air infiltration
due to high wind pressures increases during winter, while whistling noise due to the wind
and infiltration, as well as noise from the adjacent highway and railway, are prominent
throughout the day.

This section may be divided by subheadings. It should provide a concise and precise
description of the experimental results, their interpretation, as well as the experimental
conclusions that can be drawn.

The behavioral patterns of the occupants are comparable with the intensity of the
recorded environmental variables per building height. Except for floor 4, the character of
the other, higher balconies is mainly problematic, and they are not used, thus redundant.
On floor 17, the residents’ need and will to enjoy their outdoor space overcame their
negative feelings stemming from increased wind velocities and noise levels, while on floor
15 the balcony is no different from a storage room. Residents on floor 28 seem to suffer
the most and take the least pleasure of this extra space, as they are unable to use it either
for pleasure or storage. The higher wind velocities are also counterproductive in terms
of natural ventilation and cooling within the premises. These could have been beneficial
during the high summer temperatures, while introducing fresh air into the premises, which
is an important consideration all year round. In addition, regarding high-rise buildings
located near highways and railways, most residents noted that noise levels were quite high,
as the sound is not filtered by the surrounding built environment.

5. Discussion

This study is part of a wider research on the sustainability of high-rise buildings
and their successful integration within the urban environment, given their increasing
numbers worldwide. Results emphasize the complications of the varying microclimate in
tall building design, and by doing so, emphasize the importance of a different detailing of
the building envelope with height, in order to accommodate the changing environmental
variables, improve the energy efficiency of the structure, and secure safe and pleasant
conditions for the occupants. The building envelope’s importance as the interface between
indoors and outdoors is paramount [86]. This relationship is relevant to the specific climatic
conditions of the building’s location, and in high-rise buildings also becomes relevant
to the changing microclimate with height [45,46]. Previous studies have confirmed the
importance of the thermal properties of the materials of the building envelope on energy
loads, with a focus on the high-rise office and residential typologies, based on thermal
simulations [49,87,88]. This study draws conclusions on the appropriateness of a typical
residential tower design with exposed balconies through on-site monitoring. Monitoring
data are juxtaposed with the occupants’ perception of comfort in relation to the height of
the balconies.

The results in fact revealed that the higher the apartment the less comfortable were its
owners to occupy and enjoy the outdoor balcony space (ref. Table 4). These findings stand
in contrast with evidence provided of a rent gradient within tall buildings, where rent
premiums increase with building height, while the addition of balcony space is considered
a further premium [89] the cost of which is both reflected in the price of the apartment
and the municipal monthly taxes calculated per floor area. In high-rise Hong Kong, the
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provision of a balcony is also considered a ‘green feature’, as it provides sun-shading, offers
plant space, and with height above ground mitigates street pollution and noise, while an
apartment without a balcony is expected to sell for considerably less, depending on the
surrounding views and location [90]. Conroy et al.’s survey on the subject of ‘higher-floor
premium’ of high-rise buildings in San Diego confirmed a 2.2% increase in sales prices with
the addition of every floor level; however, the increase rate decreases with height above
ground [91]. Nevertheless, while sale prices per floor level are dependent on a number of
variables, e.g., additional building materials with height, size of apartment, provision of
car-parking, etc., there is also the perception that units on higher floors are generally more
‘desirable’ due to extended views, noise and pollution reduction [92–95].

The current studies were conducted in the Mediterranean climate of Tel Aviv, yet
it is quite clear, that contrary to the mild climatic conditions, wind and gust velocities
tend to intensify considerably with height, reaching the point of danger, especially during
winter. Such relationships are especially prominent in the graphs of Figure 12 that depict
minimum–maximum winter values between day and night. Regarding the occupants, the
main issues that were stressed involved increased air velocities and light intensity, increased
infiltration, and wind whistling, as well as noises from the highway and railway at ground
level. The intensity of these phenomena relates to the density of the urban environment
and the number of high-rise buildings that exist in close proximity to one another. As
height increases the structure is exposed both to higher wind and light intensities. Failure
to accommodate these into building design results in malfunctioning of the building itself.
With regard to the high-rise buildings being located near railroad and railway stations and
highways, this is in accordance with the decisions of Tel Aviv’s Planning and Building
Committee for urban development. However, noise level studies that would provide
an understanding on the impact such relationships have on the high-rise occupants are
presently lacking.

The current case study rejected the notion of reduced noise from the ground level as
height increases, with residents of the higher-up apartments being more aware of noises
from the city’s highway and railway, than the apartment closer to the street level (ref.
Table 4, floor 4). The density of the urban fabric is definitely a parameter here, with
the residents of high-rise apartments, in Hong Kong and Singapore for example, where
high-rise building density is increased, having a different view on the subject. Three-
dimensional simulations of an urban district in Singapore confirm that the changes in noise
levels according to height in high-rise buildings are relative to the effects of obstruction,
distance attenuation, ground absorption and noise barrier screen [96]. A study on noise
level profiles at different levels of three high-rise buildings in Milan confirmed that these
are relevant to the characteristics of the urban environment where the specific building
is located, and that the results sometimes contravene the general rule that noise levels at
higher floors are reduced [97]. As a result, a noise level assessment on high-rise structures
becomes important in order to guide mitigation measures.

In terms of design optimization, opportunities are missed for introducing, for instance,
a second façade layer enclosing the balcony space. A double-skin façade DSF spanning the
width of the balcony could potentially solve the issues noted above, i.e., increased wind and
gust velocities, infiltration and noise, as well as improve the effective use of this outdoor
space at higher altitudes and advance the energy efficiency of the structure. The detailing
of the DSF façade, however, becomes very important [88,98]. The exterior layer of glass
doors could have the possibility of opening and closing subject to the use patterns of the
occupants and the changes in environmental variables, while considerably reducing annual
energy loads [49,88]. The balcony’s outdoor space could act as a greenhouse during winter,
warming passively the interior, while during summer the strategic opening of the glass
doors alongside dynamic shading could allow for the introduction of natural ventilation
within the premises, irrespective of the floor height above ground, reducing cooling loads.
However, examples of opening doors—partitions may be problematic, even at the ground
floor level, let alone in high-rise buildings. Better yet, new technologies could make such

194



Buildings 2023, 13, 1979

relationships easier to accomplish. The above strategy could result in annual energy load
reductions and a more sociable and friendly outdoor space at greater heights.

The introduction of a double-skin façade layer into the high-rise balcony space could
be explored further, while other strategies could also be appropriate in order to accommo-
date more socially acceptable, energy-efficient design proposals in the high-rise building
typology [99–101]. Nevertheless, similar monitoring studies on high-rise buildings are
lacking, while the inclusion of the occupants’ perception through surveys appears to be
vital towards an understanding of indoor/outdoor human comfort conditions in tall build-
ings. Additionally, further research, to micro-model air flow conditions using powerful
CFD tools, could also prove valuable in the design of high-rise buildings. The goals and
results of this study underline the complexity of the high-rise typology and the need for
further studies on the relationship between design and function, especially in relation to
the changing microclimate with height.

6. Conclusions

The growing numbers of high-rise buildings globally, a result of urbanization and
population growth, highlight the need for in-depth studies relating to their economic,
environmental, and social characteristics. The outcome will be the implementation of design
strategies relating to the tall building typology, in order for it to successfully contribute
towards the establishment of sustainable urban environments. This case study questions the
appropriateness of the design of exposed balconies along the high-rise building envelope
in the Mediterranean climate of Tel Aviv. On-site monitoring at different height balconies
recorded the changing environmental variables with height and the increased wind flow
fields around the tower. The results were juxtaposed with the perception of comfort of the
respective occupants.

The conclusions of this case study highlight that while there are different parameters
governing tall buildings relative to their height above ground, such as environmental, social,
economic, etc., current design practices do not reflect upon such, with the use of a typical
floorplan design all along the structure’s height being one example. The introduction
of exposed balconies along the high-rise building envelope, a design solution which is
currently gaining popularity, especially in warmer climates, does not seem to yield the
success expected. The balconies’ copy/paste approach from one floor level to the next is not
appropriate as height increases, and may also reach a level of danger like, for example, the
environmental conditions faced in this case study by the residents of floor 28 during winter.

The tall building typology has seen a dramatic evolution from its birth to date. The
main design parameters relate to function, architectural style, height and structural strategy,
and accordingly affect the structure’s energy performance over time [102–104]. The new
generation of tall buildings, however, from the lower-height range to the tallest, will have
to address issues of energy efficiency, an increasing level of climate change mitigation
strategies, as well as the provision of a safe and comfortable environment for the people
occupying them. Planning authorities should become stricter and require a higher level
of analysis of the proposed designs, e.g., a detailed environmental impact assessment
report addressing the building’s impact on its surroundings, as well as the impact of the
changing climate with height. An ideal scenario would be the establishment of green
design guidelines on high-rise development according to climate, as well as incentives for
‘excellence’ in design, as part of the planning procedure.

In addition, tall buildings and their relationship to the urban environment should be
studied from a holistic perspective and that can only be achieved through the partnership
and commitment of all parties involved in city planning, urban and building design. In
this process, a successful dialogue between government agencies, policy makers, urban
designers, city planners, academics, architects and engineers, and their clients, becomes
vital and should form a continuous process of information and expertise exchange. Such
procedures should become the norm towards a sustainable urban future, where high-rise
buildings could be seen as assets, instead of problematic urban additions.
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Abstract: The subway factory industry is developing rapidly in China, but there are some occupa-
tional health risk assessments of inhalable dust in this industry. Therefore, this study aimed to explore
the contamination level and health risks of dust in an aluminum alloy body workshop of subway
factories in Hunan Province, China. A total of 160 dust samples were collected from the welding
and grinding areas. The main elements of PM10 were analyzed. The health risks of aluminum
dust and PM2.5 were evaluated. The Monte Carlo method was adopted to compare the sensitivity
of the Hazard Quota (HQ) of aluminum dust and carcinogenic risk (CR) of PM2.5 to the exposure
parameters for workers. The results showed that the PM10 concentration in the grinding area was
higher, while the PM2.5 concentration in the welding area was higher. The metal element with a mass
fraction of 27.7% was aluminum. In both areas, the probability of the aluminum dust HQ exceeding
1 was approximately 17% and 68%, respectively. The PM2.5 CR exceeded the acceptable upper limit
value (1.0 × 10−4). The main risk factor of aluminum dust HQ was concentration, while the main
risk factors of PM2.5 CR were concentration and exposure duration. These findings provide basic
data for enhancing health risk management in the subway industry.

Keywords: inhalable dust; health risk assessment; quantitative evaluation; sensitivity analysis

1. Introduction

With the acceleration of China’s urbanization process, the subway has become an
important part of urban public transportation. In the subway factory industry, aluminum
products are widely used for welding because of their unique physical and chemical
properties [1], and the performance and lifespan of welded products, such as the subway
aluminum alloy car body, are directly affected by welding quality [2]. During the welding
and grinding processing of aluminum subway components, a large quantity of dust parti-
cles is inevitably generated. In the post-pandemic era, the human health risks of particulate
matter have received widespread attention. These dusts contain harmful metallic elements
and metal oxides, such as Aluminum, Manganese, etc. [3] Long-term exposure to low doses
of these dusts, especially PM2.5, is very detrimental to worker health [4,5]. Fine particles
entering the human body will harm human organs such as the respiratory tract, heart, lungs
and blood vessels [6]. For example, the heart rate variability of shipyard welders is mainly
caused by their exposure to welding fumes [7]. The metal oxide of aluminum in welding
smoke is the main cause of metal fume fever, which may trigger respiratory problems [8].
Therefore, it is necessary to monitor the dust concentration and accurately assess the health
risks of dust to enhance the management of the subway factory working environment.

Over the past few decades, extensive research has been conducted in particle prop-
erties and their interactions with human health [9]. Numerous reports on the health risk
assessment of dust exposure have also been published. Huang et al. [10] investigated the
characteristics and health effects of the fine particulate matter (PM2.5) at the subway sites in
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Chengdu, China. The results showed that arsenic was the predominant element affecting
the potential non-carcinogenic and carcinogenic risks of subway workers. Alias et al. [11]
identify the composition and health risk of PM2.5 in naturally ventilated schools located in
the state of Selangor and Kuala Lumpur in Peninsular Malaysia. The authors found that for
all stations, the Hazard Quota (HQ) value was lower than the acceptable limits, while the
excess lifetime carcinogenic risk (CR) value was slightly higher than the acceptable level
(1.0 × 10−6) for Cr and Ni. Wang et al. [12] conducted a health risk assessment on exposure
to particulate matter and other air pollutants in the underground parking garage environ-
ment under natural ventilation conditions in Xi’an, China. The results indicated that the
entropy values of cardiac and non-cardiac risks of staff were the highest. Hamzah et al. [13]
investigated the association between metal dust exposure and respiratory health in male
factory workers. Dueck et al. [14] found that compared to welder apprentices, professional
welders should pay more attention to the health risks of the exposure to manganese in
inhalable particles. Tong et al. [15] analyzed contamination levels and health effects of
automobile factory dust. The results showed that reducing the average time spent in the
factory could effectively mitigate the health risks of dust to workers. In automotive plants,
the method of local exhaust ventilation could also reduce worker particle exposure [16].
However, few studies have been conducted on the health risk assessment of dust in the
welding and grinding environment of subway factory industries.

Furthermore, the Monte Carlo simulation method is a very effective method for
the human health risk assessment of environmental contaminants. Dehghani et al. [17]
adopted the Monte Carlo simulation technique to assess the health risks of heavy metal
exposure in a steel plant, and found that further improved control measures should be
proposed for reducing the occupational exposure levels. In addition, quantitative health
risk analysis based on the Monte Carlo simulation can provide an important scientific
basis for evaluating potential human risk assessment [15,18]. Therefore, this probabilistic
simulation method was employed to analyze the uncertainty of exposure parameters in
this study.

We selected an aluminum alloy body workshop within subway manufacturing plants
located in Hunan Province, China as a case study. First, dust samples in the welding and
grinding areas were collected at fixed points. In addition, the dust mass concentrations
were determined via the membrane-weighing method. Then, the probabilistic health
risk evaluation model was adopted to evaluate the non-carcinogenic Hazard Quota (HQ)
and carcinogenic risk (CR) of inhalable dust. Finally, the sensitivities of the exposure
parameters influencing the HQ and CR of dust were investigated. The research results
could provide reference for managers to make health risk management decisions in the
subway factory industry.

2. Materials and Methods

2.1. A Subway Aluminum Alloy Body Workshop

At present, China has taken the global lead in terms of the speed and scale of subway
system planning and construction. With the increase in Gross Domestic Product (GDP),
major cities in China tend to develop longer subway systems [19]. Thus, an aluminum
alloy body workshop within subway factory industries in Hunan Province was selected in
this study. In the workshop, the subway aluminum alloy bodies are welded and grinded.
Their sizes were 67 m long × 18 m wide × 15 m high. The dust generated mainly included
welding fumes and grinding particles. A displacement ventilation system with 14 cylin-
drical air supply outlets (2 m height) and 14 louvers return air outlets (12.5 m height) was
adopted to meet the indoor air quality of the Chinese mandatory national occupational
health standard “GBZ 2.1—2019 Occupational exposure limits for hazardous factors in the
workplace Part 1: Chemical Hazardous Factors” [20].
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2.2. Sample Collection and Analysis

A total of 160 dust samples were collected from 8 to 21 June 2020 under normal
welding and grinding conditions. The fixed-point sampling process follows the national
standard “Specification for Air Sampling for Monitoring Hazardous Substances in the
Workplace” [21]. As shown in Figure 1, two sampling points (S1–S2) are set up in the
welding and grinding area (height 1.5 m) of the workshop, where S1 is located in the
welding area and S2 is located in the grinding area. In this study, the mass concentrations
of total suspended particulate matter (TSP), PM10 and PM2.5 were monitored and recorded.
The surface charge of particles is a common phenomenon. For example, laser printers emit
negatively charged particles during operation [22]. The maximum surface charge density
of large spherical particles in a normal atmosphere is 27 μC/m2, and decreases inversely
with the increase in the square root of particle size [23]. When charged colloidal particles
interact with oppositely charged ions, they can form relatively large aggregates that are
stable for days or weeks [24]. In order to avoid the influence of particle surface charge on
sample collection, a neutral adsorption film, namely carbon support film (effective diameter
of the membrane Φ40 mm, China), was selected in this study. An intelligent small-flow
TSP/PM10/PM2.5 sampler (Laoying 2030D, Qingdao, China) equipped with the carbon
support membrane was used for dust sampling with a flow rate of 16.67 L/min. During the
two-week period, samples were collected at each sampling point at 9:30–9:45, 11:00–11:15,
14:30–14:45, and 16:00–16:15 on each weekday for 15 min.

Figure 1. Location of the sampling points in the welding and grinding area.

The dust concentration was calculated using the membrane increment method. All
membranes were placed in a desiccator for 2.5 h prior to sampling. Then, the weight
and number of these membranes were recorded. At each sampling point, a dust sampler
equipped with a filter membrane collected a 15 min air sample at the height of the breath-
ing belt of the welding and grinding workers. After dust sampling, the membrane was
accurately weighed using a microbalance with a sensitivity of 0.01 mg. When the diameter
of the filter membrane was 40 mm, the increase in the total dust of the filter membrane
should have been controlled within the range of [0.1 mg, 10 mg] to avoid dust falling off
due to overload. The dust concentration in the working environment in the workshop was
equal to the dust increment of the filter membrane divided by the volume of the air sample.
The main elements and their weight percent of dust sample micro-area in the welding and
grinding area were analyzed using the method of scanning electron microscopy combined
with energy spectroscopy method.

2.3. Health Risk Assessment

This study aimed to evaluate the dust health risks of welding and grinding workers in
an aluminum alloy body workshop of subway factory factories. Therefore, the purpose
of this study was to evaluate the health risks of inhalable exposure to aluminum dust
and PM2.5. A non-carcinogenic HQ greater than 1 indicates that the worker is at risk of
developing adverse health effects, and the opposite means that there is less health risk. The
HQ of respirable dust is calculated as follows [25]:

HQ = ADD/RfC (1)
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ADD =
C × IR × ET × EF × ED

BW × AT
(2)

where RfC is the reference concentration, mg/m3; RfCs for PM2.5 [25] and aluminum
dust [26] are 0.005 mg/m3, respectively; ADD is the average daily dose (ADD) of indoor
air pollutants inhaled through the respiratory tract, mg/(kg·d); C is the mass concentration
of air pollutants inhaled through the respiratory tract, mg/m3; BW is the body weight, kg;
IR is the inhalation rate, m3/d. Based on data from Ref. [27], the linear fitting relationship
between IR and BW is: IR = 0.0325 × BW + 0.6045 (R2 = 0.9985).ET is the exposure time,
h/d; EF is the exposure frequency, d/a; ED is the exposure duration, a;AT is the average
exposure time, h. AT for non-carcinogenic effects: ED × 365 × 24 (h). For carcinogenic
effects fixed as: 70 × 365 × 24 = 613,200 (h).

The CR values were divided into three scales: an insignificant CR less than 10−6

indicated a negligible CR, an acceptable CR value between 10−6 and 10−4 indicated that the
CR should be considered, and a significant CR value greater than 10−4 indicated a strong
CR must be considered [28–30]. The CR value of PM2.5 through the inhalation route was
calculated as follows:

CR = ADD × IUR × CF (3)

where IUR is the inhalation unit risk, IUR for PM2.5 is 0.008 (μg/m3)−1; CF is the conversion
factor, 1000 μg/mg.

2.4. Sensitivity Analysis

As a very important class of methods, sensitivity analysis has been widely applied in
many research fields, such as the occupational health risk assessment. It could quantita-
tively describe the importance of risk assessment model input variables to output variables.
Monte Carlo simulation, which is a technique used to perform sensitivity analysis, could
be used to quantitatively assess the health risks of air pollutant exposure and deal with the
uncertainties associated with it [31,32]. Based on the Monte Carlo simulation, sensitivity
analysis was adopted to evaluate the influence of exposure parameters on health risk
evaluation indicators. In the simulation results, when the sensitivity is greater than 0, the
variable has a positive impact on the prediction results, and when the sensitivity is less
than 0, it indicates a negative impact. The impact of variables on health risk increases as
the absolute value of sensitivity increases. Previous studies have shown that based on
Oracle Crystal Ball software (Version: 11.1.3.0.0), 10,000 iterations are sufficient to ensure
the stability and accuracy of simulation results [33]. Therefore, the number of iterations
was set to 10,000.

3. Results and Discussion

3.1. Monitoring Results and Analysis
3.1.1. Dust Mass Concentration

The statistical analysis results of the dust mass concentration in the working envi-
ronment of this workshop are shown in Table 1. Based on the mass concentration data
of dust samples, the probability distribution law of dust concentration was obtained by
using Crystal Ball software. The results of the Anderson–Darling test show that the dust
concentration distribution in the workshop working environment is normally distributed.
The results of the existing studies show that the same is true of the distribution of dust con-
centration in foundries [15]. The mean mass concentration (MMC) ± standard deviations
(SD) of total suspended particulate matter (TSP) in the welding and grinding areas were
(1052 ± 509 μg/m3) and (2562 ± 1528 μg/m3), respectively, with PM10 fraction accounting
for more than 75%. To date, the particulate matter with the greatest impact on human
health has been recognized as less than 10 μm in diameter [34]. Adverse health effects may
increase with decreasing particle size, especially for dusts less than 2.5 μm in diameter [35].
As shown in Table 1, the mass concentration of PM2.5 (237 ± 116 μg/m3) in the welding
area is higher, whereas those of TSP (2562 ± 1528 μg/m3) and PM10 (1937 ± 1487 μg/m3)
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in the grinding area are higher. The dust concentration is lower than the occupational
exposure limits for welding fumes of 4 mg/m3. The average mass concentration of PM2.5
(237 μg/m3) in the welding area is more than that (88 μg/m3) in the grinding area. PM10
and PM2.5 can deposit deeply in the upper and lower respiratory tracts, respectively, while
ultrafine particles (<0.1μm) are mainly deposited in the alveoli [36]. Therefore, the occupa-
tional health risk management of the working environment, especially the welding area,
should be enhanced.

Table 1. Dust mass concentration (μg/m3) in the workshop environments.

Working Area Dust Distribution Mean SD Min Max

Welding area
TSP Normal 1052 509 475 1714

PM10 Normal 838 518 260 1517
PM2.5 Normal 237 116 117 394

Grinding area
TSP Normal 2562 1528 756 4283

PM10 Normal 1937 1487 304 3565
PM2.5 Normal 88 16 67 108

3.1.2. Main Elements of PM10

The deposition characteristics of inhaled particles depend on flow velocity and particle
size, and their chemical composition is very complex [36]. As shown in Figure 2, the main
elements and their weight percentages of respirable particles PM10 in the microregion of
dust samples were analyzed using scanning electron microscopy combined with energy
spectroscopy. The trajectory of submicron particles is similar to that of tracer gases [37],
and it is easy to aggregate during airborne propagation, making the particle size larger and
becoming a botryoidal aggregate. Among these dusts, the mass fractions of the elements
O, Al and Si are 46.0%, 27.7% and 7.5%, respectively. The metal element with a mass
fraction of more than 10% is aluminum, followed by Mg (4.6%), Fe (3.6%) and Ca (2.5%).
Mg, Fe, Ca and Na in PM2.5 were not harmful to the human body [38]. The Mn element
in PM2.5 might pose a non-carcinogenic risk to adults and children through respiratory
pathways [26,39]. In this study, the impact of manganese on workers’ health risks was
ignored due to its low mass fraction (0.7%). The mass fraction of non-metallic elements C
is 2.1%. Elemental carbon can cause lung cancer or inflammation [40], while the adverse
effects of organic carbon, such as Polycyclic aromatic hydrocarbons (PAHs) in an office room
with intense printing activity, on respiratory health are more significant [29]. In addition,
the lung deposition and the toxicity of airborne carbon nanotubes are both dependent on
the nanotubes’ shape and form [41]. Therefore, the health risk assessment of respirable
aluminum dust exposure is mainly considered.

Figure 2. Sample particles observed under scanning electron microscopy and their main elemental
components obtained by energy spectrum analysis.
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The statistical analysis results of the mass concentration of respirable aluminum dust
in the working environment are shown in Table 2. The mass concentrations of aluminum
dust in the welding and grinding areas are normally distributed, and their MMC ± SD are
235 ± 145 μg/m3 and 484 ± 372 μg/m3, respectively. The concentration of aluminum dust
is lower than the occupational exposure limits for aluminum metal and aluminum alloy
dust of 3 mg/m3 and aluminum oxide dust of 4 mg/m3.

Table 2. Inhalable aluminum dust concentration (μg/m3) in the working environments.

Working Area Distribution Mean SD Min Max

Welding area Normal 235 145 73 425
Grinding area Normal 484 372 76 891

3.2. Exposure Parameters

Exposure parameters play a vital role in human health risk assessment. We interviewed
18 welders and 10 grinding workers (all men) under their normal working conditions. Data
such as workers’ body weight (BW), exposure time (ET), exposure frequency (EF) and
exposure duration (ED) were collected through the method of site survey. Crystal Ball
software was used to test the statistical values (Chi square, Kolmogorov–Smirnov, and
Anderson–Darling) to analyze the distribution of these exposure parameters. In this study,
BW and IR were normally distributed based on the Anderson–Darling test. Based on data
from Ref. [27], the linear fitting relationship between IR and BW was obtained. Triangular
distributions of ET, EF and ED fit best. These exposure parameters are shown in Table 3.

Table 3. Exposure parameters of male workers engaged in welding and grinding.

Exposure Parameter Unit Distribution Probable Value Min Max SD

IR m3/h Normal 2.37 2.12 2.97 0.81
ED a Triangular 26 5 35
EF d/a Triangular 296 272 318
ET h/d Triangular 9.50 8 10.25
BW kg Normal 54.3 46.5 72.8 6.2

3.3. Health Risk Assessment

The soluble aluminum compounds in inhalable particles can enter the bloodstream
from the lungs of workers exposed to aluminum welding fumes. This can cause distur-
bances in their cognitive processes, memory and concentration, and changes in mood
and electroencephalogram [42]. The results of the simulation of non-carcinogenic health
risks of inhalable exposure to aluminum dust are shown in Figure 3. The geometric
mean ± SD of the aluminum dust HQ in the welding and grinding areas was 0.697 ± 0.286
and 1.37 ± 0.663, respectively. The probability of the HQ of aluminum dust in both areas
exceeding 1 was approximately 17% and 68%, respectively. The aluminum dust generated
during the grinding process far exceeded that generated during the welding process, which
led to a greater probability that the grinding workers could inhale aluminum dust and
exposed to a non-carcinogenic risk value of more than 1. HQ > 1 indicates that aluminum
dust exposure exceeded threshold and has a high non-carcinogenic risk, which should be a
cause for concern. Therefore, workers should pay more attention to protection against the
non-carcinogenic risks of inhalable aluminum dust, especially grinding workers.

PM2.5 can induce lung cancer and chronic airway inflammatory diseases [43]. The
results of the simulation of the health risks of PM2.5 inhalable exposure to carcinogenesis
are shown in Figure 4. The geometric mean ± SD of CR for the PM2.5 in the welding and
grinding areas was 8.90 × 10−3 ± 3.98 × 10−3 and 3.11 × 10−3 ± 1.00 × 10−4, respectively.
The PM2.5 CR in the both areas exceeded 1.0 × 10−4, which meant that PM2.5 in the
workshop working environment had a significant CR to human health. Existing research
results showed that the probability of the inhalation silica dust CR in an automobile foundry
was below 1.0 × 10−5 [15], while that of PM2.5 CR for male and female technicians in an
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academic metallurgy workshop had exceeded 1 × 10−5 [25]. The comparison results
indicate that the health risks of all elements in inhalable dust should be evaluated to
avoid the impact of a single element on effective risk management in terms of health risk
assessment. The PM2.5 generated during welding far exceeds that generated during the
grinding process. Therefore, workers in an aluminum alloy body workshop of subway
factory industries, especially welding workers, should focus on the PM2.5 CR.

Figure 3. Evaluation of non-carcinogenic HQ of inhalable exposure to aluminum dust.

Figure 4. Health risk evaluation of carcinogenic health risk of PM2.5 exposure.

3.4. Sensitivity Analysis

The sensitivity analysis results of aluminum dust HQ (HQ-Al) and PM2.5 CR (CR-
PM2.5) at two types of work area (S1 for welding and S2 for grinding) are shown in Figure 5.
Aluminum dust concentration with a sensitivity of 88% is the most important cause of
non-carcinogenic health risks of aluminum dust in welding (HQ-Al-S1) and grinding areas
(HQ-Al-S2), while the remaining exposure parameters have relatively little sensitivity. This
finding is consistent with previous findings [15]. This shows that the mass concentration of
inhalable aluminum dust in the working area should be reduced by rationally designing
and optimizing the form of indoor ventilation, so as to reduce the health risk of aluminum
dust to workers.

Dust concentration and exposure duration have a considerable impact on the results
of PM2.5 carcinogenic risk assessment of welder (CR-PM2.5-S1) and grinding workers
(CR-PM2.5-S2). Dust concentration with a sensitivity of 45.6% and exposure duration
with a sensitivity of 45.9% were the two main factors leading to the health risk of PM2.5
carcinogenesis in the welded area, while dust concentration with a sensitivity of 12.2%
and duration of exposure with a sensitivity of 71.7% were the two main factors leading
to the CR of PM2.5 in the grinding area. Therefore, managers need to explore different
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measures and effective methods of reducing the dust health risks involved. For example,
the use of more advanced welding and grinding equipment could reduce dust emissions
from pollution sources, and the method of optimizing indoor airflow organization could
effectively control the concentration field of dust in the working environment. These are
two very effective prevention strategies for improving the health risk management of dust
exposure in the work environment.

Figure 5. Sensitivity analysis of non-carcinogenic health risk (HQ-Al) and PM2.5 carcinogenic health
risk (CR-PM2.5) of aluminum dust.

3.5. Limitations and Future Research Directions

The above research results indicated the contamination levels and health risks of
welding fumes and grinding particles in the aluminum alloy body workshop of subway
manufacturing plants, and had theoretical and practical significance in the health risk
management for workers. However, some limitations were found in the research process of
health risk assessment of inhalable exposure to dust in the workshop. Firstly, the health risk
assessment results of welding and grinding workers had certain limitations because of the
lack of female workers’ participation in this study. In addition, some exposure parameters,
such as the respiratory rate of workers, were mainly indirectly selected from existing
research results due to the lack of standard reference values. These uncertain factors of
exposure parameters would inevitably have adverse effects on the results of health risk
assessment. In addition, the toxicity values of some pollutants, such as the Reference
Concentration (RfC) standard value of PM10, had not been found as suitable reference
values, which affected the subsequent research on health risk assessment. Furthermore, the
health risk protection measures taken by workers, such as wearing a KN100 dust mask,
were not taken into account in this study, which could result in the calculated values of
workers’ health risk indicators being higher than the actual values. Finally, the content of
this study is only a small fraction of health issues in welding and grinding, viz. respiratory
problems in welding and grinding, skin cancer issues in welding, metal fume fever in
welders and mill grinding noise. For example, harmful gases such as ozone and NOx
are inevitably generated during the welding process of aluminum alloys [44], but the
concentration of these gases was not monitored in this study.

Based on the above analysis results, the following research is recommended as follows:
firstly, from the perspective of basic research, extensive investigation and research on
exposure parameters of welding and grinding workers should be conducted, and the
corresponding databases should be established. Extensive research should be conducted on
the physicochemical properties of aerosols, the anatomical structure of the respiratory tract,
and the physiology of the respiratory tract in order to further investigate the deposition
patterns of particles in the respiratory tract [36]. Then, from the perspective of the research
object, similar research work should be conducted on the health risk assessment of different
subway manufacturing plants in China (the world’s factory). Furthermore, from the
perspective of research methods, it is necessary to explore the application of artificial
intelligence modeling methods in human health risk assessment, such as the artificial-
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intelligence-based risk assessment of older adults [45]. Finally, from the perspective of
health risk assessment, a comprehensive evaluation index system for health issues in
welding and grinding should be established based on existing research results.

4. Conclusions

The quantitative assessment of the health risks of inhalable exposure to welding fumes
and grinding particles in an aluminum alloy body workshop of subway factory industries
is an indispensable part of the occupational health and safety management system. In
this study, the dust mass concentration, exposure parameters for workers and health risk
assessment of inhalable aluminum dust and PM2.5 were investigated and studied. The
research results showed that the mass concentration of PM2.5 in the welding area was
higher, while the mass concentrations of PM10 and total suspended particulate matter
in the grinding area were higher. The geometric means of the non-carcinogenic Hazard
Quota (HQ) of aluminum dust in the welding and grinding areas were 0.697 and 1.37,
respectively, and the probability of their HQ exceeding 1 was approximately 17% and 68%,
respectively. Therefore, workers should pay more attention to the protection against the non-
carcinogenic risks of inhalable aluminum dust, especially grinding workers. The geometric
mean carcinogenic risk (CR) of PM2.5 in the welding and grinding areas was 8.90 × 10−3

and 3.11 × 10−3, respectively. Both exceeded the acceptable upper limit value of PM2.5
CR (1.0 × 10−4), which meant that PM2.5 in the working environment has a significant CR
to workers, especially welders. Aluminum dust concentration with a sensitivity of more
than 89% is the most significant cause of the non-carcinogenic health risks of aluminum
dust in welding and grinding areas. Dust concentration and exposure duration have a
considerable impact on the PM2.5 CRs of workers. The remaining exposure parameters
have relatively little sensitivity. Therefore, managers need to develop different measures
and effective health risk management methods to reduce the dust health risks based on the
sensitivity analysis results. These findings may provide valuable information for a better
understanding of the contamination level and health risk assessment of inhalable welding
fumes and grinding particles in subway factory industries.
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Abstract: Rising global temperatures have increased the need for research into human adaptability
and comfort in buildings. To reduce comfort-related energy demands, low-energy-consumption
alternatives for space cooling, such as personal environmental control systems (PECS), are being
investigated. The implementation of PECS in office buildings is still underway, and little is known
about how occupants’ expectations can influence their satisfaction with PECS and indoor environ-
mental quality. This study examines the influence of tailored information and occupants’ comfort
expectations on their thermal perceptions and satisfaction with a personal ceiling fan. Seventy-six
participants completed an online questionnaire and attended a half-day session at 30 ◦C in a climate
chamber in Germany. A manipulation technique to activate personal norms was used to test the
influence of information on expectations. Results indicated higher reported thermal comfort in
participants with more positive thermal expectations, regardless of their expectations of the building
systems. These effects were largely moderated by personal norms, indicating the importance of
activating normative motivations to increase thermal comfort. Occupants with negative expectations
improved their perceptions of the fan when making personal adjustments to stay comfortable. How-
ever, this effect was not moderated by personal norms. Practical implications focus on manipulating
occupants’ comfort expectations, e.g., by providing occupants with normative messages and indi-
vidual control, to achieve greater comfort and acceptance of personal building controls in naturally
ventilated buildings.

Keywords: psychological adaptation; adaptive behaviors; personal ceiling fan; personal norms; test
chamber; thermal perception; thermal comfort

1. Introduction

The global climate emergency has led to a push to deliver habitable indoor spaces,
resulting in a growing demand for space cooling. A compounding increase in the use
of air conditioning is expected, which will sharply escalate global carbon dioxide emis-
sions. By better understanding how humans perceive and adapt to their thermal built
environment, it may be possible to reduce the comfort-related energy demands of buildings.
The literature on adaptive thermal comfort has gained particular attention over the past
twenty years [1]. According to the theory of adaptive thermal comfort [2], three mecha-
nisms take place in the adaptive processes of occupants in buildings—namely behavioral,
physiological, and psychological mechanisms. Although many efforts have been made
to understand the different factors that influence human adaptation, there is still a gap
between predicted and actual occupant comfort and behavior observed in field studies [1,3].

The concept of comfort expectations has been studied as a relevant dimension of
psychological adaptation to the environment [2]. According to the expectation hypothesis,
an expectation (or anticipatory attitude) affects people’s attitude towards thermal comfort
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attainment. Thus, the expectation of specific thermal conditions is certainly a major aspect
of subjective assessment and satisfaction [4,5]. Some empirical evidence from China [6]
suggested that long-term thermal experiences can raise thermal comfort expectations and
that it is easier and quicker to enhance an individual’s thermal expectations but harder to
lower them. Accordingly, occupants in air-conditioned buildings are quicker to complain
whenever the indoor temperature slightly strays from the usual set point because they have
come to expect thermal constancy [7].

Relaxing comfort expectations could be an alternative path to promote resilience in
buildings. A strategy to transform expectations could be achieved by widening occupants’
thermal acceptability through adaptive behaviors, especially in free-running and green
buildings [8,9]. Adding adaptive capacity in buildings, that is, the ability to implement
effective adaptation strategies, is strongly related to control strategies [10]. Luo et al. [11]
suggested the implementation of personal environmental control systems (PECS) as an
adaptive strategy. PECS have the advantage of controlling the localized environment at the
occupant’s workstation according to their preferences rather than conditioning an entire
room. Thus, PECS have the potential not only to save energy but also to improve comfort
by addressing intra- and interpersonal differences among occupants [12,13]. Personal fans
have been widely implemented as a type of PECS, as the cooling effect of air movement
increases the thermal comfort and acceptability range of occupants in moderately warm
thermal conditions [14–16].

By giving occupants the responsibility of managing certain aspects of the building,
more information needs to be provided related to the passive features and building control
systems in order to pursue an energy-efficient approach [17]. On the one hand, this might
reduce the gap between how designers expect occupants to use a building and how they
actually do. On the other hand, information feedback has been shown to help occupants
save energy. For example, Schweiker et al. [18] found that participants receiving training
and information about passive strategies were more likely to apply such methods and to
reduce high-energy-consumption devices, such as AC-units. Day et al. [19] found that
individuals who reported effective training and therefore understood how to operate the
building controls were significantly more likely to be satisfied with their office environment
when compared to individuals who did not receive any kind of training. Brown et al. [20]
found a positive relationship between knowledge of a building’s systems and higher use of
personal control.

Research Gap and Scientific Contribution

Although several experimental and field studies have shown the potential of providing
effective information and increasing occupants’ knowledge to promote energy-saving
behaviors [21,22] and increase occupant satisfaction [23,24], little work has examined
how tailored information may influence the interaction between comfort expectations
and satisfaction with PECS in naturally ventilated buildings. Thus, this study aims to
understand whether information and knowledge can manipulate occupants with different
positive or negative expectations about PECS and some aspects of the indoor environmental
quality (IEQ), as such expectations could, in turn, influence occupants’ satisfaction with the
building controls and their perception of the indoor environment. The following research
questions will be examined:

• To what extent do occupants’ different expectations of the indoor environment and
adaptive possibilities influence their a) thermal and indoor air quality perception
and b) their satisfaction with a type of PECS?

• To what extent can tailored information to activate normative motivations be used to
manipulate thermal and indoor air quality perception and satisfaction with a type of
PECS of occupants with different expectations?

To address the identified research questions, this study investigates the relationship be-
tween occupants with different expectations of their built environment and their satisfaction
with their indoor environment, as well as how expectations of a type of PECS can be manipu-
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lated to achieve greater satisfaction with the device. The existing definitions, relevant studies in
the literature, and the research hypotheses are presented in Section 2. An experimental study
and an online survey were conducted to test the research hypotheses. The study design and
methods for data collection and analysis are presented in Section 3. The results and related
hypotheses are discussed in Section 4.

This work contributes to the research on the acceptance of a type of PECS to increase
its prominence and implementation in buildings and adds knowledge to the adaptive
comfort literature by deepening the concept of comfort expectations in naturally venti-
lated buildings. The application of a theory-based definition of comfort expectation in a
case study and the relationship between occupant expectations and their acceptance of a
personal control device constitute the novelty of this paper.

2. Literature Review, Definitions and Hypotheses

2.1. Thermal and Behavioral Expectations

Evidence indicates occupants’ expectations of indoor building environments influence
their perceptions of climatic conditions, and unmet expectations of building performance
can lead to dissatisfaction with indoor conditions. To better understand the mismatch
between the occupants’ predicted thermal perceptions of indoor environments and re-
ported satisfaction, expectations in prior studies have been conceptualized in different
ways. Fanger et al. [25] introduced an expectancy factor that relates expectations to past
experiences, such as habituation to warm environments and exposure to air-conditioned
buildings. Schweiker et al. [26] investigated how observed expectations affect occupants’
thermal comfort levels and found a significant influence of thermal memory on expected
comfort. Comfort expectations have mainly been analyzed in relation to perceived con-
trol [6,8,27], thermal experience and exposure [28–31], and thermal memory [32].

Despite the mentioned efforts in the literature, there is a lack of evidence-based and
theory-driven characterization of the psychological adaptive concept of expectation [1].
In a recent study, the authors of reference [33] proposed a framework to operationalize
expectations through cognitive mechanisms from well-established psychological and com-
fort theories (i.e., self-efficacy, perceived control, thermal history, and personal norms and
attitudes). The model was tested through a nationwide survey, and it was concluded
that expectations are key drivers of comfort and comfort-related behaviors. Based on the
psycho-physiological model of Auliciems [34] and the adaptive theory, the framework
established that expectations can be distinguished by thermal and behavioral expectations,
which can be defined as follows:

• Thermal expectations: the thermal experience foreseen by occupants; the anticipated
result, their perception of what will occur.

• Behavioral expectations: the likelihood of engaging in a specific behavior to adapt to
the thermal environment to improve their comfort.

The results of the study [33] showed that the more the positive thermal expectations
of the indoor environment were, the greater the associated reported thermal comfort was.
Similarly, a positive relationship was found between more positive behavioral expectations
toward a specific behavior and the probability of performing that action. A negative corre-
lation was found between thermal and behavioral expectations, supporting the adaptive
principle. The theoretical framework was empirically tested by asking the survey respon-
dents to envision a working space with defined adaptive opportunities, but participants’
actual comfort votes and adaptive actions were not captured in real-time and under the
actual thermal conditions and building settings. Although the relationship between ther-
mal and behavioral expectations was evaluated, the combined effect of positive–negative
thermal and behavioral expectations on participants’ thermal comfort and behavior re-
sponses was not investigated. It would be meaningful to classify different types of thermal
and behavioral expectations for groups of participants with similar cognitive mechanisms,
as this may give insights into how different groups of occupants may be targeted according
to their shared expectations.
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2.2. Provided Information and Building Interactions

In addition to individual differences in preferences and expectations for thermal com-
fort, variations in occupants’ behaviors may result from their inadequate understandings of
the building controls and purpose design of the building [35] or from missing knowledge
or feedback regarding the effect of occupant actions (e.g., [36,37]). Studies on feedback
and feedforward information revealed that the decisions made by occupants can be ma-
nipulated by providing feedback about the consequences of their previous actions [38] or
feedforward information advising occupants prior to their actions [21,39,40]. Only a few
studies have analyzed the impact of feedback and feedforward information on the decision
process of occupants with respect to their building interactions and their change in comfort
level after such decisions.

Meinke et al. [41] concluded that participants tended to interact more rationally with
their built environment when receiving information about the consequences of different
cooling strategies on comfort and energy consumption. They also found that when oc-
cupants were more aware of their control options, it led to increased perceived control
and, consequently, higher comfort. Brown et al. [20] found that occupants’ knowledge of
the building, i.e., awareness and understanding of the building’s environmental features
and control systems, was positively related to the use of personal control in green build-
ings. More recently, Arpan et al. [42] investigated the effect of information on building
occupants’ expectations of sustainable buildings. They concluded that potential building
occupants who are informed about the common features of sustainable buildings and how
they function may have more positive a priori expectations about the thermal and indoor
air quality conditions in the building. Accordingly, it could be hypothesized that providing
information about the benefits and operation of PECS could create positive expectations
towards the device and, consequently, satisfaction with it.

2.3. Normative Motivations

Additional results from the above-mentioned study [33] showed that behavioral expec-
tations were partially explained by personal norms: participants with greater motivations
towards passive cooling strategies (stronger personal norms) will express higher expec-
tations to successfully modify their indoor environment. Changes in user expectations
may be reflected in expectations of building systems and occupant behavior [43]. Research
conducted in intervention studies suggests that normative motivations, i.e., people who pri-
oritize collective interests over their personal ones, have a significant impact on anticipating
and designing interventions to encourage energy-saving behavior [39]. Accordingly, when
activating personal norms, occupants’ behavior is driven by feelings of moral obligation
to act in a norm-concordant manner. In this sense, occupants with strong personal norms
suggest that they are intrinsically motivated to act pro-socially—following normative
considerations—and increase their sense of self-worth. For example, Hameed et al. [44]
studied patterns of adoption of low-carbon practices and concluded that normative mo-
tivations were key drivers for the purchase of energy-saving air conditioners in Pakistan.
Similarly, Gerhardsson et al. [45] found that lighting behaviors, such as improving lighting
technology, were driven by normative goals, while Wall et al. [46] found that environmen-
tally motivated participants who were motivated to save energy were more tolerant of the
poor performance of energy-efficient energy lamps than less environmentally motivated
participants. By activating personal norms, individuals tend to act according to those norms
and are more willing to make concessions to meet their standards of behavior, especially
those who are more environmentally engaged [47].

A theoretical foundation prominently used in psychology to analyze behavioral change
and promote pro-environmental behaviors is the goal-framing theory [48]. According to
this theory, goals determine or “frame” what people pay attention to, what knowledge
and attitudes become most cognitively accessible, how people evaluate different aspects
of the situation, and what alternatives are being considered. A “goal-frame” is the way in
which people process information and act on it. If people change their goals, they will also
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perceive the situation differently. When it is activated or “focalized”, a goal is a combination
of a motive and an activated knowledge structure. There are three types of frames: gain,
hedonistic, and normative frames. The latter two will be considered for the present study.
Hedonistic frames activate subgoals that promise to improve how one feels in a particular
situation. Their time horizon is very short, and people in this frame are sensitive to what
changes their pleasure and mood. For example, feeling warm in a room may decrease
a person’s thermal comfort. The normative frames of “act appropriately” activate goals
related to what is appropriate, and people in this frame are sensitive to what should be
done according to their self or others, including, for example, turning off the thermostat
when the windows are open even if the person does not pay the bill simply because it is
the right thing to do.

In an experimental study, Li et al. [24] used social normative messages to investigate
intended occupant interactions with a PECS, showing a positive influence of feedforward
information on the intended use of a personal desk fan. Thus, informing individuals with
strong pro-environmental norms about PECS features designed to protect the environment
should activate their normative goals and subsequently motivate them to act—or perceive
the situation—in a manner that is congruent with those personal norms. Accordingly, it
might be expected that some occupants would have more positive expectations of PECS and
be more tolerant of indoor conditions when these overarching personal goals are activated.

2.4. Hypotheses

The review of the state of the art has shown that there is a lack of studies assessing
the effect of occupants’ expectations and normative motivations on their satisfaction with
thermal and indoor air quality conditions and personal controls in buildings. Based on the
state of the art in combination with the definitions presented, a preliminary framework for
the assessment of expectancy was developed (Figure 1), which summarizes results from a
previous study on thermal and behavioral expectations [33] and proposes a new investiga-
tion to assess the effect of expectancy groups on thermal satisfactions and satisfaction with
PECS tailored by normative motivations.

Evaluation
Type of PECS under controlled thermal conditions

Experimental study in 
climate chamber

Activation
personal norms

Expectancy
groups

Thermal 
satisfaction

Definition
Theoretical framework

Representative survey in 
Germany

Operationalization
of thermal and 

behavioral 
expectations

Rissetto et al. 2022 Aim of this study

H1

H2

Satisfaction
PECS

a

b

Figure 1. Proposed framework to assess occupants’ expectancy, personal norms, and satisfaction
with thermal conditions and a type of PECS, together with an existing theoretical framework [33].
H1, H2a and H2b are the investigated hypotheses.

Based on the above-stated research questions, the following hypotheses will be
investigated:

216



Buildings 2024, 14, 262

• H1: A person with more positive expectations about the thermal conditions in the
room and towards a type of PECS will find the climatic conditions more acceptable,
expressing higher thermal satisfaction than a person with more negative expectations.

• H2: By activating normative motivations through tailored information, expectations
can be influenced in a positive direction so that (a) participants with more positive
expectations will express higher thermal satisfaction and (b) participants with more
negative expectations will show a change in expectations after using the PECS.

3. Methods

In order to assess the proposed hypotheses, an experimental study in a laboratory
setting and an online survey were conducted. First, participants were asked to complete an
online questionnaire prior to attending a half-day session at the LOBSTER test chamber in
Karlsruhe, Germany [49]. The latter consists of two identical office rooms, each with two
operable windows and blinds facing north. The surface of the test facility (except for the
glass facade) is activated with a capillary tube system, which allows set point temperature
of each surface to be changed individually. For this study, each room was equipped with
a personal ceiling fan. The sessions took place over 15 working days in August 2021. All
procedures were approved by the data protection officer and the ethics committee of the
Karlsruhe Institute of Technology and were conducted in accordance with the Declaration
of Helsinki. The study is described as follows.

3.1. Recruitment and Participation

Participants were recruited primarily through the local newspaper and university
websites. Participants had to be non-smokers and be German or have a good command
of the German language to ensure that they understood and were capable of answering
the provided questionnaires. They received monetary compensation for participating in
the survey and the test chamber session. A total of 76 participants (35 male and 41 female),
aged 18–34 and 50–70 years, took part in the half-day experiment and completed the online
questionnaire. The aim of including those age groups was to increase the probability of
participation and control the sample, as there was a higher probability that individuals
of those groups were able to participate in the experiment during working hours and
have higher motivation to receive a monetary compensation (e.g., students or retired
participants). For the session in the LOBSTER, participants were asked to wear long pants,
a shirt, and closed shoes. Clothing data were collected in the initial questionnaire, and the
clothing level was estimated based on self-reported clothing items in the questionnaire and
converted to clo values based on ISO 7730 [50]. An average value of 0.44 clo (SD = 0.12)
was calculated with an additional value of 0.10 clo to account for the insulation provided
by the desk chair. The participants were not allowed to change their clothing level (e.g., by
taking off their sweater or shoes) during the test.

3.2. Pre-Test: Online Questionnaire

Participants completed an online background questionnaire one week before the
LOBSTER session. The focus of the questionnaire was to assess participants’ psychological
constructs that represent expectations about the indoor environment and PECS, as well
as related topics, such as sustainability or passive climate control strategies in buildings.
The questions were based on the expectancy framework proposed by Rissetto et al. [33].
The questionnaires were sent via Limesurvey [51]. The purpose of this pre-test was to
obtain the long-term attitudes of the participants without the possible influence of the
controlled environment and the experience with the personal ceiling fan in the test chamber.

The survey consisted of three parts. The first section included an anonymous ID code
to allow a comparison with the results of the session in the test chamber (see Section 3.3) and
the measures of control variables, mainly current mood, experience with and evaluation of
fans, experience working in an office environment (e.g., use of air conditioning and the use
of building controls to adjust to climatic conditions). The second section included the main
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measures of this study: (1) measures of thermal expectations and behavioral expectations,
(2) self-efficacy, perceived control, personal norms, thermal history, and attitudes, and
(3) reported comfort and behavior. Finally, the third section included temperature type
and sensitivity to indoor air quality and humidity, as well as expectations of ceiling fans.
The last item was included to analyze the effect of information on a possible change in fan
expectations (related to H2b).

3.3. Session in the LOBSTER

The same participants participated in a half-day session (either morning or afternoon)
in the test chamber. Each session lasted three and a half hours, and a single participant
occupied each room. Figure 2 describes the complete schedule before and during one
session in the chamber. For the first 10 min, the study and the schedule were explained to
the participants in the hallway. During the first half hour (acclimation phase), they entered
the respective room and adapted to the climatic conditions. Both groups experienced warm
indoor thermal conditions, so the walls’ surface temperature was set to 30 ◦C. Participants
were not able to modify the indoor environmental conditions of the rooms. During the
next three hours, they engaged in personal activities, such as reading their own material or
working on the computers provided. Meanwhile, they had the opportunity to perform dif-
ferent adaptive measures to restore their comfort with the thermal environment: (1) turning
on the ceiling fan, (2) tilting the window(s), or (3) drinking water or another beverage.

Figure 2. Timeline of surveys and experimental conditions before and during the session in the
LOBSTER. OQ: online questionnaire. IQ: initial questionnaire; SQ: status questionnaire; EQ: end
questionnaire.

Figure 3 shows the workstation, the personal ceiling fan, and the corresponding sensor
equipment. The participants were seated 50 cm away from the center of the personal ceiling
fan and 1.50 m from the windows. The personal ceiling fan corresponds to a type of PECS
as it is workstation-related, i.e., each occupant owns a device, and can be individually
controlled by the occupant. The axial fan had a small rotating area, and it was integrated
into an acoustic panel to improve the acoustics in the room. The integrated ceiling fan had
an adjustable grille to direct the airflow to the head of the participants, which in this study
was directed towards the side of the participant’s head. The influence of different airflow
directions was previously tested for this personal fan [52], and no significant difference
was found between top, back, frontal and side airflow. The air velocity of the ceiling fan
could be adjusted by the participants using a remote control. Further descriptions of the
ceiling fan can be found in Rissetto et al. [52].

Participants completed various questionnaires during their stay via a web interface
based on pre-set schedules (Figure 2). The focus was to collect information mainly on
their perception of and satisfaction with the IEQ and the personal ceiling fan. As the
questions were asked in the German language, most of the questions and corresponding
scales were based on the German index “INKA: Instrument für Nutzerbefragungen zum
Komfort am Arbeitsplatz” to assess comfort in office buildings [53], which is based on
the questionnaire of ASHRAE 55 [54]. The questionnaires were divided into three blocks
according to different experimental phases: an initial questionnaire (IQ) at the beginning
of the acclimation phase (first 30 min of the experiment), an intermediate questionnaire
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(SQ) at the end of the first hour and a half after the acclimation phase (phase 1), and a final
questionnaire (EQ) asked 10 min prior the end of the second phase of the experimental
part of the session (phase 2). Participants were exposed to the same thermal conditions
in phases 1 and 2, but each phase indicated the appearance of the comfort questionnaires
at different points in time (SQ and EQ) to evaluate the comfort votes during the length of
the study. To analyze a possible change in fan expectations, participants were asked about
their experiences with fans and their expectations and preferences with the personal ceiling
fan and PECS in general to examine whether the expectations reported in the background
questionnaire (Section 3.2) changed after using the personal device and having received
the targeted information (see Section 3.3.2). Table 1 summarizes the key variables collected
on the questionnaires relevant to this paper.

Hanging panel

Fan 
(view from above)

Working station

ALHBORN sensors

Figure 3. Setup of ceiling fan, sitting position, and sensors in the office room in the test chamber.

Indoor and outdoor parameters were collected from sensors through the building
management system (BMS). Air temperature (Mean = 29.7 °C, SD = 0.6), globe temperature
(Mean = 29.6 °C, SD = 0.6), relative humidity (Mean = 41.9%, SD = 4.5), and air velocity
(Mean = 0.13 m/s, SD = 0.1) were collected with AHLBORN comfort meters placed at the
height of 1.10 m and 0.25 m away from the participant’s head. The corresponding resolu-
tions are 0.01 °C, 0.01 °C, 0.1%, and 0.001 m/s; the accuracies are ±0.2 K, ±(0.30 K + 0.005 ×
T), ±2.0%, and ±(3% reading + 0.01), respectively. Interactions with the remote control and
with the windows were recorded by the BMS. The fan speed chosen by participants through
the remote control was recorded as a continuous variable between 0 and 100%. At the end
of the sessions, participants were asked about their drink consumption. Physiological data
were also collected, including heart rate (EcgMove 4: r = 12 bit, input range CM = 560 mV,
DM = +/−5 mV) and skin temperature (iButton DS1921H: r = 0.125 °C, a = +/− 1 °C).
The resulting analysis of the physiological data was not included in this paper. All data
were recorded at 1 min intervals.
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3.3.1. Classification of Expectancy Groups

Participants were divided into groups to investigate the influence of different “levels”
of expectancy on occupant satisfaction (related to H1). The clustering process was adapted
from a previous study [55] following these steps:

• Using a training dataset, the cluster structure was calculated to explain a selected
threshold of 80% of the variance using the k-means method [56].

• As the k-means method requires the number of clusters as an input, the elbow method
was applied to calculate the optimal number of clusters.

• A test dataset was fitted to the obtained cluster structure using a support vector
machine (SVM) method [57], which is a class of supervised learning algorithms that
train the classifier function using labeled data.

A pre-analysis of the data from the nationwide survey to assess comfort expecta-
tions [33], explained in Section 2.1, was used as the training dataset to define the cluster
structure. An expectancy value was obtained for each participant by assigning two scores:
one for thermal expectations and one for behavioral expectations. The scores were obtained
by principal component analysis (PCA). The obtained expectancy value was used to define
the cluster centers using the k-means algorithm. The results from the elbow method showed
an optimal number of three clusters. The corresponding label (cluster) was assigned to
each point of the training dataset.

Prior to the LOBSTER session, the new scores for expectancy values were obtained
for each participant using the data from the online survey explained in Section 3.2 (test
data). With the labeled data, the SVM linear classifier was used to fit the participants’ scores
from the test data into the defined cluster structure. Figure 4 shows the results of the SVM.
The different colors represent the three clusters. We can interpret the cluster classification
as follows: participants in cluster 1 had positive fan expectations and negative thermal ex-
pectations; participants in cluster 2 had positive thermal and fan expectations; participants
in cluster 3 had near-neutral thermal expectations and negative fan expectations.

Figure 4. Classification groups for thermal and behavioral expectations based on the SVM method.

This clustering process was carried out before the session in the LOBSTER to similarly
distribute participants according to daytime (morning/afternoon) and information groups
(Section 3.3.2).
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3.3.2. Manipulation Technique

The experimental study used a manipulation technique to test the effect of information
on occupants’ expectations and satisfaction (H2). The main goal of the manipulation
technique is to activate hedonistic frames in all participants and to test whether normative
frames predominate over hedonistic frames according to the different information provided.
To activate the hedonistic frames, the office rooms were set to warm conditions, which can
act as a stimulus for subjects to perform an action to restore thermal comfort (hedonistic
motivation). Previous studies investigating the cooling effect of air movement under
controlled conditions in test rooms [58,59] found that thermal comfort can be achieved
at an indoor temperature set point of 30 °C if a personally controlled fan was provided.
For this study, a setpoint of 30 °C was selected to trigger warm discomfort and encourage
the use of the personal fans to achieve thermal comfort without compromising health
and productivity issues that may affect occupants’ satisfaction in the room. To fulfill
the hedonistic frames, i.e., to restore thermal comfort, participants were provided with
adjustment options, such as turning on the ceiling fan, opening the window, and drinking
a beverage. Questions about the fulfillment of hedonistic frames were asked in the final
questionnaire (EQ).

Participants watched a video (see Figure 2 in Section 3.3) that provided information
about sustainability and energy efficiency in buildings to activate the normative frames.
Two different videos were created. The control group was shown a shorter video containing
general information about sustainability, climate change, and political energy targets in
Germany, as well as the aim of the study. The experimental group was shown a longer
video (https://www.youtube.com/watch?v=JJdQMij2kT0, accessed on 14 January 2024)
that had the same initial content as the control group but included additional information
about benefits and scientific explanations on how ceiling fans work.

The inclusion of general information is to set a “baseline” of information for all partici-
pants. The distinction between videos (additional information on personal ceiling fans) is
intended to increase motivation to use the low-energy-consumption device in opposition
to other non-energy-efficient strategies, such as opening the windows when it is too warm
outside. Accordingly, participants were divided into the experimental group (long video)
and the control group (short video). Both groups received instructions with a standardized
text on how to operate the adaptive strategies: turning on and adjusting the air velocity of
the ceiling fan, opening the tilt windows, and recording beverage intake in liters. Different
adaptive opportunities to counteract thermal discomfort were given based on the work
from Meinke et al. [41] to evaluate the influence of the provided information about the
potential change in comfort and energy consumption of the personal ceiling fan on the
experimental group. Participants were similarly distributed according to their cluster group
of expectations described in the previous section.

During the session, participants were also asked to rate the educational video. All
questions had a 7-point Likert scale ranging from strongly disagree (1) to strongly agree (7).

3.4. Data Analysis

All data preparation and analysis were performed in the software environment R
(Version 4.1.3) [60]. The following subsections describe the assumptions and methods used
for data analysis.

3.4.1. Sample Size and Checks on Random Assignment

The sample size was calculated using G*Power 3.1.9.7 [61]. Since the sample size was
less than the required to achieve a small effect size, a large effect size was necessary (>0.8).
For a t-test between two independent group means with an α value of 0.05, a power (1 − β)
of 0.95, and an effect size of 0.8, the required sample size was 74 participants.

Before testing the hypotheses, we verified the equivalence of the participant groups
in the two research conditions using t-tests and Chi-square analyses (see Appendix A
for results of these equivalence tests). Table A1 shows the distribution of participants
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from the different clusters according to their demographics and other characteristics, as
well as the experimental conditions. Body mass index was categorized into two groups
according to the WHO classification [62]: BMI < 25 kg/m2 = normal and BMI > 25 kg/m2 =
overweight. The results showed that BMI and previous experience in working in an office
were significantly different between clusters. Accordingly, we controlled for those variables
by entering them as covariates in the tests of H1–H2. Table A2 shows the distribution of
participants from the different clusters according to their actual mood, video rating, and fan
use (air velocity and duration of fan turned on). None of the variables were significantly
different between groups.

Additionally, we verified differences in indoor climate perception between the expec-
tation clusters. To capture changes in the reported thermal comfort between the acclimation
phase and the rest of the experimental phase, a mean value for comfort votes was taken for
the whole test. Results of the Kruskal–Wallis tests showed that participants in cluster 2 were
significantly more comfortable with the thermal conditions during the whole test compared
to the other two groups (H(2) = 6.65, p < 0.05, η 2 = 0.06). A post hoc analysis was performed
using the Dunn test to determine which levels of the independent variable differed from
each other. The pairwise comparison test showed that cluster 2 is significantly different
from cluster 1 (p < 0.05) but not from cluster 3 (p = 0.089). In addition, no differences were
found for thermal sensation, preference, and acceptability and indoor air quality perception
between groups. Therefore, only thermal comfort was kept for further analysis as the
dependent variable to test the proposed hypotheses.

To evaluate changes in participants’ fan expectations and evaluation, questions related
to the expectations of personal ceiling fans from the background questionnaire (Section 3.2)
and the last questionnaire from the LOBSTER session were analyzed. Firstly, a principal
component analysis (PCA) was conducted on 13 questions from the background question-
naire. The weights from the background questionnaire were calculated to obtain the scores
for the equivalent questions in the LOBSTER session. A single component was obtained
for fan expectations (pre-test) and fulfilled expectations (LOBSTER session). To obtain a
value representing the change between fan expectations (before the session) and evaluation
(after the session), the difference between the two variables was calculated. The resulting
variable was called “fan evaluation” (M = 3.71, SD = 2.25).

3.4.2. Hypotheses Testing: Statistical Tests

To test the hypothesis that groups of occupants with different types of thermal and
behavioral expectations will express different thermal satisfaction (H1), a regression analy-
sis was conducted. The single-answer options for measuring participants’ evaluation of
the temperature could not be assumed to be equidistant but needed to be considered as or-
dered categorical data [63]. Therefore, an ordinal model was selected to test the relationship
between these ordinal response variables and one or more independent variables using the
clm (cumulative link model) function from the R package ordinal [64]. The independent
variable was the expectancy group (cluster), which was treated as categorical (1, 2, or 3).
The hypothesis that the effect of information on participants’ thermal satisfaction would be
particularly strong among participants with more positive expectations of the indoor air
quality and thermal conditions and the use of the personal ceiling fan (H2a) was tested with
a conditional process analysis [65] using Hayes’ PROCESS model 1 of moderation for R
with cluster as the multicategorical variable. To test for possible changes in the expectations
of participants with negative expectations after providing information (H2b), an additional
process analysis was conducted with fan evaluation as the dependent variable. Similar
to the evaluation approach for thermal comfort, fan evaluation was considered ordered
categorical data.

4. Results

A series of predictive models were run to examine the above-mentioned hypotheses.
H1 predicted that greater reported thermal comfort would be reported by participants with
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more positive thermal and behavioral expectations. To test this hypothesis, the total effect
model was examined by testing the simple effect of the independent variable and control
variables on the outcome variable. H1 was supported, as belonging to cluster 2 (the group
with more positive thermal and behavioral expectations) was associated with significantly
greater reported thermal comfort (Table 2). The coefficient in the model indicates a positive
relationship: the more positive the thermal and behavioral expectations, the higher comfort
participants in this group reported. A likelihood ratio test was performed with an ANOVA
test. The results showed that the model that includes the expectation groups as a variable
is significantly better than an intercept-only baseline model (χ2 < 0.05). Control variables
of BMI and previous experience in working in an office did not significantly influence
thermal comfort.

Table 2. Results of the ordinal regression analysis to test the effect of expectancy cluster on ther-
mal comfort.

Estimate Std. Error z-Value p-Value

Cluster 2 a 1.65 0.67 2.45 0.015 *

Cluster 3 a 0.076 0.66 0.11 0.909

BMI (overweight) −0.42 0.56 −0.76 0.449

Experience (yes) −0.91 0.60 −1.50 0.133
* p < 0.05; a Results against cluster 1.

H2a predicted that the effect of the expectancy cluster on thermal comfort would
be especially strong among participants with greater existing personal norms to protect
the environment and save energy, as activated by tailored information (long video). This
hypothesis was supported (see Figure 5 for coefficients and p-values), as the moderation
model was significant (F (5, 70) = 3.08, p < 0.05, R2 = 0.18). Tailored information to activate
personal norms (the long video) seems to have prompted higher reported thermal comfort
in participants from cluster 2 compared to those from clusters 1 and 3. Those participants
who did not receive tailored information (the short video) expressed similar reported
thermal comfort regardless of their expectancy cluster, indicating no effect of video on the
relationship between expectancy and thermal comfort.

Figure 5. Model of moderating effects of video on thermal satisfaction. Unstandardized coefficients
are shown. Dotted lines indicate nonsignificant relationships. Short video condition coded as 0;
long video condition coded as 1. Expectancy cluster coded as dummy variables for multicategorical
variables. Video significantly moderates the effect of cluster 2 on thermal comfort (Int 1).

Although data from the test of the total effect model for H1 (Table 2) identified a
significant effect of expectancy cluster on reported thermal comfort, this effect was non-
significant in the moderation model that included video (tailored information). Note
that tests of direct effects (the path from expectancy cluster to thermal comfort shown in
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Figure 5) reflect the influence of a predictor variable on an outcome variable while holding
any moderation variables constant; this is in contrast to the total effect model, which only
estimates the effect of expectancy cluster and the control variables on thermal comfort.
Such findings indicate that the effect of expectancy cluster on reported thermal comfort
is significant depending on the value of video. Additionally, the moderation model that
included the effect of video explained higher variance (R2 = 0.18) than the total effect model
(R2 = 0.09).

H2b predicted that by activating personal norms (the long video), the change in
reported satisfaction with the personal fan would be greater among those participants with
more negative expectations. This hypothesis was not supported (see Figure 6 for coefficients
and p-values), as the moderation effect was not significant for any of the expectancy clusters.
However, the expectancy cluster had a significant effect on reported fan satisfaction, and the
model was significant (F (5, 70) = 2.78, p < 0.05, R2 = 0.17). The negative coefficients indicate
that those participants from clusters 2 and 3 may express a lower change in reported fan
satisfaction compared to those from cluster 1.

Figure 6. Model of moderating effects of video on changes in fan satisfaction. Unstandardized
coefficients shown. Dotted lines indicate non-significant relationships. Short video condition coded as
0; long video condition coded as 1. Expectancy cluster coded as dummy variables for multicategorical
variables. Video did not significantly moderate the effect of expectancy cluster on fan satisfaction.

5. Discussion

Previous studies have examined the effect of expectations on occupants’ thermal and
overall satisfaction [2,66,67], indicating cultural, geographical, and building-type differ-
ences [6]. By combining occupants’ expectations of indoor thermal conditions and expecta-
tions towards building control opportunities, the current study proposed to distinguish
occupants according to their expectancy levels. Thus, the relationship between participants’
comfort expectations, described as thermal and behavioral expectations, and their thermal
comfort in a simulated work environment was tested (H1). The study found that reported
thermal comfort was greater among those participants with more positive thermal and
behavioral expectations (cluster 2) and significantly differed from participants with neg-
ative thermal expectations (cluster 1) but not from the cluster expecting neutral thermal
conditions and having negative behavioral expectations (cluster 3). These results may
reflect the assimilation effect given by the coherence between expected and experienced in-
door conditions that lead to greater thermal satisfaction [7,68]. Additionally, these findings
reflect the higher importance of thermal expectations in predicting comfort compared to
the effect of behavioral expectations. This could be associated with the modest expectations
of occupants towards building controls in naturally ventilated buildings, which is the
building type mostly found in the city where this study took place. Usually, occupants in
naturally ventilated buildings do not associate their discomfort with the thermal environ-
ment provided by the building, as they may be more in contact with the outdoor conditions
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(e.g., by opening the window), and therefore do not expect their comfort to change due to
the building’s performance but through their actions [31].

Due to significant BMI differences between cluster groups, this variable was included
in the model. However, BMI did not significantly influence participants’ thermal perception.
These results may contradict the general tendency in the literature that BMI differences
exist [13,69]. However, BMI classification has recently been criticized as inaccurate and
misleading [70]. Because BMI is based only on height and weight and does not take into
account other body characteristics such as body fat content, muscle mass, and body com-
position, it is possible that some of the participants were misclassified without taking
into account factors that affect human thermoregulation. Further research on the ther-
moregulatory process considering actual measurements of body composition should be
carried out.

These first results reinforce Brown and Coles’ [20] statement that expectations play an
important role in shaping occupant comfort and indoor environmental behavior. However,
this main effect seems best explained by the moderating role of normative motivations.
The activation of personal norms was found to significantly moderate the influence of
expectancy on reporter thermal comfort (H2a). Those who watched a video with detailed
information about sustainable buildings and the benefits of the personal fan reported
greater thermal comfort than those who watched a video with general information about
the study. Although the test of H1 identified a significant influence of expectancy cluster
on reporter thermal comfort, when the variable video was added to the model, that effect
became non-significant. This finding suggests that the positive association between the
expectancy and thermal comfort identified in the test of H1 could be largely explained by the
activation of personal norms elicited among participants with more positive expectations.
Additionally, greater variance in thermal comfort was explained by the moderation model
that included video as compared to that explained by the total effect model, which isolated
the effect of comfort expectations. Accordingly, we suggest that future studies examine
the potential influence of other social-psychological constructs, such as personal norms,
on perceptions of IEQ, along with additional attempts to identify which types of occupants
are likely to feel more comfortable based on their social–psychological characteristics to
shape their comfort expectations.

We anticipated, but did not find, a moderation effect of active personal norms on
the influence of expectancy on changes in fan evaluation (H2b). An explanation for this
lack of influence could be that hedonic goals were a priority for all participants rather
than their normative motivations [48]. Given the moderately warm indoor temperatures,
participants’ comfort needs (i.e., the need to restore comfort due to the warm thermal
sensation) may have become more relevant, and the potential influence of the video may
not have been strong enough to rate the fan according to normative principles but rather
according to its effectiveness to restore comfort (prioritizing hedonic goals). Although the
moderation effect of the video was not significant in the model, there was a significant
effect of expectancy on changes in fan evaluation. Greater changes in fan evaluation after
participation in the experimental session (i.e., fulfilled expectations) were observed for
participants with negative thermal expectations compared to participants with positive
thermal expectations. These findings indicated that individually controlling the fan to
increase thermal comfort may have effectively induced a change towards a more positive
fan evaluation, especially in participants with lower comfort expectations. However, these
results do not eliminate the possible effect of tailored information on fan evaluations
and behavioral interactions, which may vary depending on the way the information is
delivered. For instance, Schweiker et al. [18] found that participants who participated in
a workshop were more likely to change their behavior than those who only received an
information brochure. Future studies could investigate other ways of providing information
to investigate whether the association of occupants’ different expectations with actual
normative behaviors, specifically with PECS, could be moderated by personal norms.
As studied by Li et al. [24], normative messaging in personal environmental control systems
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could not only enhance thermal comfort but induce a higher probability of using personal
devices, such as personal fans, to restore comfort.

5.1. Practical Implications

The findings of this study suggest that it may be useful to address and attempt to
influence occupants’ expectations of indoor thermal conditions and building operations.
This is particularly relevant to the implementation of PECS in buildings as positive expec-
tations of the indoor environment and the use of PECS may have implications for reducing
energy consumption while increasing occupant satisfaction in buildings. The positive
effect of information on higher tolerance of the expected indoor environment conditions,
together with the provision of personal, low-intensive cooling strategies, could support the
acceptance and use of PECS, such as personal ceiling fans, to ensure occupant satisfaction
with the thermal environment in naturally ventilated buildings.

5.2. Limitations

This study was conducted in a laboratory setting, an unfamiliar environment to
the participants. We therefore could not measure the extent to which expectations influ-
ence on-site perceptions of the thermal environment in a familiar environment, where
occupants may have different expectations of the climatic conditions, as suggested by
Schweiker et al. [26]. We suggest that future studies investigate such a relationship. In the
present study, normative messaging was tested on the evaluation of and satisfaction with
one adaptive strategy that was available for all participants. The possible effect of personal
norms may be different if (1) multiple adaptive strategies with different normative impacts
(e.g., low-energy-consumption strategies vs. the use of air conditioning) have been tested
simultaneously, giving participants multiple adaptive possibilities, and (2) the actual be-
haviors have been tested in addition to the adaptive strategy’s evaluation. Furthermore,
the influence of information and expectancy group was examined for the personal ceiling
fan for a constant temperature condition and a German sample. We suggest that additional
studies be conducted with other types of PECS, different thermal conditions, and a variety
of samples to examine whether the type of adaptive strategy, climatic conditions, or rele-
vant cultural differences influence the effect of information on thermal comfort. Finally,
we suggest that future studies examine the extent to which more information about the
features of PECS and other types of manipulation techniques influence real-time, on-site
IEQ perceptions and behaviors.

6. Conclusions

This study investigated the effect of occupants’ expectations on their satisfaction with
the thermal environment and a personal ceiling fan as influenced by the activation of
normative goals. Our results indicate that building occupants who have more positive
expectations about indoor thermal conditions may express higher levels of thermal comfort
than those with more negative comfort expectations, regardless of their expectations of the
building systems. Our findings also indicate that comfort expectations can be influenced
by the activation of personal norms. By activating normative motivations, occupants may
perceive indoor conditions as more comfortable. Those expectations should be associated
with the expected satisfaction and fulfilled expectations of adaptive actions in order to stay
comfortable in a building. To the extent that thermal expectations are negative, occupants
might improve their perceptions of personal building controls (such as a personal ceiling
fan) when making personal adjustments in order to stay comfortable. Our findings suggest
that building designers could focus and manipulate occupants’ comfort expectations,
e.g., by providing occupants with normative messages and individual control, to achieve
greater comfort and acceptance of personal building controls, such as PECS, in naturally
ventilated buildings.
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The following abbreviations are used in this manuscript:

BMI Body mass index
BMS Building management system
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Environmental Research

OQ Online questionnaire
PCA Principal component analysis
PECS Personal environmental control system
SD Standard deviation
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Appendix A. Additional Tables

Table A1. Participant demographics and other characteristics, as well as experimental conditions
according to expectation clusters and results of tests of equivalence of research conditions.

Cluster 1 Cluster 2 Cluster 3 Full Sample Test of Independence

N N N N χ2 df p-Value

Sex 0.15 2 0.928
Female 13 13 9 35
Female 14 17 10 41
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Table A1. Cont.

Cluster 1 Cluster 2 Cluster 3 Full Sample Test of Independence

N N N N χ2 df p-Value

Age 0.15 2 0.929
Young 18 19 13 50
Elderly 9 11 6 26

BMI 6.12 * 2 0.047
Normal 12 20 15 47
Overweight 15 10 4 29

Daytime 0.47 2 0.079
Morning 12 16 9 37
Afternoon 15 14 10 39

Office 4.67 2 0.097
1 9 18 11 38
2 18 12 8 38

Video 0.52 2 0.771
Short 15 14 9 38
Long 12 16 10 38

Experience with fans 5.13 2 0.077
Yes 2 4 6 12
No 25 26 13 64

Experience with ceiling fans 2.05 2 0.359
Yes 7 8 2 17
No 29 22 17 59

Previous worked in office 7.25 * 2 0.027
Yes 9 3 8 20
No 18 27 11 56

* p < 0.05.

Table A2. Participants’ votes and fan use according to expectation clusters and results of tests of
equivalence of research conditions.

Cluster 1 Cluster 2 Cluster 3 Test of Independence
M (SD) M (SD) M (SD) χ2 df p-Value

Actual mood a 3.04 (1.02) 2.57 (1.14) 3.21 (1.13) 4.53 2 0.104
Air velocity level [%] 55.48 (21.44) 46.52 (29.62) 48.92 (25.10) 2.29 2 0.318
Duration fan on [min] 127.99 (5.69) 123.35 (19.50) 124.00 (24.87) 2.90 2 0.235
Video rating 1 b 0.21 (0.89) −0.21 (1.14) 0.04 (1.23) 3.28 2 0.194
Video rating 2 b 0.03 (0.99) −0.04 (1.02) 0.02 (1.04) 0.12 2 0.940

a Integer values. Scale ranged from 1 (very bad) to 7 (very good): “How is your mood right now?”. b Unstandarized
values resulting from PCA conducted with seven questions. Two components resulted from the analysis.
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Abstract: Thermal sensation prediction models can help to evaluate complex thermal environments
and guide the environment conditioning strategy. However, most existing models are established
basing on the thermal status of the entire human body or local body parts, failing to reflect thermal
sensation generating mechanism or micro-scale (centimeter-scale) thermal sensation. This study
put forward a new thermal sensation predicting approach by coupling the skin heat transfer and
the thermoreceptor impulse signals. The micro-scale thermal sensitivity data under steady stimuli
were applied to bridging the objective heat transfer model and the subjective sensation model.
The model contains a one-dimensional skin heat transfer equation and three sensation-generating
equations: the thermoreceptor impulse equation, the psychosensory intensity equation, and the
thermal sensation equation. The dimension of the skin heat transfer equation was determined
through a skin temperature diffusion experiment, and the coefficients of the static/dynamic impulse
in the thermoreceptor impulse equation and the thermal sensation equation were obtained through
polynomial fitting using thermal sensitivity data. The validated mean absolute percentage error
(MAPE) was 0.08 and 0.1 under cooling and heating stimuli, respectively. This new model can predict
thermal sensation on the centimeter scale and be applied under different boundary conditions. In
the future, the new model can be further developed by testing dynamic stimuli and other boundary
conditions so that it can be applied to more complex thermal exposures.

Keywords: thermal sensitivity; thermal sensation; skin heat transfer; thermoreceptor

1. Introduction

Nowadays, people tend to have high demands on thermally comfortable environ-
ments. To meet this requirement, researchers have constructed thermal sensation models
to predict and evaluate an occupant’s thermal comfort status, so that the optimal thermal
environment combinations could be determined. In the classic prediction method, thermal
sensation or thermal comfort is generally estimated based on the thermal status of the
human body or local body parts. Fanger [1] firstly introduced six parameters, namely, air
temperature, relative humidity, air velocity, mean radiant temperature, clothing insulation,
and metabolic rate, to paraphrase the heat balance equation, that is the classic PMV (pre-
dicted mean vote) model. However, the PMV model and its derivatives are not accurate
when applied in spatially ununiform and temporally unsteady thermal conditions due to
complex physiological and psychological parameters. For the prediction for dynamic ther-
mal sensation and comfort, based on the multi-node thermoregulation model by Stolwijk
and Hardy [2], Fiala [3] incorporated the controlled passive system and controlling active
system model of the human body to construct the comfort prediction model. Modified
models, with a 65-node thermoregulation model and a radiation model by Tanabe [4], and
the model constructed by UCB [5] made further improvements. However, these models
were constructed mainly by exploring the potential influencing factors of thermal sensa-
tion (skin temperature, clothing insulation, etc.) and obtaining thermal sensation directly
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through simple regression. They failed to reflect the mechanism of how thermal sensation
is generated. Thus, there can be great discrepancies between their predictive results and
actual thermal sensation, especially under complex thermal exposures [6–8]. Additionally,
these models were constructed on a whole-body or local-body-part scale, while the model
at micro-scale, i.e., the centimeter scale, is lacking. The micro-scale thermal sensation data
can be beneficial for the development of personal comfort system (PCS) devices which
can provide cooling or heating directly to the small spots on the skin, and for guiding the
controlling temperature of PCS devices that still remains unanswered [9,10].

When the skin is exposed to external thermal stimuli, the temperature signal transfers
from the skin surface to a thermoreceptor beneath the surface, and the thermoreceptor
releases an impulse through nerve fibers to the central nervous system, thus generating
thermal sensation [11]. This is the mechanism of the generation of thermal sensation,
which can be paraphrased as the process of ‘external thermal stimuli–temperature change
at thermoreceptor–thermoreceptor impulse–thermal sensation’. Based on this process,
thermal sensation can be determined by thermoreceptor temperature and impulse, so
the form of the model constructed under this mechanism will not change under different
conditions. To date, few models have been constructed based on the full thermal sensation
generation process, while there are some research studies on how humans respond to
external stimuli based on the partial process. For the process ‘external thermal stimuli–
temperature change at thermoreceptor’, researchers have constructed skin heat transfer
models. Pennes [12] firstly proposed the BHTE (bioheat transfer equation) to calculate
the temperature distribution within the skin layers. considering the skin as an integral
consisting of three parts: cells, blood vessels (vascular region), and the extravascular region.
To simplify the blood diffusion in BHTE, Vafai [13] overlooked the boundary between the
vascular and extravascular region, and proposed the skin structure as a two-part porous
medium structure. Based on the porous medium model, Khaled and Vafai [14] investigated
the transport application in porous tissue, and Xuan and Roetzel [15] explored the heat
transfer between the blood and peripheral tissue using a two-energy equation. Both the
BHTE and porous medium model consider the skin as the mono-layer structure, while
the real skin is composed of different layers with different thermophysical properties. To
simulate heat transfer within the skin precisely, Mahjoob and Vafai [16,17] firstly explored
the analytical solution for the tissue and blood temperature profiles and heat transfer
correlations to develop the BHTE in a dual-layer skin structure and a multi-layer skin
structure. Researchers further explored the multi-layer model in transient heat transfer [18],
and extended the model to a two-dimensional [19] or three-dimensional model [20].

For the process ‘temperature change at thermoreceptor–thermoreceptor impulse–
thermal sensation’, Hensel [21] discovered that a thermoreceptor converts the temperature
signal into an impulse signal. In a steady-state condition, the thermoreceptor only releases
a static impulse, while in a transient condition, the thermoreceptor releases a static and a
dynamic impulse at the same time. The magnitude of the static impulse depends on the
temperature at the thermoreceptor, and that of the dynamic impulse depends on the change
in thermoreceptor temperature. Based on the impulse property of the thermoreceptor, Ring
and de Dear [22] discovered that the integral of a cold or warm receptor impulse frequency
was proportional to PSI (psychosensory intensity), and constructed the thermoreceptor
impulse model for the prediction of PSI. Researchers further validated the model under
sinusoidal stimuli [23], and compared it with other prediction models [24].

To quantify the skin temperature and thermal sensation at micro-scale, thermal sensi-
tivity, defined as the thermal sensation change caused by a certain thermal stimulus [25],
has been used to describe the perception of small regional parts to surrounding thermal
environments. Donaldson [26] figured the distribution of cold and heat spots on the back of
the left and right hand. Luo [27] mapped the high-density thermal sensitivity of the human
body, and explored the variance among different body parts and gender. Our previous
studies [28,29] also obtained the thermal sensitivity data of the hand, arm, and face, and
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discovered the effect of the initial thermal states, stimulus intensity, and stimulating time
on its distribution.

This study further developed Hensel’s ‘temperature change at thermoreceptor–
thermoreceptor impulse–thermal sensation’ model by coupling skin heat transfer and
the thermoreceptor impulse model. The micro-scale thermal sensitivity data obtained from
our previous studies [28,29] were applied to bridging the objective heat transfer model
and the subjective sensation model. By doing this, the new model can reflect the full
process of the mechanism of how thermal sensation was generated, and predict micro-scale
(centimeter-scale) thermal sensation.

The framework of the new model and its comparison with classic thermal sensation
prediction models are shown in Figure 1. This paper will firstly construct the model and
obtain the unknown coefficients in the model, and then it will discuss its accuracy, potential
application, and limitations.

Figure 1. The classic thermal sensation prediction model (left) and the new construction of this study
(right) (created with BioRender.com with permission, accessed on 15 February 2024). In the figure of
‘Thermoreceptor impulse model’, the left part represents static impulse with temperature, the right
part represents dynamic impulse with time, and the lowest part represents ambient temperature with
time. The red shadow represents impulse at warm receptor, and the blue one represents impulse at
cold receptor. In the lowest figure, the darker color represents higher ambient temperature.

2. Methods

The flowchart of the construction of the model is shown in Figure 2. The coupling
model includes a skin heat transfer model and a thermoreceptor impulse model. The skin
heat transfer model is used to calculate the temperature at the thermoreceptor, and the ther-
moreceptor impulse model is used to calculate thermal sensation based on thermoreceptor
temperature. The dataset for the construction of the model came from the thermal sensation
and thermal sensitivity data obtained in the experiments of our previous studies [28,29].
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Figure 2. The flowchart of the construction of the model.

2.1. Construction of Skin Heat Transfer Model

Based on the heat balance within the skin, Pennes suggested the BHTE to reflect the
heat transfer in each layer of the skin. Since the thermoreceptor is far away from the blood
vessel, the equation could overlook the heat from blood flow and metabolism [30]. Thus,
the original skin heat transfer equation is described as Equation (1).

λ(
∂2Tsk

∂x2 +
∂2Tsk

∂y2 +
∂2Tsk

∂z2 ) = cρ(
∂Tsk

∂t
) (1)

where λ is the thermal conductivity (W/m/K). c is the heat capacity (J/kg/K). ρ is density
(g/cm3). t is time (s). Tsk is the skin temperature at a certain layer (K). x, y, and z represent
the length in a certain direction in three dimensions (m). The original equation considers
the heat transfer in three dimensions, while under the short-period stimulation of 10 s [28],
the heat transfer in some dimensions may not be so evident. To verify the dimension
of the skin heat transfer equation, this paper carried out the skin temperature diffusion
experiment to explore the extent of heat transfer after the stimulation in three dimensions.

The apparatus and test spots of the experiment are shown in Figure 3. A shows the
stimulation equipment (accuracy of ±0.1 ◦C, temperature adjustment between 0 ◦C and
50 ◦C, NTE-2A, Physitemp Instruments Inc., Hawthorne, NJ, USA), with its temperature
controller (left) and stimulating probe (right). The area of the probe was 1.54 cm2 with
a diameter of 1.4 cm. B shows the infrared camera (accuracy of ±3 ◦C, temperature
measurement between 0 ◦C and 400 ◦C, FLIR ONE Pro, Teledyne FLIR, Wilsonville, OR,
USA). C shows the distribution of test spots. The test spots were the dorsum of the hand,
the forearm, the upper arm, and the left side of the face. They were the spots with high
sensitivity in our previous study [28], and as the center of three body parts, respectively,
they could represent the thermal response of each body part. During the experiment,
after the subject adapted to the experimental condition, the researcher firstly set the probe
temperature to the reference temperature of 32 ◦C, which could cause local sensation close
to 0 [28], conducted neutral stimulation on one test spot for 1 min, and then photographed
the temperature distribution around one test spot with the infrared camera. Secondly, the
researcher set the probe temperature to −5 ◦C from the reference temperature to conduct
cooling stimulation for 1 min, and then photographed the temperature distribution at
the same spot. After the cooling stimulation of all test spots, the researcher conducted
heating stimulation following the same process. The infrared photos before and after
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the stimulation and the skin temperature data were processed to obtain the diffusivity in
three dimensions.

 

Figure 3. (A) Stimulation equipment. (B) Infrared camera. (C) Test spots. The ‘1-4’ represents the
number of each test spot.

The results are shown in Figures 4 and 5. The infrared photos in Figure 4 show the
temperature distribution before and after the cooling or heating stimulation of four test
spots. It can be concluded that after stimulation, the temperature at the stimulated area
would change evidently, while the stimulation hardly diffused to the surrounding area.
After cooling stimulation, the skin area with a temperature change would diffuse with
an increase in diameter of 0.05 cm, that is, with a diffusivity of 1.039, and after heating
stimulation, the area would diffuse with an increase in diameter of 0.04 cm, that is, with
a diffusivity of 1.026. Compared with the transverse temperature diffusion on the skin
surface, the longitudinal diffusion along with the skin depth could reach the core of the
skin, that is, at least 0.54 cm from the skin surface, as shown in Figure 5. Since the transverse
diffusivity was only 10% of the longitudinal one, the skin heat transfer model could be
considered as a one-dimensional model in the longitudinal direction.

Based on the experimental conclusion, the skin heat transfer equation of this study
could be described as Equation (2).

λ(
∂2Tsk(x, t)

∂x2 ) = cρ(
∂Tsk(x, t)

∂t
) (2)

where x represents the depth from the skin surface (m).
To ensure the boundary condition of the skin heat transfer equation, the skin structure

model was constructed as shown in Figure 6. The idealized skin structure consists of three
parts: epidermis, dermis, and hypodermis [31]. The thermophysical properties of each part
are shown in Table 1 [32,33]. Therefore, the depth from the skin surface to the skin core is
5.4 mm. The cold thermoreceptors are mainly distributed at a depth of 0.2 mm and the
warm thermoreceptors are at a depth of 0.5 mm [21].

Table 1. Thermophysical properties of epidermis, dermis, and hypodermis.

Skin Layer Thickness (mm)
Heat Capacity

(J/kg/K)

Thermal
Conductivity

(W/m/K)
Density (g/cm3)

Epidermis 0.15 3590 0.24 1.2
Dermis 1.5 3300 0.45 1.2

Hypodermis 3.75 2675 0.19 1
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Figure 4. The infrared photos of four test spots before and after the cooling and heating stimuli
(created with BioRender.com with permission).

 

Figure 5. The temperature diffusion before and after the cooling and heating stimuli in the transverse
(skin surface) and longitudinal (along skin depth) dimension. In the transverse part, the circle with
a slanted shadow represents the skin area with a temperature change at the beginning of stimuli,
the one with a blue shadow represents the area after cooling stimuli, and the one with a red shadow
represents the area after heating stimuli. In the longitudinal part, the gray line is the temperature
distribution before stimuli, and the blue or red line is the distribution after the stimuli.
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Figure 6. The skin structure model (created with BioRender.com with permission).

This model uses the third-type boundary condition at the skin surface. The boundary
condition is described as Equation (3).

−λ(
∂Tsk
∂x

) = kc(Tsk − Ta) (3)

where Ta is the temperature of stimulation (K). kc is the heat transfer coefficient between
the stimulation probe and the skin surface (W/m2/K), and it can be calculated using
Equation (4) [33].

kc = 1.25λc
Δac

εc
(

Pc

Hc
)

0.95
(4)

where λc is the harmonic mean thermal conductivity (W/m/K). Δac is the average surface
asperity slope of the contact interface (rad). εc is the average surface roughness of the
contact interface (μm). The three parameters were calculated using Equations (5)–(7).
The subscript 1 and 2 represent the parameters of the stimulation probe and skin surface,
respectively. Pc is the contact pressure (kPa). Hc is the microhardness of the contact material
(MPa). The data of the parameters of the stimulation probe and skin surface are listed in
Table 2 [33].

Λc =
2λ1λ2

λ1 + λ2
(5)

Δac =

√
Δa1

2 + Δa2
2 (6)

εc =
√

ε1
2 + ε22 (7)

Table 2. Thermophysical properties of the skin surface and stimulation probe.

Material
Thermal

Conductivity
(W/m/K)

Surface
Roughness (μm)

Surface Asperity
Slope (rad)

Contact Pressure
(kPa)

Microhardness
(Mpa)

Skin surface 0.24 21.69 0.3 0.8 0.1225
Stimulation probe
(stainless steel 304) 14.986 0.008 0.009 -- --

239



Buildings 2024, 14, 547

At the skin core, the model uses the first-type boundary condition. The core tempera-
tures of the hand, arm, and face are shown in Table 3 [34].

Table 3. Core temperatures of the hand, arm, and face.

Body Part Core Temperature (◦C)

Hand 35.05

Arm 35.87

Face 37.46

2.2. Construction of Thermoreceptor Impulse Model

Based on the thermoreceptor impulse theory by Hensel [21], Ring and de Dear [22]
explored the mathematical relationship between the thermoreceptor impulse and thermal
sensation. Under the external thermal stimulation, the thermoreceptor releases both a static
and a dynamic impulse. Thus, the total impulse is described as Equation (8).

R(t) = Ks(Trec(t)− Trec(0)) + Kd
∂Trec(t)

∂t
(8)

where R is the total thermoreceptor impulse (HZ). Trec is the temperature at the thermore-
ceptor (K). Ks is the static coefficient, and Kd is the dynamic coefficient. According to
existing research [23], Ks is related to the initial thermoreceptor temperature before stim-
ulation, and Kd is related to stimulus intensity and the change rate of stimulus intensity.
Since the dataset for the steady model was obtained in the experiment with only one type
of stimulus intensity (−5 ◦C under cooling stimulation and 5 ◦C under heating stimulation)
and only one type of initial stimulation temperature (32 ◦C), Ks and Kd of the steady model
were both constants. To reflect the difference of thermal sensory intensity at different
body parts, the equation should multiply the thermal sensitivity as the areal summation
factor [35]. The micro-scale thermal sensitivity in the dataset can also reflect the thermal
response of micro-scale test spots. Thus, the total impulse equation of the steady model can
be described as Equation (9).

R(t) = TS(C1(Trec(t)− Trec(0)) + C2
∂Trec(t)

∂t
) (9)

where TS is the thermal sensitivity of each test spot (1/K). C1 and C2 are constants repre-
senting Ks and Kd, respectively.

The PSI is calculated by integrating the total impulse for the first 20 s of stimulation,
and thermal sensation is proportional to PSI [36]. The correlation can be described as
Equations (10) and (11), where TSV is the thermal sensation vote, and C3 is the constant
coefficient. Thus, the thermoreceptor impulse model is the combination of Equations
(9)–(11). To obtain the coefficients C1, C2, and C3, the training set of the thermal sensation
and thermal sensitivity data will be used to train the model.

PSI =
∫ 20

0
R(t)dt (10)

TSV = C3PSI (11)

2.3. Dataset for the Model Construction

The data of thermal sensation and thermal sensitivity for the construction of the
model under steady stimulation were obtained from the experiment on the hand, arm,
and face [29]. A total of 50 subjects (25 male, 25 female) were invited to participate in
the experiments under thermally neutral conditions. They were healthy college students,
about 20 years old, living in Shanghai for more than 3 months before the experiment. To
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ensure that the body surface area of the male and female subjects could match to avoid its
influence on the thermal sensation votes [37], the weights and heights of the subjects were
filtered using Equation (12), where A is the body surface area (m2), H is the height (m), and
m is the weight (kg).

A = 0.202m0.425H0.725 (12)

During the experiment, 57 test spots of the hand, 25 test spots of the arm, and 25 test
spots of the face were stimulated, firstly under a reference temperature of 32 ◦C, that is, the
temperature producing a thermal sensation vote of 0, and then under a cooling stimulation
of 27 ◦C (−5 ◦C from the reference) or a heating stimulation of 37 ◦C (+5 ◦C from the
reference). In the meantime, the subjects recorded thermal sensation before and after the
stimulation at the test spot, and the researcher recorded the change in skin temperature of
the test spot. Thermal sensitivity was calculated as the change in thermal sensation vote
divided by the change in skin temperature. The bar charts of the thermal sensation and
thermal sensitivity of the hand, arm, and face are shown in Figure 7. A total of 80% of the
data were used for the training set, and 20% were used for the test set.

Figure 7. The data of the thermal sensation and thermal sensitivity of the hand, arm, and face. In
the upper figures, the red represents warm sensation, and the blue represents cold sensation. In the
lower figures, the red represents warm sensitivity, and the blue represents cold sensitivity.

2.4. Data Processing

The thermal sensation predicting process of this model is shown in the flowchart
in Figure 8. This paper analyzed the skin temperature distribution under stimulation
through the calculation of the skin heat transfer model, obtained the unknown coefficients
of the thermoreceptor impulse equations to construct the complete skin heat transfer
coupling model based on the training set, and validated the model based on the test set.
MATLAB (R2020b, The MathWorks, Inc., Natick, MA, USA) and Python were used for the
construction and validation of the model. In our programming, the initial skin temperature
of each test spot was input to simulate the temperature distribution within the skin, and
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then the stimulating temperature was input to simulate how temperature changes in 20 s at
each depth of the skin using the finite difference method.

 

Figure 8. The predicting process of the model.

3. Results

3.1. Skin Temperature Distribution after Stimulation

The average skin temperature distribution after the steady cooling and heating stim-
ulation is shown in Figure 9. The depth of 0 mm is the skin surface, and the depth of
5.4 mm is the skin core. The core temperature was the average of the hand, arm, and face at
36.1 ◦C. Since the skin heat transfer model was a one-dimensional model, the temperature
remained the same at the same skin layer, and changed only with the depth. After cooling
stimulation, the average skin surface temperature was 31.5 ◦C, and increased with the
depth almost linearly to the core temperature. After heating stimulation, the average skin
temperature at the surface was 35 ◦C, and firstly decreased to the lowest point at the depth
of 1.9 mm, then increased to the core temperature. This may be because in a stimulation
lasting only 20 s, the temperature within the skin was not sufficiently heated to the stable
state as the linear distribution, and the heating rate of the skin layers near the heat source
(stimulating probe at the skin surface and blood flow at the skin core) was higher than the
ones far from the heat source.

Figure 9. The skin temperature distribution with the depth of the skin.

3.2. Thermoreceptor Temperature Change with Time

The change in thermoreceptor temperature with time under cooling and heating
stimulation is shown in Figure 10. The left part of the figure shows the temperature of the
cold receptor, and the right part shows that of the warmth receptor. Before the stimulation,
since the cold receptor was located at a shallower depth than the warmth receptor, the
initial cold receptor temperature was 32 ◦C, slightly lower than the warmth receptor which
was 32.2 ◦C. During stimulation, the cold receptor temperature decreased gradually, then
remained stable after 15 s from the beginning of stimulation, while the warmth receptor
temperature continued to increase throughout the stimulation. This may also be because of
the insufficient heating during the short-time stimulation, lasting only 20 s.

242



Buildings 2024, 14, 547

 

Figure 10. Temperature change with time of the cold and warmth receptor.

3.3. Fitting of the Model

To obtain the unknown coefficients C1, C2, and C3 to complete the steady thermore-
ceptor impulse model, the training set of thermal sensation and thermal sensitivity data
and the simulated thermoreceptor temperature data from the skin heat transfer model were
used for nonlinear polynomial fitting. The fitting results are shown in Figure 11. The fitting
curves were represented by the cold and warm sensation calculated by the fitted skin heat
transfer coupling model based on the training set. For cooling stimulation, the coefficients
C1, C2, and C3 were −3, −12.6, and 0.0499, respectively, and for heating stimulation, they
were 2.4, 6.7, and 0.0466, respectively. The determination coefficient (R2) of the model
under cooling stimulation was 0.85, and under heating stimulation it was 0.88, indicating a
good fitting result.

 
Figure 11. Model fitting results.

3.4. Validation of the Model

To explore the accuracy of the skin heat transfer model, the test set of the data was
used to validate the steady and dynamic model. The validation results are shown in
Figure 12. Each type of stimulation took 20% of the experimental data as the test set. The
test thermal sensitivity data were applied to calculate the predictive thermal sensation, and
the test thermal sensation data were applied for the comparison between the predictive
and real thermal sensation. As shown in the figure, the MAPE (mean absolute percentage
error) was 0.03 under cooling stimulation, and 0.05 under heating stimulation. Thus, the
model could be considered to be accurate in predicting thermal sensation under steady and
dynamic stimulation.

243



Buildings 2024, 14, 547

Figure 12. Model validation results.

4. Discussion

4.1. Potential Application

The skin heat transfer coupling model constructed in this study can be applied to the
micro-scale thermal sensation prediction under different complex exposures. The existing
thermal sensation prediction models are mostly constructed using regression under only
one type of exposure, e.g., a room with air conditioning. Therefore, when there are various
exposures, e.g., an air-conditioned room with a fan, the influencing factors for thermal
sensation change and the regression functions are unavailable. However, the model in this
study can be applied in different thermal conditions, since its input only contains initial
skin temperature and external stimulating temperature. Additionally, it can be applied to
the development of small-scale personal comfort system (PCS) devices. Such devices can
be worn by the user to regulate skin temperature in the small areas where they are worn,
like wrist-bands and neck-worn fans for smaller scales [38,39], to improve thermal comfort.
By using this model, the user can better regulate the stimulating temperature of the device
to enhance micro-scale satisfaction.

4.2. Limitations

This paper constructed a skin heat transfer model and a thermoreceptor impulse
model, and validated their performance in thermal sensation prediction under steady
stimuli. However, whether the skin temperature simulated by the skin heat transfer model
and the impulse simulated by the thermoreceptor impulse model were accurate is unknown.
To validate either of the two models, the data of the real temperature within the skin and the
real impulse released by the thermoreceptor were required, but the current apparatus for
these measurements was unavailable. Additionally, this study only considered steady and
contact stimuli without considering dynamic changing-temperature stimuli or non-contact
stimuli such as the radiative and convective stimuli. Since the model was constructed using
the third-type boundary condition at the skin surface, it has the potential to be developed
in a transient and non-contact environment, such as draught, radiation, or showering
comfort studies.

5. Conclusions

This study constructed the skin heat transfer and thermal sensation coupling model
under steady stimulation by reconstructing the skin heat transfer model and the thermore-
ceptor impulse model, and validated the model using the test set of experimental data. The
model used the fixed temperature boundary condition at the skin surface, and thus the
input for the model only requires external stimulation. This study obtained conclusions
as follows.
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First, in the stimulation time of 1 min, skin temperature diffused with an increase in
diameter of 0.05 cm under cooling stimulation and 0.04 under heating stimulation at the
skin surface, far less than the diffusing depth of 0.54 cm in the longitudinal direction.

Second, the temperature distribution of the skin was stable at the end of stimulation
under cooling stimulation, while it still changed under heating stimulation. The tempera-
ture of the cold receptor remained stable after 15 s from the beginning of stimulation, while
the warmth receptor temperature continued to increase.

Third, the R2 of the model indicates a good fitting result, and the MAPE of the model
indicates high accuracy in the prediction.
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Abstract: The thermal comfort of local body parts is the essential factor that affects people’s health
and comfort as well as a buildings’ energy. This study aims to (1) investigate the characteristics of the
local thermal comfort of different body parts of occupants in real buildings in winter, (2) quantify
the correlation between the amount of local body parts with coolness or discomfort and the overall
subjective thermal responses, and (3) validate an easy-to-use local–overall thermal comfort model.
A field investigation in the office and study rooms of a university was conducted in winter. The
results indicate that the top five percentages of local coolness appeared in the feet (41.02%), the
hands (26.58%), the calves (25.18%), the thighs (13.99%), and the head (9.72%) and that the top five
percentages of local discomfort appeared in the feet (44.99%), the palms (28.2%), the calves (24.74%),
the head (19.66%), and the thighs (16.35%). Moreover, when the whole body felt cool, at least four
local body parts had cool sensations; when the whole body felt thermally uncomfortable, at least three
local body parts had cool sensations; and when the whole body felt that the ambient environment
was thermally unacceptable, at least seven local body parts had cool sensations. Meanwhile, the
correlation between local discomfort and whole-body responses was different: when the whole body
felt thermal uncomfortable, at least three local body parts had discomfort; and when the whole body
felt that the ambient environment was thermally unacceptable, at least four local body parts had
discomfort. Further, the local–overall thermal comfort model proposed by the authors exerted high
accuracy in predicting overall thermal comfort.

Keywords: local thermal sensation; local thermal comfort; thermal environment

1. Introduction

As defined in the ASHRAE Standard 55 [1], thermal comfort is a subjective state of
awareness in which the human body evaluates the ambient thermal environment; it is
affected by the heat transfer of convection, radiation, and evaporation between the human
body and the ambient environment, which are mainly decided by indoor air temperature,
radiant temperature, air humidity, air velocity, clothing insulation, and human metabolic
rate. The detailed heat transfer between the human body and the ambient environment
can be calculated by the predicted mean vote (PMV) model, which is also incorporated in
the ASHRAE Standard 55 [1]. Thermal comfort is the ultimate criterion for evaluating the
quality of buildings’ thermal environments since it significantly affects the health and work
performance of the occupants of buildings [2]. To improve the thermal comfort demands of
occupants and work performance in buildings, heating, ventilation, and air conditioning
(HVAC) systems have been widely adopted in modern buildings and, at the same time,
have resulted in massive energy consumption.

In China, the total energy consumption for heating, ventilation, and air conditioning
systems accounts for up to half of the total building energy consumption [3]. One of the
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primary reasons for this is that a large amount of energy is consumed to create uniform
thermal environments, which, however, are unable to accommodate people’s comfort
demands, as the local thermal states of body parts can result in individual differences [4–6].
For example, females usually feel cool discomfort in their hands and feet in the winter even
when the indoor temperature is moderate and comfortable for men [7]. Numerous studies
have found that local thermal comfort has a significant impact on the overall thermal
comfort [8–10]. Local heating that warms one or several body parts allows a person to
maintain comfort when the ambient environment is cool or cold. For example, in cold
environments, warming the lower body parts (feet and legs) can make occupants feel that
the environment is thermally acceptable, even if it has been lowered to 14 ◦C indoors [11],
which helps to reduce the energy consumption needed for heating building spaces to a
relatively high temperature like 20 ◦C. To energy efficiently improve local thermal comfort,
personal comfort systems (PCSs) have been widely investigated, including seats [12,13],
foot warmers [14], wrist warmers [15], radiant panels [16], garments [17], local ventilation
devices [18], etc.

In recent years, to understand well how local body parts affect overall thermal re-
sponses, many researchers have conducted human experiments in climate chambers. In
2003, Zhang et al. [19] found that the local thermal sensations of different body parts had
various influences on the overall thermal sensations. They proposed the UCB (University of
California, Berkeley) model for predicting overall thermal sensations and further improved
the model in 2009 [8]. Fang et al. [20] proposed that the local thermal sensations of body
parts are sparsely distributed differently. Khiavi et al. [21] combined local thermal responses
with the UCB model to form a new integrated assessment method to predict overall thermal
sensations. Jian et al. [22] set up three experimental scenarios to explore how the coldest
local thermal sensation affects the overall thermal sensation, and they found that the feet
had the coldest sensations, with the most obvious skin temperature drops. Liu et al. [23]
heated 15 body parts and found that heating the waist was better than heating the feet for
overall thermal comfort. Sun et al. [24] studied wrist skin temperature during sleeping
through several human experiments and found that wrist skin temperature was sufficient
for predicting human thermal status. Li et al. [25] proposed that the head, the chest, the
back, and the hands were easy to be warm, which led to a warm overall thermal sensation,
and the arms, the hands, the legs, and the feet were easily cool, which led to a cool overall
feeling during cold exposure. Du et al. [26] suggested that the occupants in their study
had a preference for heating their feet and lower-body areas, with a significant increase
in the thermal sensations in the feet and the whole body when local heating is provided.
Cheng et al. [27] established non-contact measurements of skin temperatures and deep
learning to reflect the human thermal comfort state, which can be used to control HVAC
systems. Jia et al. [28] claimed that overall thermal sensation is significantly correlated with
facial skin temperature.

In addition to laboratory experiments, some scholars have also explored the correlation
between local and overall thermal comfort in real environments. Shahzad et al. [29] found
that people’s local thermal comfort in residential buildings may be improved by heated
chairs, which, in turn, enhance people’s overall thermal comfort. Kim et al. [30] suggested
that 99% of occupants’ thermal satisfaction can be obtained with PCSs that locally cool or
warm human bodies. Chen et al. [31], after a questionnaire survey conducted in six areas
of Harbin (with a cold climate), pointed out that the actual overall thermal sensation is
decided by the thermal status of the coldest body part.

The authors have also carried out several field studies on local and overall thermal
comfort in the past few years: He et al. [32], based on a field study in an office in Zhuhai,
suggested that the head, the hands, the legs, and the feet affected the overall thermal sensa-
tion more than other body segments. He et al. [33] also conducted an on-site investigation
in air-conditioned university dormitories. They found that, in the summer, the overall
thermal comfort was determined by the two most extreme body parts, which were usually
the head and the chest. Hu et al. [7] carried out a winter field survey at a university to
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analyze the gender differences in thermal comfort, work performance, and sick building
syndromes in real-world environments, and they found that the fingers easily had very
low skin temperatures in the winter. He et al. [34] proposed a new method based on
infrared thermography to predict the thermal state of an occupant based on the local skin
temperatures of the hands, the cheeks, and the nose.

Although the above-stated literature review indicates the importance of local thermal
comfort, some critical scientific gaps remain unfilled. First, most of the above-mentioned
studies are based on laboratory experiments, and the obtained results may deviate from
those of realistic environments; the existing studies seldom analyze the percentages of local
discomfort of different body parts in actual buildings. Second, the existing studies seldom
indicate how the amount of uncomfortable local body parts affects the overall thermal
comfort. For instance, when a person feels discomfort, how many local body parts are
experiencing discomfort? Third, most of the existing local–overall thermal comfort models
have not been validated in real buildings. An easy-to-use model with full validation in real
buildings can help further the investigation of local thermal comfort in the future.

The primary purposes of this study are the following: (1) explore the local thermal
comfort of occupants through an investigation in real buildings in winter, as well as
determine the percentages of different local parts with cool sensations and discomfort
under different indoor temperatures; (2) quantify the effects of the amount of local cool
sensations and discomfort on one’s overall feelings, including overall thermal sensation,
comfort, and acceptability; and (3) validate an easy-to-use local–overall comfort model
proposed by the authors using data collected in real office buildings.

2. Materials and Methods

2.1. Geography and Climate

The investigation was carried out between November 2019 and January 2020 (the win-
ter period in the Hunan province includes November, December, January, and February),
and all the surveys were conducted on weekdays from 8:00 a.m. to 6:00 p.m. when there
were many occupants indoors. Each participant filled out the questionnaire only once,
which could usually be completed within ten minutes.

The field investigation was performed at Hunan University in Changsha, which is
located in central China (latitude 27◦51′–28◦40′ N and longitude 11◦53′–114◦15′ E), as
shown in Figure 1, with abundant precipitation. Changsha has a warm climate in the
summer (the average temperature in July is about 29 ◦C) and a cold climate in the winter
(the average temperature in January is about 5 ◦C) [35]. Meanwhile, the outdoor relative
humidity is often higher than 70% throughout the year.

 

Figure 1. The location of Changsha [36].
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2.2. Investigated Buildings

The investigation was performed in the office and study rooms of three buildings
of Hunan University (as shown in Figure 2), including the main hall of the College of
Civil Engineering (Building A), the Research Center for Green Building Energy Efficiency
and Green Buildings (Building B), and the Library of Hunan University (Building C). All
three buildings had reinforced concrete structures, with a total of six floors in Building A,
three floors in Building B, and nine floors in Building C. Each room had several operable
single-glazed windows and split-type air conditioners, and each air conditioner had a
plug-in controller panel for the occupants to freely change the indoor set-point temperature.
Each window was closed, and each air conditioner was running during the investigation.
In general, the air conditioning was turned on at around 8 a.m. on weekdays, when the
earliest occupants entered the office, and it was turned off when the last occupant left the
office, depending on when the occupants finished their work.

(a) (b) (c) 

Figure 2. The investigated buildings and rooms: (a) Building A, (b) Building B, and (c) Building C.

2.3. Measurement

This study measured the same environmental and physiological parameters with the
same types of instruments as those in the previous work of the researchers [6]. The main
topic, scenarios, locations, and findings of this study are different from those of our previous
work, which focused on the gender differences in thermal comfort, work performance, and
sick building syndrome in naturally ventilated and air-conditioned classrooms [7].

The indoor temperature and humidity recorder were placed 0.6 m above the floor. An
oximeter was used to measure oxygen saturation (SpO2) and heart rate and was attached
to a participant’s left middle finger for each measurement. The instruments recorded the
environmental parameters after having been placed in a room for 30 min and displayed
a stable value. Portable thermocouples were adopted to record the skin temperatures of
the participants’ foreheads, cheeks, necks, backs of the hands, and fingertips. Since the
participants generally moved and used their right hand frequently, the measurement was
conducted on their left body side to reduce disturbance on the participants. Detailed infor-
mation about the instruments used in this study is presented in Table 1. All the instruments
were calibrated by the manufacturer before the investigation, and the measurement was
conducted when the questionnaire was distributed to the participants.
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Table 1. Experimental instruments used in this study.

Type Parameter Instrument Models Range Accuracy

Environmental Air temperature Temp. and humidity recorder TR-72Ui −10~60◦C ±0.3 ◦C
Relative humidity Temp. and humidity recorder TR-72Ui 10–90% ±5%

Physiological Skin temperature Thermocouple 905 12 −50~350 ◦C 0.1 ◦C
Heart rate/SpO2 Oximeter YX303 70–100% ±2%

2.4. Survey

Before conducting the survey, each student who participated gave their oral consent.
Second, the questionnaire was administered to subjects who had been seated in the office for
more than 30 min. Third, the questionnaire was explained orally to each participant by the
researchers. Figure 3 shows the main questions of the used questionnaire. The participants
selected the most proper thermal sensation and comfort levels from an integer seven-point
scale (from “cold” to “hot” and from “very uncomfortable” to “very comfortable”, with the
corresponding values ranging from −3 to 3). In addition, the participants were asked to
choose whether the indoor thermal environment was “acceptable” or “unacceptable” (the
corresponding values were 1 and 0, respectively). The specific scales are shown in Table 2.

 

Figure 3. The main questions of the questionnaire used in this study.
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Table 2. Scales of subjective responses.

Voting Scale Thermal Sensation Thermal Comfort
Thermal
Acceptability

3 Hot Very comfortable
2 Warm Comfortable
1 Slightly warm Slightly comfortable Acceptable
0 Neutral Neutral Unacceptable
−1 Slightly cool Slightly uncomfortable
−2 Cool Uncomfortable
−3 Cold Very uncomfortable

2.5. Participants

All the participants were graduate or undergraduate students at Hunan University,
and they were working or studying in the investigated rooms from 8:00 a.m. to 8.00 p.m.
during the investigation. All the students were in good health, with no disabilities or
illnesses, and they did not have alcohol or smoke before or during the survey. In addition,
there were no restrictions on students’ clothes in the university, and the students wore thick
clothes in different rooms due to the cold weather during the investigation. To be specific,
each of the students mainly wore a thick jacket, a sweater, and long trousers.

2.6. Data Filtration and Analysis

In total, 1479 questionnaires were assigned, and 1356 valid questionnaires were ob-
tained (656 men (48.4%) and 700 women (51.6%)) after eliminating the questionnaires with
incomplete key data.

First, the overall percentages of cool sensations (including “slightly cool”, “cool”,
“cold”, and “very cold”), discomfort (including “slightly uncomfortable”, “uncomfort-
able”, and “very uncomfortable”), and thermal unacceptability were calculated. Then,
the bin method was adopted for data analysis. Specifically, the data under different air
temperatures were assigned to different integer temperature bins with an interval of 1 ◦C,
and the integer temperature value was used as the standard temperature for each bin,
based on which the key data for our analysis such as the thermal discomfort percentages
were calculated at different integer temperature values. For example, the thermal comfort
values under indoor air temperatures of 18.7 ◦C, 18.9 ◦C, and 19.1 ◦C were within the
“18.5–19.5 ◦C” range and then were assigned to the temperature bin of 19.0 ◦C, which was
taken as the standard temperature for the above-mentioned thermal comfort values. After-
ward, the relationship between the amount of cool and uncomfortable local body parts and
the overall subjective responses was analyzed using the above-mentioned percentage data.

Further, with the survey data, an easy-to-use local–overall thermal comfort model
proposed in the previous experimental work of the authors [37] was validated. To be
specific, the local cool sensation and discomfort data under different indoor temperatures
in this study were substituted into the model to obtain the predicted overall cool sensation
and overall discomfort data. The differences between the actual and predicted overall
cool sensations and discomfort under different indoor temperatures were calculated as the
absolute deviation (the absolute value of the difference between the actual and predicted
values) to determine whether the model was applicable in real buildings. The model was
expressed as follows:

(1) For thermal sensations, the association between the overall thermal sensation (OTS)
and the local thermal sensation (LTS) could be represented as follows:

OTS = 0.5 × (LTS1st, warm + LTS2nd, warm + LTS1st, cool + LTS2nd, cool) (1)

where LTS1st, warm is the local thermal sensation of the warmest body segment on the warm
side; LTS2nd, warm is the local thermal sensation of the second-warmest body segment on the
warm side; LTS1st, cool is the local thermal sensation of the coolest body segment on the cool
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side; and LTS2nd, cool is the local thermal sensation of the second-coolest body segment on
the cool side.

When the amount of body parts on the warm or cool side was less than two, the
calculation would be based on the actual number of body parts on the warm or cool side.

(2) For thermal comfort, the association between the overall thermal comfort (OTC)
and the local thermal comfort (LTC) was determined through two rules below:

(1) Rule 1: The amount of local body parts on the comfortable side (n+) was less than
that on the uncomfortable side (n−). In this case, the relationship between the overall
thermal comfort (OTC) and the local thermal comfort (LTC) was modeled as follows:

OTC = 0.5 ×
(

LTC1st, discom f + LTC2nd, discom f + LTC1st, com f

)
(2)

where LTC1st, discomfort is the local thermal comfort of the most uncomfortable body
segment on the uncomfortable side; LTC2nd, discomf is the local thermal comfort of the
second most uncomfortable body segment on the uncomfortable side; and LTC1st, comf
is the local thermal comfort of the most comfortable body segment on the comfort-
able side.

(2) Rule 2: The amount of local body parts on the comfortable side (n+) was greater
than that of the body parts on the discomfort side (n−). In this case, the relationship
between the overall thermal comfort (OTC) and the local thermal comfort (LTC) was
modeled as follows:

OTC = 0.5 ×
(

LTC1st, com f + LTC2nd, com f + LTC1st, discom f

)
(3)

where LTS2nd, comf is the local thermal comfort of the second most comfortable body
segment on the comfortable side.

If no body segment had discomfort, Model (3) could be written as follows:

OTC = 0.5 ×
(

LTC1st, com f + LTC2nd, com f

)
(4)

3. Results

3.1. Overview of the Subjects

Table 3 shows the information of the participants in this study. It can be found that
92.7% of the participants were 16–24 years old; 30.0% of the female participants were in the
height range of 160–170 cm, while 29.6% of the male participants were in the height range
of 170–180 cm; 27.8% of the female participants weighed 50–60 kg, while 20.5% of the male
participants weighed 60–70 kg. In addition, 70.1% of the participants had BMI values of
18.5–23.9 kg/m2.

Table 3. The distributions of participants’ parameters.

Information Range
Percentage
(Overall %)

Percentage
(Male %)

Percentage
(Female %)

Age 16–18 42.4 23.1 19.4
19–21 41.3 19.9 21.4
22–24 9.0 4.3 4.7
>24 7.3 2.8 4.5

Hight <160 16.4 0.1 16.4
160–170 40.8 10.8 30.0
170–180 33.1 29.6 3.5
180–190 9.3 9.2 0.1
>190 0.3 0.3 0.0
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Table 3. Cont.

Information Range
Percentage
(Overall %)

Percentage
(Male %)

Percentage
(Female %)

Weight <50 16.0 1.0 15.0
50–60 43.0 15.2 27.8
60–70 26.5 20.5 6.1
70–80 11.1 10.3 0.8
>80 1.5 1.3 0.2

BMI <18.4 19.4 9.0 10.4
18.5–23.9 70.1 32.9 37.2
24.0–27.9 9.7 7.7 2.1
>28 0.8 0.6 0.2

3.2. Environmental Parameters

During the survey period, the main outdoor temperatures in Changsha were 5.8–14.5 ◦C,
and the outdoor humidity was mainly 60–100%. Figure 4 illustrates the indoor temperatures
and indoor humidity during the survey period. The average indoor temperature and humid-
ity were 20.4 ◦C and 39.7%, respectively, and most of the rooms had temperatures higher
than 18 ◦C.

Figure 4. Environmental parameters: indoor temperature and relative humidity.

3.3. Physiological Parameters

Figure 5 illustrates the local skin temperatures under different indoor temperatures.
Noticeably, local skin temperature gradually increased as the room temperature rose.
The fingertip temperatures were the lowest under different indoor temperatures, and the
second-lowest one was the back of the hand.
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Figure 5. Distributions of participants’ local skin temperatures.

Figure 6 shows the regression results of local skin temperatures and indoor tempera-
tures. Local body parts had larger skin temperature differences as the indoor environment
became cool. For example, when it was 17 ◦C indoors, the difference between the fore-
head and the fingertips was 6.5 ◦C, and, when it was 26 ◦C indoors, the skin temperature
difference was merely 2.6 ◦C.

Figure 6. Average skin temperatures of different body parts.

In addition, at different temperatures, the SpO2 values of the participants mainly
varied between 97% and 98%, and the heart rate mainly varied between 60 and 80 bpm,
which had no significant correlation with the indoor temperature.

3.4. Ranking of Local Cool Sensations

Figure 7 represents the percentages of different local body parts with cool sensations.
It shows that body extremities are prone to cool sensations. Specifically, the top five
percentages of local cool sensations appeared in the feet (41.02%), the hands (26.58%),
the calves (25.18%), the thighs (13.99%), and the head (9.72%). It should also be noted
that the head could also have noticeable cool sensations in the winter despite the indoor
temperatures being usually higher than 18 ◦C (see Figure 4), which could be attributed to
the fact that no participants wore hats or had their heads covered when staying indoors.
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Figure 7. Percentages of the top five discomfort body parts under different indoor temperatures.

Figure 8 shows the change in the proportions of local coolness in the top-five-ranked
body parts under different indoor temperatures. It was found that, as the room temperature
decreased, the percentages of cool sensations increased rapidly for body extremities (feet,
hands, calves). To be specific, when the temperature reached 19 ◦C, nearly half of the
participants had cold sensations in their feet, and, when the temperature reached 17 ◦C,
close to 50% of the participants had cool hands, and 40% of the participants had cool calves.

Figure 8. Percentages of the top five cool body parts under different indoor temperatures.

Furthermore, it was found that the top three body parts with the largest percentages
of cool sensations remained unchanged under different indoor temperatures, with small
differences in the order of the local body parts. Specifically, under different indoor tem-
peratures, the top three body parts with the largest percentages of cool sensations were
the feet, the hands, and the calves, and the cool sensation of the feet was much higher
than that of the other two parts. In addition, it should be noted that, even when it was
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20 ◦C or higher indoors, some body parts (feet, calves, and hands) still had noticeable cool
sensations (higher than 20%), which indicates that using conventional air conditioning
systems is insufficient to effectively reduce local thermal discomfort but may cause high
energy costs.

3.5. Ranking of Local Discomfort

Figure 9 shows the percentages of different local body parts that had discomfort. The
body extremities were prone to experience discomfort. Specifically, the higher percentages
of local discomfort appeared in the feet (44.99%), the palms (28.2%), the calves (24.74%),
the head (19.66%), and the thighs (16.35%). It also should be noted that the head could
also have notable discomfort in the winter despite the indoor temperatures being usually
higher than 18 ◦C (see Figure 4).

Figure 9. Percentages of local discomfort of different body parts.

Figure 10 illustrates the percentages of local discomfort of the top-five-ranked body
parts under different indoor temperatures. It was found that, as the room temperature
decreased, the percentages of local discomfort increased rapidly for body extremities (feet,
hands, calves). To be specific, when the temperature reached 22 ◦C, more than 50% of
the participants had discomfort in their feet, and, when the temperature reached 17 ◦C,
nearly 40% of the participants had discomfort in their hands, and more than 30% of the
participants had discomfort in their calves.

In addition, it could be seen that the top three local uncomfortable body parts remained
unchanged under different indoor temperatures, with small differences in the order of the
local parts. Specifically, under different indoor temperatures, the top three local discomforts
were also felt in the feet, hands, and calves, the discomfort of the feet was much higher than
the others, and the highest percentage of local discomfort was always in the feet regardless
of the temperature. Moreover, it should be noted that, even when it was 22 ◦C or higher
indoors, some body parts (feet, calves, and hands) still felt noticeable discomfort (higher
than 20%), which indicates that using conventional air conditioning systems is insufficient
to reduce local discomfort but may cause high energy costs.
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Figure 10. Percentages of the top five uncomfortable body parts under different indoor temperatures.

3.6. Correlation between the Percentages of Local and Overall Thermal Status

Figure 11 represents the percentages of participants having overall cool sensations
(voting “slightly cool”, “cool”, or “cold”), uncomfortable feelings (voting “slightly uncom-
fortable”, “uncomfortable”, or “very uncomfortable”), and thermal unacceptability (voting
“unacceptable”) under the different indoor temperatures in this study. It is obvious that,
under the same indoor temperature, the percentage of overall discomfort was higher than
that of the overall cool sensation, and the percentage of unacceptability was usually less
than 10%, regardless of what the indoor temperature was. Moreover, less than 30% of the
participants was cool and uncomfortable when it was 17 ◦C or higher indoors. When it
was 19 ◦C or higher indoors, less than 20% of the participants felt cool sensations, and,
when it was 22.3 ◦C or higher indoors, less than 20% of the participants felt discomfort.
The above-stated results also indicate that considering only thermal acceptability may lead
to a large overestimation of occupant thermal comfort in real buildings.

Figure 11. Percentages of overall cool sensation, discomfort, and unacceptability under different
indoor temperatures.
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3.6.1. Amount of Cool Body Parts and Overall Subjective Responses

Figure 12 shows the percentages of overall subjective responses and different amounts
of cool body parts (local body parts had cool sensations) under different indoor temper-
atures. The results indicate the following: when the whole body has a cool sensation, at
least four local body parts have cool sensations; when the whole body has discomfort,
at least three local body parts have cool sensations; and when the whole body feels that
the ambient environment is thermally unacceptable, at least seven local body parts have
cool sensations.

Figure 12. Percentages of overall subjective responses and different amounts of cool body parts.

Specifically, the percentage of at least four cool body parts was similar to that of the
overall cool sensation, with an average absolute difference of 1.1%. The percentage of at
least three cool body parts was similar to that of the overall discomfort, with an average
absolute difference of 2.3%. At the same time, the percentage of at least seven cool body
parts was similar to that of the overall unacceptability, with an average absolute difference
of 0.2%.

The above-stated results also indicate that, if overall subjective responses are obtained,
they can be used to estimate the amount of cool body parts.

3.6.2. Number of Uncomfortable Body Parts and Overall Subjective Responses

Figure 13 shows the percentages of the overall subjective responses and the different
amounts of uncomfortable body parts (local body parts which had discomfort) under
different indoor temperatures. The results indicate that, when the whole body feels dis-
comfort, at least three local body parts have discomfort and that, when the whole body
feels that the ambient environment is thermally unacceptable, at least four local body parts
have discomfort.

Specifically, the percentage of at least three uncomfortable body parts was similar
to that of the overall discomfort, with an average absolute difference of 2.9%, and the
percentage of at least four uncomfortable body parts was similar to that of the overall
unacceptability, with an average absolute difference of 0.09%. The above-stated results
indicate that, if only overall subjective responses are obtained, they can be used to estimate
the amounts of uncomfortable body parts.
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Figure 13. Percentages of overall subjective responses and different amounts of uncomfortable
body parts.

3.7. Validation of Local–Overall Thermal Comfort Model
3.7.1. Local and Overall Thermal Sensations

Figure 14 shows the actual and predicted overall thermal sensation values under
different indoor temperatures, which were obtained using the bin method, as described
in Section 2.6, while the detailed results are represented in Table 4. It can be seen that the
average deviation of the model is 0.13, and most of the deviations are lower than 0.2, which
demonstrates that the local–overall thermal sensation model proposed by the authors
(model (1)) has a high accuracy level.

Figure 14. Comparison between the actual and predicted overall thermal sensations.
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Table 4. The deviation between the actual and predicted overall thermal sensation values.

Air Temperature (◦C) Actual Value Predicted Value

17 −0.34 −0.42
18 −0.15 −0.35
19 −0.09 −0.32
20 −0.06 −0.18
21 0.07 0.07
22 0.14 −0.04
23 0.54 0.48
24 0.34 0.14
25 0.04 0.13
26 0.32 0.07

3.7.2. Local and Overall Thermal Comfort

Figure 15 represents the actual and predicted overall thermal comfort values under
different indoor temperatures, and the detailed results are represented in Table 5. It can be
seen that the average absolute deviation of the model is 0.07, and most of the deviations are
lower than 0.3, which demonstrates that the local–overall thermal comfort model proposed
by the authors (models (2), (3), and (4)) has a high accuracy level.

Figure 15. Comparison between the actual and predicted overall thermal comfort.

Table 5. The deviation between the actual and predicted overall thermal comfort values.

Air Temperature (◦C) Actual Value Predicted Value

17 −0.19 −0.45
18 −0.38 −0.69
19 −0.31 −0.47
20 −0.59 −0.51
21 −0.62 −0.62
22 −0.62 −0.42
23 −0.34 −0.72
24 −0.58 −0.68
25 −0.89 −1.05
26 −0.91 −0.55
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4. Discussion

Applications and Limitations of This Study
This study may contribute to current academia as follows:
(1) This study gave detailed information on the local thermal sensations and comfort

of different body parts in the winter, especially under different indoor temperatures, which
provided guiding suggestions for the future design and deployment of PCSs. For example,
this study found that, in addition to the well-known high rates of coldness and discomfort
in extremities like the hands and the feet, the head is also susceptible to coldness and
discomfort. Thus, special attention should be paid to designing wearable head-heating
systems like neck-warmer devices [38] and heated helmets [39]. Using the percentages of
local cool sensations and discomfort rather than the average values shed some light on
the future work on local–overall thermal comfort and reflected the real comfort needs of
indoor occupants.

(2) This study established a quantitative correlation between the amount of local cool
or uncomfortable body parts and the overall subjective thermal responses, which provided
a novel method to quickly estimate how many local body parts had cool sensations or
discomfort according to the overall subjective responses. Such a method can help simplify
the questionnaire in the future work by reducing the metrics for evaluating the local thermal
comfort of different body parts. For instance, in the existing studies, when investigating
local body status, subjects are usually required to answer questions for each body part
repeatedly, and then researchers can analyze the amount of cool or warm body parts [32],
which is time-consuming.

(3) This study demonstrated a previous local–overall thermal comfort model proposed
by the authors [37]. This model simplifies the calculations of overall thermal comfort since
it only needs the most extreme local status as the input. With the understanding of local
thermal comfort under different indoor temperatures, this model is convenient to use in
real environments.

This study also has some limitations:
(1) In this study, it was found that the indoor temperatures were within or close to the

comfortable range, and, thus, the gender difference was not as obvious as that found in
our previous study [6]. However, if an indoor environment was out of the comfort range,
the findings may differ significantly due to gender differences. In the future, the local
thermal comfort of different groups (male and female participants) will be explored in
environments deviating from the comfortable range.

(2) The participants of this study were healthy young students, who may have been
more resilient to the indoor environments in our study than other groups like patients,
children, and elders. The key body parts that should be heated as a priority may be different
for other groups, a matter to which the development of PCSs should pay careful attention
to. For example, for a patient, body parts with an injury may be sensitive to cool or warm
stimuli and could easily have cool or warm sensations.

(3) The investigated buildings in this study were all air-conditioned. The applicability
of the results of this study in natural-ventilated environments remains to be investigated.
In naturally ventilated environments, which are usually much colder than air-conditioned
environments in the winter, people can wear more clothes to cover their bodies, such as
hats and gloves, which may reduce the cool sensations of the head and hands.

5. Conclusions

A field investigation was conducted to study the correlation between local and over-
all thermal comfort in the winter, including the measurements of indoor environmental
parameters (e.g., air temperature and relative humidity) and participants’ physiological
parameters (e.g., skin temperature), in addition to 1356 questionnaires from the participants
(656 men (48.4%) and 700 women (51.6%)). The main conclusions are listed below.

(1) In terms of local cool sensations, body extremities were the main areas prone to
have cool sensations, and the top-five-ranked local cool sensation percentages were those of
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the feet (41.02%), the hands (26.58%), the calves (25.18%), the thighs (13.99%), and the head
(9.72%). The highest percentage of local cool sensation was always in the feet, regardless
of the indoor temperature. Moreover, the percentage of local coolness in the feet, hands,
and lower legs increased rapidly as the room temperature decreased. When the indoor
temperature decreased by 1 ◦C, the percentages of local cool sensations of the feet, hands,
and lower legs increased by 3–14%. Moreover, there was a significant cool sensation in the
head when the temperature was higher than 18 ◦C indoors.

(2) In terms of local discomfort, body extremities were also more likely to feel uncom-
fortable, and the top-five-ranked local discomfort percentages laid in the feet (44.99%), the
palms (28.2%), the calves (24.74%), the head (19.66%), and the thighs (16.35%), and the
highest percentage of local discomfort was always in the feet, regardless of the indoor tem-
perature. At the same time, with the decrease in the indoor temperature, the percentages of
local discomfort of the feet, hands, and calves increased rapidly. It is worth noting that the
head also had notable discomfort when the temperature was higher than 18 ◦C indoors.

(3) Moreover, it was found that the percentage of overall thermal discomfort was
higher than the percentage of overall cool sensation at the same indoor temperature, while
the percentage of thermal unacceptability was usually less than 10%, regardless of the
indoor temperature. And, when the whole body felt cool, at least four local body parts
had local cool sensations; when the whole body felt uncomfortable, at least three local
body parts had local cool sensations; and when the whole body felt that the ambient
environment was thermally unacceptable, at least seven local body parts had local cool
sensations. In addition, at least three local body parts felt uncomfortable when the whole
body felt uncomfortable, and at least four local body parts felt uncomfortable when the
whole body felt that the ambient environment was thermally unacceptable.

(4) Further, the mean absolute difference between the actual and predicted overall
thermal sensation values was 0.13, indicating that the local–overall thermal sensation
model (Equation (1)) proposed by the authors has a high accuracy level. The mean absolute
difference between the actual and predicted overall comfort values was 0.07, indicating
that the local–overall thermal comfort model (Equations (2)–(4)) proposed by the authors
also has a high accuracy level.

This study serves as a reference for prioritizing which local body parts should be
warmed in actual cool environments, which may help develop energy-efficient personal
comfort systems. For example, Figure 8 shows the percentages of different body parts
experiencing cool sensations. The results show that body extremities are prone to coolness
and that the head also has noticeable cool sensations in the winter even when the indoor
temperatures is above 18 ◦C. When designing PCSs, the results of this paper can help
determine which local part needs to be prioritized for heating, while the consumed energy
can be lowered by reducing the heating energy spent on the body parts which are resilient
to coolness when the indoor temperature is low. Also, this study contributes to quickly
predicting the amount of local body parts with cool discomfort by merely investigating
the overall subjective responses, which helps with the simplification of thermal comfort
questionnaires for future studies.
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