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Abstract

Buildings account for a substantial share of global energy consumption and greenhouse gas emissions, creating an urgent
need for design strategies that simultancously address operational performance, occupant comfort, and life-cycle
environmental impacts. While simulation-based optimization has become increasingly common in building performance
research, relatively few studies evaluate energy use, thermal comfort, and embodied carbon within a unified tri-objective
framework. This study presents a simulation-based tri-objective Pareto optimization of residential buildings in Riyadh,
Saudi Arabia, and Dubai, United Arab Emirates, using DesignBuilder, EnergyPlus, and the Non-Dominated Sorting
Genetic Algorithm IT (NSGA-II). A standardized four-story residential apartment prototype comprising 16 thermal zones
and 2239.82 m? of conditioned floor area was developed and simulated under identical geometric, operational, and HVAC
assumptions. Window-to-wall ratio, glazing type, external shading depth, and cooling setpoint temperature were optimized
to minimize annual site energy consumption, ASHRAE 55 thermal discomfort hours, and embodied carbon emissions.
Baseline simulations revealed substantially higher operational demand in Dubai, with annual energy consumption reaching
272,077 kWh compared with 196,478 kWh in Riyadh, while discomfort hours increased from 2,530 h/year to 3,262 h/year.
Optimization reduced annual energy demand by 72.9% in Riyadh and 74.5% in Dubai, while thermal discomfort was
reduced to 776 h/year in the best-performing comfort solution. Pareto-optimal solutions consistently favored low window-
to-wall ratios (10-16%), high-performance glazing, and external overhangs between 1.5 and 2.0 m. The findings
demonstrate the effectiveness of tri-objective optimization for balancing operational efficiency, occupant comfort, and
embodied carbon while providing climate-responsive fagade design guidance for residential buildings in hot-arid Gulf
environments.

Keywords: Building performance simulation; NSGA-II; Multi-objective optimization; Thermal comfort; Embodied
carbon; Energy efficiency; climate-responsive design.
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Construction &  United Nations Environment
Programme, 2024). As climate change intensifies and
urban populations continue to grow, improving the
sustainability of residential buildings has become a
major priority for governments, researchers, and

1. INTRODUCTION

he building sector remains one of the largest
consumers of energy and one of the most significant
contributors to global greenhouse gas emissions.
According to the Global Status Report for Buildings and

Construction, buildings account for approximately 34%
of global final energy demand and 37% of energy- and
process-related carbon dioxide emissions, emphasizing
the urgency of improving building performance and
reducing environmental impacts throughout the building
life cycle (Global Alliance for Buildings and

practitioners worldwide.

In hot-climate regions, building energy
consumption is dominated by cooling demand.
Residential buildings in Gulf countries are particularly
dependent on mechanical cooling systems because of
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prolonged periods of high outdoor temperatures, intense
solar radiation, and increasing urban heat island effects.
These conditions create substantial operational energy
demands and contribute significantly to electricity
consumption and associated carbon emissions (Calvin et
al., 2023). Consequently, improving the thermal
performance of residential buildings through climate-
responsive design strategies has emerged as an important
pathway toward reducing environmental impacts while
maintaining acceptable indoor comfort conditions.

Building envelopes play a critical role in
regulating heat transfer between indoor and outdoor
environments. Elements such as glazing systems,
window-to-wall ratio (WWR), insulation levels, and
external shading devices directly influence solar heat
gains, cooling loads, and thermal comfort outcomes.
Previous studies have demonstrated that fagade-related
design decisions can significantly affect building energy
performance, particularly in cooling-dominated climates
(Albatayneh, 2021; Alwetaishi & Benjeddou, 2021).
However, the effectiveness of these strategies often
varies according to local climatic conditions, building
characteristics, and occupant requirements.

Recent simulation-based studies further
confirm that envelope-related variables, including
glazing, WWR, shading, and passive solar design,
produce strongly climate-dependent performance
outcomes across residential buildings (Ali et al., 2026;
Bassma & Tintawi, 2026; Bokhari & Ali, 2026).

Recent advances in building performance
simulation have enabled researchers to evaluate large
numbers of design alternatives before construction.
Simulation engines such as EnergyPlus have become
widely adopted for investigating the interactions between
climate, building systems, occupant behavior, and
envelope characteristics (Crawley et al., 2001). These
tools allow designers to assess performance outcomes
under realistic operating conditions and support
evidence-based decision-making during early design
stages.

Simultaneously, computational optimization
techniques have become increasingly important for
identifying high-performing design solutions within
large and complex design spaces. Traditional trial-and-
error approaches often evaluate only a limited number of
alternatives and may fail to identify globally optimal
solutions. In contrast, optimization algorithms can
systematically explore thousands of possible design
combinations and identify solutions that balance multiple
competing objectives (Evins, 2013; Nguyen et al., 2014).

Building design problems frequently involve
competing objectives. Reducing energy consumption
may require design interventions that increase
construction materials or costs. Similarly, improving
thermal comfort may increase cooling demand if not

carefully managed. As a result, optimization studies
increasingly adopt multi-objective approaches that
evaluate trade-offs between multiple performance
criteria rather than focusing on a single outcome.

Among available optimization methods, the
Non-Dominated Sorting Genetic Algorithm II (NSGA-
II) has become one of the most widely applied algorithms
in building performance research (Deb et al., 2002).
NSGA-II is particularly suitable for architectural
optimization because it generates a set of Pareto-optimal
solutions rather than a single optimum, allowing
designers to understand trade-offs among competing
objectives. Previous studies have successfully applied
NSGA-II to optimize building envelopes, glazing
systems, insulation levels, and renewable energy
integration strategies (Alexakis et al., 2025; Hamdy et
al., 2013; Magnier & Haghighat, 2010).

More recent work has extended this approach to
Al-guided and simulation-based optimization across
multiple climates, showing that evolutionary search can
reveal climate-specific envelope rules rather than
universal design prescriptions (Ali et al., 2026; Bokhari
& Ali, 2026).

Most existing optimization studies focus
primarily on operational energy consumption and
operational carbon emissions. While these indicators are
important, increasing attention is being directed toward
embodied carbon because construction materials
contribute substantially to the total environmental impact
of buildings over their life cycle. Materials such as
concrete, insulation products, and glazing systems
contain embedded greenhouse gas emissions associated
with extraction, manufacturing, transportation, and
installation processes (Bolattiirk, 2008; Ozel, 2011).

Consequently, optimizing building
performance solely from an operational perspective may
inadvertently increase embodied carbon burdens. High-
performance glazing systems, thicker insulation layers,
and additional fagade components may reduce annual
energy demand while simultaneously increasing
material-related emissions. Understanding these trade-
offs is therefore essential for achieving genuinely
sustainable building design solutions.

Despite the growing literature on building
performance optimization, several research gaps remain
evident. First, many studies investigate energy
performance and thermal comfort without explicitly
considering embodied carbon as a simultaneous
optimization objective. Second, comparative studies
examining hot-arid Gulf climates often focus on
individual cities rather than evaluating how optimization
outcomes differ between distinct climatic contexts within
the region. Third, relatively few studies investigate the
interactions among energy use, thermal comfort, and
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embodied carbon wusing a unified tri-objective
optimization framework.

However, previous related studies have
generally focused on heating-demand optimization,
operational energy and carbon reduction, or
deterministic envelope sufficiency assessment, rather
than combining energy, thermal comfort, and embodied
carbon into a tri-objective NSGA-II framework for
Riyadh and Dubai (Ali et al., 2026; Bassma & Tintawi,
2026; Bokhari & Ali, 2026; Tintawi et al., 2026).

To address these gaps, this study develops a
simulation-based tri-objective optimization framework
for residential buildings in Riyadh and Dubai. The study
employs Design Builder and Energy Plus simulations
coupled with the NSGA-II optimization algorithm to
evaluate trade-offs among annual energy consumption,
thermal comfort performance, and embodied carbon
emissions.

The specific objectives of the study are:

a) To establish baseline energy, comfort, and
embodied carbon performance for a
representative  Gulf residential apartment
building.

b) To optimize facade-related design variables
using NSGA-IIL.

¢) To identify Pareto-optimal solutions that
balance energy efficiency, thermal comfort, and
embodied carbon.

d) To compare optimization outcomes between
Riyadh and Dubai.

e) To  derive  climate-responsive  design
recommendations for residential buildings in
hot-arid Gulf environments.

Through this approach, the study contributes a
practical framework for evaluating competing
sustainability objectives and supports evidence-based
architectural decision-making in rapidly urbanizing and
climate-sensitive regions.

2. MATERIALS AND METHODS

This study employed a simulation-based multi-
objective optimization framework to investigate trade-
offs between energy performance, thermal comfort, and

embodied carbon in residential buildings located in two
representative Gulf cities: Riyadh, Saudi Arabia, and
Dubai, United Arab Emirates. The methodological
workflow combined dynamic building energy simulation
with evolutionary optimization using the Non-
Dominated Sorting Genetic Algorithm II (NSGA-II).

Riyadh and Dubai were selected not to represent
the entire Gulf region, but to establish a controlled
comparison between two influential Gulf urban contexts
with contrasting hot-arid sub-conditions: an inland dry
climate and a coastal humid climate.

This selection also builds on earlier Gulf-
focused research on Dubai, hot-arid envelope
performance, and  socio-environmental  urban
development in the region (Ali & Nogueira de
Vasconcellos, 2018; Bassma & Tintawi, 2026; Tintawi
etal., 2026).

The research consisted of five sequential stages.
First, a representative residential building prototype was
developed and standardized across both climatic
locations. Second, baseline simulations were conducted
to establish reference performance metrics for energy
consumption, thermal comfort, and embodied carbon.
Third, a set of design variables related to facade
performance and operational control were defined.
Fourth, NSGA-II optimization was performed to identify
Pareto-optimal design solutions. Finally, the resulting
trade-offs were analyzed and compared between the two
climatic contexts.

The methodology was designed to isolate the
effects of climate and design decisions by maintaining
identical building geometry, occupancy schedules,
internal loads, construction assemblies, and HVAC
configurations across both locations. Consequently,
differences observed between Riyadh and Dubai can be
attributed primarily to climatic influences and
optimization outcomes rather than variations in building
characteristics. Figure 1 summarizes the methodological
workflow adopted in this study, illustrating the
integration of building performance simulation, NSGA-
Il optimization, and Pareto-based interpretation to
evaluate energy, thermal comfort, and embodied carbon
trade-offs in residential buildings located in Riyadh and
Dubai.
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A. MODEL DEFINITION

B. SIMULATION AND OPTIMIZATION

C. PARETO INTERPRETATION
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Figure 1: Simulation-based tri-objective Pareto optimization workflow adopted in this study. The framework
integrates Design Builder/Energy Plus simulations with NSGA-II optimization to evaluate trade-offs among
annual site energy consumption, thermal discomfort hours, and embodied carbon emissions for residential
buildings in Riyadh and Dubai

All simulations were performed using Design
Builder, which employs the Energy Plus simulation
engine for dynamic thermal and energy calculations.
Energy Plus has been extensively validated and remains
one of the most widely adopted simulation engines for
building performance assessment (Crawley et al., 2001).

The optimization process utilized the integrated
NSGA-II algorithm available within Design Builder.
NSGA-II is recognized as one of the most effective
evolutionary  algorithms  for  solving  building
optimization problems involving competing objectives
because it generates a set of non-dominated solutions
rather than a single optimum (Deb et al., 2002; Evins,
2013).

Typical Meteorological Year (TMY) weather
files were used for both locations. Riyadh represents an
inland hot-arid climate characterized by high solar
radiation and low humidity, whereas Dubai represents a
coastal hot-arid climate influenced by elevated humidity
levels and maritime conditions.

Although both cities are classified as hot-arid
environments (Kdppen BWh), important climatic
differences exist between them. Riyadh is characterized
by lower annual humidity, larger diurnal temperature
variations, and predominantly dry atmospheric
conditions, whereas Dubai experiences higher relative
humidity due to its coastal location along the Arabian
Gulf. These climatic differences influence cooling
demand, thermal comfort performance, and the

effectiveness of passive envelope strategies, making the
comparison between the two cities particularly relevant
for climate-responsive building design (Crawley et al.,
2001; EnergyPlus, n.d.; Machard et al., 2024).

A simplified low- to mid-rise residential
apartment building was developed as the reference
prototype. The building was intentionally designed to
balance thermal realism and computational efficiency
during optimization. The prototype consists of a
rectangular building measuring 40 m x 15 m, resulting in
a footprint area of 600 m2. The building contains four
floors, producing a total gross floor area of
approximately 2400 m? and a conditioned floor area of
2239.82 m?.

Each floor contains four residential apartments,
and each apartment was represented as an individual
thermal zone. This zoning strategy resulted in a total of
sixteen thermal zones and enabled efficient simulation of
a large number of optimization iterations while
preserving the principal thermal characteristics of
residential occupancy. A floor-to-floor height of 3.0 m
was adopted throughout the building, and simulations
were performed over a full annual cycle.

To ensure comparability between climatic
contexts, building geometry, orientation, occupancy
schedules, internal gains, HVAC configuration, and
construction assemblies were maintained identical in
both cities.
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The baseline building envelope represents a
contemporary Gulf residential construction employing
medium-weight construction and moderate insulation
levels. External walls consisted of insulated brick/block
assemblies, while the roof employed an insulated flat-
roof system with a thermal transmittance of
approximately 0.25 W/m?K. Internal partitions were
modeled using lightweight gypsum board assemblies,
and air infiltration was fixed at 0.30 air changes per hour
(ACH).

The baseline fagade configuration employed
single clear 6 mm glazing with an initial window-to-wall
ratio of approximately 20% and no external shading
devices. These characteristics intentionally represent a
simplified baseline condition from which performance
improvements could be evaluated through optimization.

Operational assumptions were maintained
constant throughout the study. Occupancy density was
fixed at 0.0188 persons/m?, corresponding to

approximately three occupants per apartment.
Mechanical ventilation was enabled using the ASHRAE
outdoor-air methodology, while dehumidification
remained active to reflect realistic operation in Gulf
climates. Natural ventilation was disabled to ensure
consistent cooling-dominated operation.

The HVAC system was modeled using a
Unitary Heat Cool configuration operating with a
cooling coefficient of performance (COP) of 2.5 and a
heating COP of 2.0. The baseline cooling setpoint was
maintained at 25°C with a setback temperature of 28°C,
while the heating setpoint remained fixed at 21°C.

Four design variables were selected based on
their demonstrated influence on building thermal
performance and cooling demand in hot climates
(Albatayneh, 2021; Alwetaishi & Benjeddou, 2021;
Tawfeeq & Qaradaghi, 2024). These variables include
window-to-wall ratio, cooling setpoint temperature,
glazing type, and external overhang depth.

Table 1: Optimization variables and corresponding search ranges used in the NSGA-II framework.
Continuous variables were explored within predefined numerical bounds, while discrete variables represented
alternative facade design options evaluated during the optimization process

Variable Type

Range / Options

Window-to-Wall Ratio (WWR) | Continuous | 10—60%

Cooling Setpoint Temperature | Continuous | 23-26°C

Glazing Type Discrete Double Green, Double Low-E,
Double Low-E Electrochromic
Overhang Depth Discrete 00m,05m,1.0m, 1.5m,2.0m

The optimization framework simultaneously
minimized three competing objectives representing
operational performance, occupant comfort, and
environmental impact.

This treatment is consistent with recent
sufficiency-oriented  envelope  research,  where
operational energy and material-related carbon are
evaluated together to avoid shifting impacts from
operation to construction (Tintawi ef al., 2026).

Annual energy performance was evaluated
using total site energy consumption extracted directly

from EnergyPlus simulations. Thermal comfort
performance was assessed using ASHRAE Standard 55
discomfort hours, representing the number of annual
hours during which indoor conditions fall outside
acceptable comfort limits (American Society of Heating,
Refrigerating and  Air-Conditioning  Engineers
(ASHRAE), 2023). Environmental performance was
quantified through embodied carbon emissions
calculated using DesignBuilder's integrated material
carbon database derived from Bath ICE inventories and
reported as equivalent carbon dioxide emissions
(kgCOze).

Table 2: Performance objectives adopted in the tri-objective optimization framework. Energy use, thermal
comfort, and embodied carbon were simultaneously minimized to identify Pareto-optimal solutions that balance
operational performance and environmental impact

Objective Dimension

Performance Indicator Unit

Optimization Goal

Energy Efficiency

Total Site Energy

kWh/year | Minimize

Occupant Comfort

ASHRAE 55 Discomfort Hours h/year

Minimize

Environmental Sustainability | Embodied Carbon (Equivalent CO,) | kgCO,e

Minimize

Optimization was performed using the Non-
Dominated Sorting Genetic Algorithm II. The algorithm
iteratively evolved candidate design solutions through
crossover and mutation operations while preserving non-
dominated solutions throughout successive generations.
The final configuration employed a population size of 50

individuals, a convergence threshold of 20 generations, a
maximum of 120 generations, a crossover probability of
0.90, and a mutation rate of 0.20. The optimization
process was limited to a maximum of 10,000 evaluations.
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The resulting Pareto-optimal  solutions The baseline results reveal substantial
represent  alternative  trade-offs among energy differences between the two cities. Dubai exhibited
consumption, thermal comfort, and embodied carbon. higher annual energy consumption and greater thermal
These solutions form the basis for the comparative discomfort than Riyadh despite the use of the same
analysis presented in the following sections. building configuration. Annual site energy consumption

reached 272,077 kWh in Dubai compared with 196,478
3. RESULTS kWh in Riyadh, representing a 38.5% increase.

Baseline simulations were first conducted to Similarly, thermal discomfort hours increased from
establish a common reference for comparing the 2,530 h/year in Riyadh to 3,262 h/year in Dubai.
performance of the residential prototype under the
climatic conditions of Riyadh and Dubai. The building The observed differences can be attributed
geometry, construction materials, HVAC configuration, primarily to the combined influence of elevated ambient
occupancy schedules, internal loads, and operational temperatures and higher humidity levels in Dubai, which
assumptions were maintained identical in both locations. increase cooling demand and reduce passive cooling
Consequently, differences in performance are opportunities. In contrast, Riyadh's drier climate permits
attributable exclusively to climatic variations. slightly improved thermal performance despite similar

solar exposure conditions.

Table 3: Baseline Performance Comparison Between Riyadh and Dubai

Indicator Unit Riyadh | Dubai

Total Site Energy kWh/year | 196,478 | 272,077
Total Source Energy kWh/year | 252,415 | 330,375
Energy Use Intensity (EUI) kWh/m?-yr | 87.72 121.47
Source EUI kWh/m?-yr | 112.69 147.50
ASHRAE 55 Discomfort Hours | h/year 2,530 3,262
Cooling Setpoint Not Met h/year 71.5 123.0
Embodied Carbon kgCO, 143,394 | 143,394
Conditioned Floor Area m? 2,239.82 | 2,239.82

As expected, embodied carbon remained baseline energy and thermal comfort results for both
identical in both locations because the same construction cities are summarized in Figure 2.

materials and quantities were used in the prototype. The

Baseline Performance Comparison of the Residential Prototype in Riyadh and Dubai

{A) Baseline Annual Site Ener%y {B)} Baseline Thermal Discomfort
272,077 kWh 3,26
EUI: 121.47 kWh/m?.yr Cooling not met: 123.0 h

250000 4 30004

2,530 h

196,478 kWh +38.5% in Dubai Cooling not met: 71.5 h | +28.2% in Dubai

EUI: 87.72 kWh/m2.yr 2500 4

200000

(kWh/year)

2000 4
150000

15004

100000

Annual Site Energy

1000 4

ASHRAE 55 Discomfort Hours (hfyear)

50000 A

wn
=3
=3

0- 0-

Riyadh Dubai Riyadh Dubai

Figure 2: Baseline performance comparison of the standardized residential prototype in Riyadh and Dubai.
Panel (A) presents annual site energy consumption and energy use intensity (EUI), while Panel (B) compares
thermal comfort performance based on ASHRAE 55 discomfort hours. Despite identical building geometry,
envelope characteristics, HVAC systems, occupancy schedules, and operational assumptions, Dubai exhibited

higher energy demand and greater thermal discomfort than Riyadh, highlighting the influence of coastal hot-arid
climatic conditions on residential building performance

Overall, the baseline simulations establish an operational perspective, exhibiting both higher
Dubai as the more demanding climatic environment from cooling-related energy demand and greater thermal
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discomfort. These findings provide a clear benchmark
against which the effectiveness of the subsequent
optimization process can be evaluated.

The NSGA-II optimization process generated
multiple  Pareto-optimal  solutions  representing
alternative trade-offs between energy consumption,
thermal comfort, and embodied carbon.

The best-performing energy solution reduced
annual energy demand from 196,478 kWh to 53,152

kWh, corresponding to a reduction of approximately
72.9%. This solution employed a low window-to-wall
ratio, a high cooling setpoint, deep external shading, and
high-performance glazing.

The best thermal comfort solution achieved a
reduction in discomfort hours from 2,530 h/year to 776
h/year. This result demonstrates that substantial comfort
improvements can be achieved through fagade
optimization without requiring major modifications to
building geometry or HVAC systems.

Table 4: Representative Pareto-optimal solutions identified for Riyadh. The table presents baseline performance
and selected non-dominated solutions that prioritize energy efficiency, thermal comfort, and embodied carbon

reduction within the tri-objective optimization framework

Solution Type | Energy Discomfort | Embodied CO, | WWR | Setpoint | Overhang
(kWh/year) | (h/year) (kgCO,) (%) (°C) (m)

Baseline 196,478 2,530 143,394 20 25.0 0.0

Best Energy 53,152 1,407 159,962 10 25.6 2.0

Best Comfort 68,578 776 159,962 10 23.5 0.0

Best Carbon 55,395 1,467 159,860 10 25.5 1.5

The optimization results consistently favored
reduced glazing areas and increased solar protection.
Most Pareto-optimal solutions converged toward
window-to-wall ratios between 10% and 15%, indicating
the strong influence of solar gains on cooling-dominated
residential buildings in Riyadh.

Optimization results for Dubai revealed similar
but more pronounced trends. Because of the additional
influence of humidity and higher cooling demand, the

optimization algorithm consistently selected facade
configurations with aggressive solar control measures.

The best energy solution reduced annual energy
demand from 272,077 kWh to 69,427 kWh,
corresponding to a reduction of approximately 74.5%.
Thermal discomfort was also substantially reduced,
although improvements were generally smaller than
those observed in Riyadh due to the more demanding
climatic conditions.

Table 5: Representative Pareto-optimal solutions identified for Dubai. The table summarizes baseline
performance and selected non-dominated solutions that prioritize energy efficiency, thermal comfort, and

embodied carbon reduction under coastal hot-arid climatic conditions

Solution Type | Energy Discomfort | Embodied CO, | WWR | Setpoint | Overhang
(kWh/year) | (h/year) (kgCO,) (%) (°O) (m)

Baseline 272,077 3,262 143,394 20 25.0 0.0

Best Energy 69,427 2,203 159,860 10 25.7 2.0

Best Comfort | 94,898 1,452 161,947 16 23.1 2.0

Best Carbon 89,539 1,471 159,860 10 25.2 1.0

The results indicate that low-glazing
configurations combined with high-performance glazing
systems and substantial external shading provide the
most effective strategy for reducing cooling demand in
Dubai.

Comparison of the optimized solutions reveals
notable similarities between the two cities. In both
locations, the optimization process consistently selected
low window-to-wall ratios and improved glazing

systems. Deep external overhangs emerged as a recurring
characteristic of energy-efficient solutions.

Despite these similarities, Dubai generally
required more aggressive solar control measures and
achieved higher final energy consumption values than
Riyadh. This finding confirms that humidity and
maritime climatic influences introduce additional
cooling burdens beyond those associated with dry hot-
arid conditions.
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Table 6: Comparison of the best energy-performing Pareto-optimal solutions identified for Riyadh and Dubai.
The results highlight differences in baseline performance, optimized energy demand, thermal comfort outcomes,
and preferred facade design characteristics under inland and coastal hot-arid climatic conditions.

Indicator Riyadh | Dubai
Baseline Energy (kWh/year) 196,478 | 272,077
Optimized Energy (kWh/year) | 53,152 | 69,427
Energy Reduction (%) 72.9 74.5
Baseline Discomfort (h/year) 2,530 3,262
Optimized Discomfort (h/year) | 1,407 2,203
Embodied Carbon (kgCO,) 159,962 | 159,860
Optimal WWR (%) 10 10
Optimal Overhang (m) 2.0 2.0

The convergence of optimal solutions toward
similar fagade configurations suggests that low glazing
ratios and strong solar control constitute robust design
strategies for hot-arid Gulf climates. However,
differences in comfort outcomes indicate that local
climatic characteristics remain important when selecting
final design solutions.

The representative Pareto-optimal solutions
provide insight into the competing relationships among

carbon. Unlike single-objective optimization, the tri-
objective framework generates multiple non-dominated
solutions, each representing a different balance between
sustainability objectives. Examining these solutions
helps identify the performance implications of
prioritizing energy efficiency, thermal comfort, or
embodied carbon reduction. Figure 3 visualizes the
trade-offs between annual site energy consumption and
thermal discomfort for selected Pareto-optimal solutions
in Riyadh and Dubai.

energy performance, thermal comfort, and embodied

Representative Pareto Trade-Offs Between Energy Use and Thermal Discomfort

@

Best Energy . Riyadh

@ Dubai

2200
2000 -
1800 -

1600

Best Carbon

. ’t Energy

O Best-Carbon Best Comfort

1400 +

1200 4

ASHRAE 55 Discomfort Hours (h/year)

1000 4

800 4 . Best Comfort

70000 80000 90000

Annual Site Energy (kWh/year)
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Figure 3: Representative Pareto-optimal trade-offs between annual site energy consumption and ASHRAE 55
discomfort hours for Riyadh and Dubai. The plotted solutions illustrate how different non-dominated
configurations prioritize energy efficiency, thermal comfort, or embodied carbon within the tri-objective
optimization framework.

Figure 3 illustrates the inherent trade-offs
among the optimization objectives. In both cities,
solutions that achieved the lowest energy consumption

did not necessarily provide the lowest thermal
discomfort, demonstrating the competing nature of
energy efficiency and occupant comfort. The best
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comfort solutions achieved substantial reductions in
ASHRAE 55 discomfort hours but required moderately
higher energy consumption than the best energy
solutions.

The figure also highlights climatic differences
between Riyadh and Dubai. Although both cities
converged toward similar facade strategies, the Dubai
solutions remained associated with higher discomfort
levels and higher energy consumption, reflecting the
additional cooling burden imposed by coastal humidity.
Riyadh, by contrast, achieved lower final discomfort
levels and lower optimized energy demand under
comparable design conditions.

Overall, the Pareto distributions confirm that no
single configuration simultaneously minimizes all
objectives. Instead, designers must select among
alternative non-dominated solutions according to project
priorities, whether emphasizing operational energy

reduction, occupant comfort, or embodied carbon
performance. The results demonstrate the value of multi-
objective optimization for revealing these trade-offs and
supporting evidence-based design decisions in hot-arid
residential buildings.

The Pareto fronts demonstrate the inherent
trade-offs among energy consumption, thermal comfort,
and embodied carbon. Solutions that minimized energy
demand generally required additional fagade elements
and higher-performance glazing systems, leading to
moderate increases in embodied carbon. Conversely,
solutions that prioritized minimum embodied carbon
often exhibited slightly higher energy consumption.

The optimization process therefore confirms
that no single design solution simultaneously minimizes
all objectives. Instead, decision-makers must select
among alternative Pareto-optimal solutions according to
project priorities and sustainability targets.

Table 7: Representative Pareto-optimal solutions identified by the NSGA-II optimization process. The solutions
illustrate alternative trade-offs among annual energy consumption, thermal comfort, and embodied carbon for
Riyadh and Dubai

City Energy Discomfort | Embodied Carbon | WWR | Setpoint | Shading Glazing
(kWh/year) | (h/year) (kgCOze) (%) (°cO)
Riyadh | 59,558 1,052 159,962 10 243 1.0 m Overhang | Double Low-E
R1 Electrochromic
Riyadh | 68,578 776 159,962 10 23.5 None Double Low-E
R2
Riyadh | 66,864 778 160,678 12 23.4 0.5 m Overhang | Double Low-E
R3 Electrochromic
Riyadh | 62,975 905 159,962 10 23.6 1.0 m Overhang | Double Low-E
R4 Electrochromic
Riyadh | 53,152 1,407 159,962 10 25.6 2.0 m Overhang | Double Low-E
RS Electrochromic
Dubai | 94,898 1,452 161,947 16 23.1 2.0 m Overhang | Double Green
D1
Dubai | 89,539 1,471 159,860 10 23.2 1.0 m Overhang | Double Green
D2
Dubai | 84,331 1,652 162,112 16 24.5 1.5 m Overhang | Double Low-E
D3
Dubai | 74,611 1,859 160,678 12 25.2 1.0 m Overhang | Double Low-E
D4 Electrochromic
Dubai | 69,427 2,203 159,860 10 25.7 2.0 m Overhang | Double Green
D5

The Pareto frontier reveals a range of alternative
design strategies rather than a single optimal solution. In
Riyadh, the non-dominated solutions converged toward
low window-to-wall ratios of 10—12%, cooling setpoints
between 23.4°C and 25.6°C, and predominantly high-
performance low-E glazing systems. In Dubai, the
frontier similarly favored reduced glazing areas and
external shading but exhibited greater variability in
cooling setpoints and glazing selection. The results
demonstrate that improvements in thermal comfort were
generally associated with higher energy consumption,
whereas the lowest-energy solutions were obtained at
higher cooling setpoints and with more aggressive solar

control measures. Embodied carbon varied only
moderately across the frontier, suggesting that
operational performance was the dominant driver of
optimization outcomes.

Overall, the  optimization  framework
successfully identified design configurations capable of
substantially improving building performance relative to
baseline conditions while maintaining reasonable
embodied carbon levels. These findings provide a
foundation for the broader interpretation and practical
implications discussed in the following section.
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Figure 4: Complete optimization results for Riyadh and Dubai showing all evaluated design alternatives, Design
Builder-identified optimal solutions, and baseline reference cases. The figure illustrates the distribution of energy—
comfort trade-offs and highlights the movement from baseline conditions toward lower-energy and lower-
discomfort Pareto-optimal configurations

The optimization process generated multiple
Pareto-optimal solutions representing different trade-
offs among energy consumption, thermal comfort, and
embodied carbon. To facilitate interpretation of the
optimization results, a post-optimization rule extraction
procedure was conducted by examining recurring
characteristics across the non-dominated solution set.
The analysis focused on identifying common ranges of
WWR, cooling setpoint temperature, glazing type, and

Post-Optimization Al-Assisted Rule

Extracted Riyadh

Design Rule Pattern

shading depth associated with high-performing
solutions. Rather than focusing on individual solutions,
the analysis examined recurring patterns across the non-
dominated solution set to identify common design
characteristics associated with improved building
performance. Figure 5 summarizes the dominant design
rules extracted from the optimization results for Riyadh
and Dubai.

Extraction from Pareto-Optimal Solutions

Dubai Architectural

Pattern

Interpretation

coaling setpoint

Reduced glazing WWR: WWR: Lower solar gains
ratio 10-15% 10-16% in both climates.
External solar 1.5-2.0m 1.0-2.0m Deep shading reduced
control overhangs overhangs cooling demand.
Comfort-dependent 23.5-25.6°C 23.1-25.7°C Comfort-energy

trade-off identified.

glazing glazing

Solar-control Low-E / green Green / Low-E High-performance glazing

glazing improved performance.

Figure 5: Post-optimization rule extraction matrix derived from Pareto-optimal solutions for Riyadh and Dubai.
The figure summarizes recurring design patterns identified across the non-dominated solution set and translates
numerical optimization outcomes into climate-responsive facade design guidance
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The extracted rules reveal a high degree of
consistency between the two climatic contexts. In both
Riyadh and Dubai, Pareto-optimal solutions converged
toward reduced glazing ratios, indicating that limiting
solar heat gains is a primary strategy for improving
performance in cooling-dominated residential buildings.
Similarly, external overhangs emerged as a recurring
feature among high-performing solutions, demonstrating
the importance of passive solar control in reducing
cooling demand.

The analysis also highlights the role of cooling
setpoint selection in balancing energy efficiency and
occupant comfort. Lower setpoints generally improved
thermal comfort, whereas higher setpoints contributed to
reduced energy consumption. In addition, high-
performance glazing systems were consistently
associated with  superior overall performance,
confirming their effectiveness in mitigating solar heat
gains while maintaining indoor environmental quality.

Overall, the rule extraction process transforms
complex optimization outputs into practical design
guidance that can support early-stage decision-making.
The resulting recommendations provide architects and
designers with a concise set of climate-responsive facade
strategies for residential buildings in hot-arid Gulf
environments.

4. DISCUSSION

The optimization results demonstrate the
substantial influence of climate-responsive fagade design
on residential building performance in hot-arid
environments. Although Riyadh and Dubai are
commonly classified within the same broad climatic
category, the baseline simulations revealed considerable
differences in operational performance. Dubai exhibited
significantly higher annual energy consumption and
thermal discomfort than Riyadh despite identical
building geometry, construction assemblies, occupancy
schedules, and HVAC configurations. This finding
highlights the importance of considering local climatic
characteristics rather than relying solely on generalized
climate classifications.

The higher cooling demand observed in Dubai
can be attributed to the combined effects of elevated
temperatures and higher humidity levels. While Riyadh
experiences extreme summer temperatures, its lower
humidity enables more effective heat dissipation and
slightly improved indoor thermal conditions. In contrast,
Dubai's coastal climate increases latent cooling
requirements and prolongs periods of thermal
discomfort. Similar observations have been reported in
previous studies examining cooling-dominated climates,
where humidity was identified as a critical factor
influencing annual energy demand and occupant comfort
(Pajek et al., 2022; Sayadi et al., 2022).

The optimization process achieved substantial
reductions in annual energy use in both cities. Energy
consumption decreased by approximately 72.9% in
Riyadh and 74.5% in Dubai relative to baseline
conditions. These reductions are comparable to or exceed
improvements reported in previous simulation-based
optimization studies of residential building envelopes
(Albatayneh, 2021; Ayoobi & Inceoglu, 2024). The
magnitude of these reductions confirms that facade-
related design decisions remain among the most
influential  variables affecting cooling-dominated
building performance.

The results also reinforce the importance of
passive design strategies. Across both locations, the
optimization algorithm consistently favored solutions
that minimized solar heat gains through reduced glazing
areas and enhanced external shading. These findings
align with research emphasizing the effectiveness of
passive solar control measures in hot climates (Gigasari
et al., 2025; Toroxel & Silva, 2024).

One of the principal motivations for applying
multi-objective optimization is the recognition that
building design objectives are often conflicting. The
Pareto-optimal solutions identified in this study clearly
illustrate the trade-offs between energy performance and
thermal comfort.

Solutions that minimized annual energy
consumption generally employed higher cooling
setpoints combined with aggressive solar control
measures. While these strategies substantially reduced
cooling loads, they did not always produce the lowest
discomfort-hour values. Conversely, solutions optimized
primarily for thermal comfort tended to employ lower
cooling setpoints, resulting in increased energy demand.

This behavior is consistent with previous multi-
objective building optimization research, which has
repeatedly shown that energy efficiency and thermal
comfort cannot be optimized independently (Hamdy et
al., 2013; Magnier & Haghighat, 2010). The findings
also support the principles underlying adaptive thermal
comfort frameworks, which recognize that occupant
comfort depends not only on indoor temperatures but
also on climatic adaptation and acceptable comfort
ranges (American Society of Heating, Refrigerating and
Air-Conditioning Engineers (ASHRAE), 2023; de Dear
& Brager, 1998).

The results therefore emphasize the importance
of evaluating comfort and energy simultaneously rather
than prioritizing a single performance indicator. From a
design perspective, Pareto-optimal solutions provide
architects and engineers with multiple alternatives rather
than a single recommended design, allowing decisions to
be aligned with project-specific priorities and
stakeholder objectives.
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A major contribution of this study is the explicit
inclusion of embodied carbon as an optimization
objective. Although operational energy remains the
dominant focus of many building optimization studies,
growing attention is being directed toward life-cycle
environmental impacts. High-performance envelope
systems often reduce operational energy consumption
but may simultaneously increase emissions associated
with material production and construction processes.

The results demonstrate this relationship
clearly. Several of the highest-performing energy
solutions incorporated advanced glazing systems and
additional shading components, which increased
embodied carbon relative to the baseline building.
Consequently, the solutions with the lowest energy
demand were not necessarily those with the lowest
environmental impact when material-related emissions
were considered.

This finding supports previous research
indicating that operational and embodied impacts must
be evaluated simultaneously to avoid unintended
environmental trade-offs (Chen et al., 2023; D’ Agostino
et al.,, 2021). As operational energy demand decreases
through improvements in building efficiency, embodied
carbon is expected to represent an increasingly
significant proportion of total life-cycle emissions.
Therefore, optimization frameworks that neglect
embodied impacts may fail to identify genuinely
sustainable solutions.

The relatively narrow range of embodied carbon
values observed in the present study suggests that glazing
quantity and shading systems were the primary drivers of
carbon variation. Future research may reveal stronger
embodied-carbon trade-offs through the inclusion of
additional wvariables such as insulation thickness,
structural systems, or alternative construction materials.

Several practical design recommendations
emerge from the optimization results. First, window-to-
wall ratio proved to be one of the most influential design
variables. Nearly all high-performing solutions
converged toward values between 10% and 16%,
substantially lower than those frequently observed in
contemporary residential developments throughout the
Gulf region. Excessive glazing remains a common
architectural feature despite its negative implications for
cooling-dominated climates.

Second, external shading consistently improved
building performance. Deep overhangs between 1.5 m
and 2.0 m were repeatedly selected by the optimization
algorithm, confirming the importance of solar control in
reducing cooling demand. These findings are consistent
with  previous investigations  highlighting the
effectiveness of shading systems in hot climates
(Gigasari et al., 2025; Tawfeeq & Qaradaghi, 2024).

Third, glazing performance emerged as a
critical factor influencing both energy use and comfort.
High-performance glazing systems provided measurable
reductions in cooling demand while contributing to
improved thermal comfort conditions. The optimization
results therefore support the continued adoption of
advanced glazing technologies in Gulf residential
projects.

Earlier studies on Dubai also indicate that urban
development, vegetation, and large-scale real-estate
transformation influence environmental comfort and
sustainability outcomes, reinforcing the need to connect
envelope-level optimization with broader regional
design conditions (Ali & Nogueira de Vasconcellos,
2018; Ali & Nogueira De Vasconcellos, 2020;
O’Donoghue et al., 2021).

Finally, the similarity of optimal solutions
across both cities suggests the existence of robust design
principles  applicable  to  hot-arid  residential
environments. Reduced glazing, enhanced shading, and
improved glazing performance consistently emerged as
favorable strategies regardless of climatic differences.
However, the greater cooling demand and thermal
discomfort observed in Dubai indicate that local climatic
conditions should still be considered when refining final
design decisions.

Overall, the findings demonstrate that
substantial performance improvements can be achieved
through relatively conventional design interventions.
Rather than relying exclusively on advanced
technologies or complex mechanical systems, architects
can realize significant benefits through careful
optimization of fundamental facade parameters. This
reinforces the continuing importance of climate-
responsive design as a cornerstone of sustainable
residential architecture in the Gulf region.

This study has several limitations that should be
acknowledged. First, the analysis was based on a
standardized residential prototype intended to facilitate
controlled comparison between Riyadh and Dubai.
While this approach improves methodological
consistency, actual residential buildings may exhibit
different geometries, occupancy patterns, operational
schedules, and construction characteristics.

Second, the optimization framework focused on
four design variables: window-to-wall ratio, glazing
type, external shading depth, and cooling setpoint
temperature. Other influential design parameters,
including insulation thickness, building orientation,
natural ventilation strategies, thermal mass, and
renewable energy integration, were not considered and
may influence optimization outcomes.

Third, thermal comfort was evaluated using
ASHRAE 55 discomfort hours, while visual comfort,
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daylight availability, indoor air quality, and acoustic
performance were not included within the optimization
objectives. Future multi-objective studies could
incorporate these additional performance dimensions to
provide a more comprehensive assessment of building
sustainability.

Fourth, embodied carbon calculations were
derived from the material database available within
DesignBuilder and associated ICE datasets. Although
suitable for comparative analysis, embodied carbon
estimates may vary depending on regional material
sourcing, transportation assumptions, construction
practices, and life-cycle assessment methodologies.

Finally, occupant behavior was represented
through standardized schedules and operational
assumptions. Real-world variations in occupancy,
thermostat settings, equipment use, and adaptive comfort
behavior may affect actual building performance. Future
research could integrate stochastic occupancy models,
climate change weather scenarios, economic assessment,
and additional envelope variables to further improve the
robustness and applicability of optimization-based
design guidance.

This study developed and applied a simulation-
based tri-objective optimization framework to evaluate
the interactions among energy performance, thermal
comfort, and embodied carbon in residential buildings
located in two representative Gulf cities: Riyadh and
Dubai. Using DesignBuilder, EnergyPlus, and the Non-
Dominated Sorting Genetic Algorithm II (NSGA-II), the
research investigated how facade-related design
variables influence building sustainability outcomes
under hot-arid climatic conditions.

Baseline  simulations demonstrated  that
identical residential buildings can exhibit substantially
different operational performance when exposed to
different climatic contexts. Dubai recorded higher annual
energy consumption and greater thermal discomfort than
Riyadh, highlighting the importance of local climate
conditions in shaping building performance. These

differences establish the need for climate-responsive
design strategies rather than universal design solutions.

The optimization process  successfully
identified  Pareto-optimal solutions capable of
significantly improving building performance. Energy
consumption reductions exceeded 70% in both cities,
while thermal discomfort was simultaneously reduced
through combinations of lower window-to-wall ratios,
improved glazing systems, and enhanced solar shading.
The results confirmed that fagade design remains one of
the most influential factors affecting cooling-dominated
residential buildings in Gulf environments.

The study further demonstrated that embodied
carbon introduces important trade-offs  within
optimization processes. Solutions that minimized
operational energy demand often required additional
fagade components or higher-performance glazing
systems, resulting in moderate increases in material-
related emissions. Consequently, the findings emphasize
the importance of evaluating operational and embodied
impacts simultaneously when pursuing sustainable
building design.

Across both climatic contexts, the optimization
consistently favored reduced glazing areas, high-
performance glazing systems, and substantial external
shading. These recurring characteristics suggest that
robust design principles exist for hot-arid residential
environments, although local climatic conditions
continue to influence final performance outcomes.

Overall, the proposed framework demonstrates
the value of multi-objective optimization as a decision-
support tool for climate-responsive architecture. By
simultaneously considering energy use, thermal comfort,
and embodied carbon, the methodology provides
architects, engineers, and policymakers with a more
comprehensive basis for evaluating residential building
performance and advancing sustainability objectives in
rapidly urbanizing Gulf regions.

Abbreviations: The following abbreviations are used in
this manuscript:

ACH Air Changes per Hour

ASHRAE | American Society of Heating, Refrigerating and Air-Conditioning Engineers
CO, Carbon Dioxide

CoP Coefficient of Performance

EUI Energy Use Intensity

EPW EnergyPlus Weather File

HVAC Heating, Ventilation, and Air Conditioning

ICE Inventory of Carbon and Energy

kgCQO,e Kilograms of Carbon Dioxide Equivalent

NSGA-II | Non-Dominated Sorting Genetic Algorithm II

TMY Typical Meteorological Year

WWR Window-to-Wall Ratio
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