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Abstract

Improving the energy efficiency of buildings has become a critical priority, particularly

in hot-humid climates where cooling demands are exceptionally high. Hence, due to
buildings being considered one of the biggest contributors to energy consumption,
utilizing feasible retrofitting strategies is critical. This study assessed the impact of three
retrofitting strategies—enhanced glazing, enhanced roof insulation, and reflective cooling
paint on exterior walls—on the cooling load, energy consumption, and economic feasibility
of a residential townhouse in hot-humid climates in Sharjah. The methodology involved
simulating various retrofitting scenarios using DesignBuilder to assess their impact

on energy consumption and cooling load, followed by an economic analysis to evaluate
feasibility in terms of cost, energy savings, and payback periods. It was found that using
reflective paint achieved the highest reductions in energy consumption (8%) and cooling
load (13%], while combining reflective paint with glazing upgrades offered up to 10%
energy savings and 16% cooling load reduction. These results highlight that reflective
paints and their combinations with other strategies provide a cost-effective and energy-
efficient solution for retrofitting older buildings in hot-humid climates, making them a
sustainable choice for reducing energy demand and promoting thermal comfort. The
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findings offer practical insights for replicable interventions in similar hot-humid urban contexts and
contribute to the regional transition toward nearly net-zero energy buildings.
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Introduction

As global warming increases, improving the energy efficiency of buildings has become a critical priority,
particularly in hot-humid climates where cooling demands are exceptionally high. Buildings are considered
the biggest contributor to energy consumption, where they account for approximately 30%—-40% of global
final energy use and one-third of greenhouse gas emissions (Al-Tamimi, 2017; Buildings - Energy System -

IEA, n.d.). This is especially noticeable in hot regions such as the Gulf, where climatic parameters like

ambient temperature, relative humidity, and solar radiation are the dominant factors affecting high energy

demand for cooling (Al-Saadi, et al., 2017). Hence, implementing energy-efficient retrofitting strategies
in existing buildings is crucial to promote sustainable development. Governments around the world are
taking strong measures toward retrofitting existing buildings to improve energy performance (El-Darwish

and Gomaa, 2017a). Existing buildings, especially older townhouses, face challenges when it comes to

retrofitting for energy efficiency, as they are often subject to structural limitations and economic constraints
(Ibafiez Iralde, et al., 2021). Retrofitting these buildings without major structural changes while optimizing

their thermal performance offers a sustainable, achievable solution to reduce energy consumption without

major changes in the buildings (Kraj¢ik, et al., 2023).

There are three main aspects of energy-saving measures for existing buildings, mainly including

passive, active, and renewable energy measures (Kim and Yu, 2018). Passive strategies generally focus on
building orientation (Hajare and Elwakil, 2020) and retrofitting building envelopes (Felius, et al., 2020).
Retrofits involve modifications to roofs (Romeo and Zinzi, 2013), exterior walls (Sarihi, et al., 2021), and

windows (Casini, 2018). Active measures mainly refer to the reform measures of heating, ventilation, and

air conditioning (HVAC) systems (Gao, et al., 2018; Dong, et al., 2020) and lighting lamps (Zografakis,

etal., 2012). Renewable energy measures mainly refer to solar photovoltaic systems (Kirimtat, et al., 2022)
and ground source heat pump systems (Han, et al., 2021). This study investigated three passive retrofitting

strategies related to the building envelope, namely, reflective coatings on exterior walls, roof insulation,
and enhanced glazing. These proposed strategies have minimal impact on the building envelope with high
energy-saving potential (Vakilinezhad and Khabir, 2024).

'The selection of retrofit strategies depends on various factors, including the building’s characteristics,
local climate, and energy consumption patterns (Aljashaami, et al., 2024). Each building’s unique features,
such as its age, type, and current energy performance, play a significant role in determining the most suitable

retrofit measures (Manzan, et al., 2016; Abdeen, et al., 2024a). The climate of the region also greatly impacts

the effectiveness of retrofits; for example, passive cooling strategies are more beneficial in hot climates,
while improved insulation is crucial for cold regions (Kharseh and Al-Khawaja, 2016a). Moreover, the
economic aspect is a critical consideration, as the cost of retrofitting and the potential financial savings

must be weighed (Citadini de Oliveira, et al., 2024a). Additionally, compliance with local regulations and

the interests of various stakeholders, such as building owners and tenants, must be taken into account when
selecting appropriate retrofit strategies; for instance, the official website of the government of Dubai stated
that they aim to reduce the energy intensity of 30,000 buildings in Dubai by 2030 (Building Retrofits —
Dubai Supreme Council of Energy, n.d.). This study focused on evaluating passive envelope retrofitting
strategies that can be implemented with minimal disruption to existing building structures. Active systems

such as photovoltaic panels were intentionally excluded because they require structural assessments,
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electrical integration, and regulatory approvals that fall outside the scope of this research (El-Darwish
and Gomaa, 2017a; Carratt, et al., 2020). The case study involves a mid-aged townhouse located within a

university housing compound, where such interventions may not be feasible due to institutional constraints
or lack of infrastructure readiness. Furthermore, the simulation environment used in this study is optimized
for envelope-level performance modeling and does not include photovoltaic generation modules or grid
interaction analysis. Recent research has also shown an increasing focus on low-impact, envelope-based

solutions in hot-climate retrofit strategies, particularly in the UAE and Gulf region (Alsyouf, et al., 2024).

By narrowing the focus to envelope-based strategies, the study aimed to provide practical and scalable

solutions for improving energy performance in buildings with retrofit limitations (Tuck, et al., 2020). Hence,

the use of multi-criteria analysis in addition to the life cycle assessment can be applied to assess in choosing
the best suitable retrofit strategy customized to the case being analyzed.

Cost-benefit analyses, such as net present value (NPV') and payback period, help in assessing the
financial feasibility of different strategies (Citadini de Oliveira, et al., 2024b). The key factors to assess,
according to Citadini de Oliveira, et al. (2024c¢), include the initial investment, economic potential, and

payback period. They stated that to determine the cost-effectiveness of retrofit investments, it is crucial to

evaluate metrics like NPV, internal rate of return (IRR), simple payback period, discounted payback period,
and benefit—cost ratio (BCR). Incentives and subsidies provided by governments or private entities can
further influence the decision-making process by reducing the initial cost of retrofits (Urbikain, 2020). The

economic potential of retrofits is tied to the financial savings resulting from reduced energy consumption in

the building after the upgrades (Fufa, et al., 2021). Some researchers highlight the challenge of comparing

the economic potential of retrofits across different buildings, as the effectiveness of these strategies can
vary significantly based on factors such as local climate, building type, and other specific characteristics of

each property (Aguacil, et al., 2017; Siew, 2018; Lai, et al., 2021). Additionally, variations in tariffs across

countries make it difficult to draw broad conclusions about the general feasibility of retrofits, making it a

limitation of the studies.

These strategies were selected for their minimal impact on the building’s structural integrity and their
demonstrated potential to enhance energy efficiency in hot and humid climates, as supported by previous
studies (Tuck, et al., 2020; Vakilinezhad and Khabir, 2024). In this study, low-impact retrofitting strategies
refer to passive building envelope interventions that improve energy efficiency without requiring structural

alterations, extensive labor, or high capital investment. These include measures such as roof insulation
upgrades, reflective coatings on walls, and advanced window glazing, all of which can be implemented
without modifying core building components or disrupting occupants. Such strategies have been recognized
in recent literature as cost-feasible and practical for mid-aged housing stock, especially in hot climates

like the UAE, where structural constraints limit invasive interventions (Carratt, et al., 2020; Alassaf, 2024;

Abdeen, et al., 2024a). In addition, the strategies here were also chosen based on their proven effectiveness

in managing building envelope heat transfer, while other methods, such as HVAC upgrades or renewable
energy, are often more expensive or complex, making them less practical for widespread retrofitting without
significant structural changes (Huang, et al., 2022a). For instance, retrofitting windows with advanced
glazing can be integrated into existing buildings without the need for significant modifications, unlike solar

panel installations, which require additional space and structural consideration (El-Darwish and Gomaa
2017b).

First, roof insulation plays a critical role in reducing heat transfer from the roof to the interior of
buildings. The roof of a building is mostly exposed to solar radiation. Hence, roofs are impacted with a

significant portion of the heat gain, ranging from 25% to 35% (Taleb, 2014). This results in heat gain

transferring to the building and causing an increase in the cooling load, thereby affecting the energy
consumption (Abdeen, et al., 2024a). Thus, it is crucial to study the effect of the roof’s thermal conductivity,
which is represented by the U-value (Abdou, et al., 2021). In addition, Abdulazeez, et al. (2024) found that
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upgrading roof insulation and applying reflective coatings in residential buildings in warm climates resulted
in up to a 30% reduction in cooling loads. This demonstrates the significant impact that well-insulated
roofs have on improving energy efficiency. Moreover, Testa and Krarti (2017) studied the energy savings of
roof insulation. Their results support the use of different thermal roof insulators while stating that further
research is needed in the cost context. Second, cooling paints on exterior walls are a highly effective strategy
for reducing solar heat gain. This is due to the external walls of a building having the most significant role
in conserving energy in buildings (Aljashaami, et al., 2024). Reflective or cooling paint, which works by
reflecting solar radiation away from the building, offers a passive cooling strategy that is cost-effective and
does not require structural modifications (Hu, et al., 2023; Wijesuriya, et al., 2024). Reflective coatings, such
as those studied by Dominguez-Delgado, et al. (2020), have been shown to reduce energy consumption by
25% in hot and humid environments. Similarly, Sharma, et al. (2022) evaluated the effectiveness of cooling

paints on building facades in tropical climates, finding significant reductions in indoor temperatures, which

directly translated to decreased energy consumption for cooling. Using reflective coatings as a retrofit
strategy is especially beneficial since the added thickness is considered neglected, and no structural changes
are applied at all (Herndndez-Pérez, 2021; Alassaf, 2024).

Finally, window glazing is another critical aspect of energy efficiency improvements (Ukey and Rai,
2024). In many regions, single-glazed windows with clear glass and poorly insulated frames are still widely
used, resulting in high U-values between 4.5 and 5.6 W/m? K (Malbila, et al., 2021). However, most

member countries of the Organisation for Economic Co-operation and Development (OECD) have

shifted to double-glazed windows with low-emissivity coatings, low-conductivity frames, and inert gas
fillings, which significantly lower the U-values and improve thermal performance by reducing the cooling
load by 4.5% (Kharseh and Al-Khawaja, 2016b). Thus, improving glazing systems shows a positive impact

on annual energy consumption (Fantucci and Serra, 2019). The strategies to improve energy consumption

through glazing could include changing the glazing type, adding shading devices, or changing the

orientation of windows (Sigrist, et al., 2019). However, since the purpose of this study was to consider a

low-impact retrofitting strategy, changing the glazing type to double glazing following the shift that most
OECD countries have conducted is the most appropriate (Kadri¢, et al., 2023a). Hence, while minimizing

disruption to the external structure (low impact), these findings highlight the effectiveness of the mentioned
retrofitting strategies in reducing heat transfer through the building envelope. Moreover, Carratt, et al.

(2020) highlighted the need for studies that combine economic analysis with energy performance
simulations to provide a clearer understanding of the cost-effectiveness of retrofitting strategies in real-
world applications. While several energy-saving strategies exist, there is often a lack of comprehensive
cost analysis, causing notable challenges (Chen, et al., 2020). Although energy-efficient technologies

provide various benefits, their implementation is limited, and the actual savings achieved are often below
the expected theoretical values, mainly due to barriers such as upfront costs, lack of stakeholder awareness,
regulatory limitations, and behavioral resistance (Cristino, et al., 2021; Harputlugil and de Wilde, 2021). A

major contributor to these barriers is disregarding human behavior, including lifestyle, levels of engagement,

group dynamics, and, most importantly, cost analysis (Harputlugil and de Wilde, 2021; Himeur, et al.

2021). Thus, there are few comprehensive reviews on predicting building energy efficiency retrofit models,
and cost assessments remain lacking, making it a research gap (Yang, et al., 2022). The focus on residential
townhouses in Sharjah stems from several critical factors. Initially, townhouses in the UAE are a common
typology within urban residential developments, especially in faculty and staff housing communities, such as
the case studied at the University of Sharjah (Abdeen, et al., 2024a). These buildings typically lack advanced
insulation or retrofitting, resulting in high cooling demands during the extended summer periods (Zedan

et al., 2016; Abdulazeez, et al., 2024). Sharjah, in particular, experiences extreme summer temperatures
and high humidity, creating peak load pressures on air conditioning systems in townhouses where multiple

surfaces are directly exposed to solar radiation (Mohammed, et al., 2022). Hence, focusing on townhouses
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provides valuable insights into the feasibility of scalable, low-impact retrofits in high-consumption zones
that align with broader sustainability goals at the local and national levels.

'This study addressed the research gaps by evaluating the performance of three energy retrofitting
strategies: enhanced roof insulation, window glazing, and reflective or cooling paints for external walls.
Using DesignBuilder simulation software, the study will assess the impact of these retrofits on energy
consumption in hot-humid climates. The research question focuses on the economic feasibility of low-
impact retrofit strategies for improving energy efficiency in residential townhouses. This way, the study
tackles the gap by studying the impact of these retrofitting strategies on a building with structural
limitations and where no major changes are allowed. Despite advancements in successful retrofit strategies,
recent research has shown that there is still a knowledge gap in understanding the effectiveness and
economic feasibility of various retrofitting techniques (Huang, et al., 2022b), especially in the context of
existing buildings with limitations where no major changes are allowed. A study by Jackson (2020) stated

that the focus of much recent research remains on new buildings or large-scale renovations. Recent reviews,

such as those (Faurer, et al., 2023; Rahman, et al., 2024), have pointed to a gap in research specifically
addressing the retrofitting of older townhouses. Another study by Citadini de Oliveira, et al. (2024c)
also discussed the challenges of implementing retrofits, particularly in older or heritage buildings, where

technical and structural constraints may limit options.

Hence, the study focuses on identifying the cost analysis of each strategy to see the effect. The research
question is: What is the economic feasibility of implementing low-impact passive retrofit strategies—
enhanced glazing, roof insulation, and reflective paint—on the energy performance of existing townhouses
in Sharjah? Hence, the objective identified the most cost-effective solution that reduces cooling load and
energy use, contributing to sustainable energy practices in restricted buildings without structural changes.
'This study builds on previous work by applying a rigorous simulation-based evaluation of passive retrofitting
strategies within a specific, underexplored residential typology in Sharjah. While many retrofit studies have
focused on active systems or different building uses, few have concentrated on mid-aged, poorly insulated
townhouses common in the UAE. The integration of factorial design enables a more nuanced understanding
of the interaction effects between multiple passive strategies, a methodological advantage rarely applied
in hot-humid contexts (Ongpeng, et al., 2020; Kadri¢, et al., 2023a). Furthermore, this paper expands on

existing research by incorporating a detailed cost-effectiveness analysis tailored to Sharjah’s climate and
market prices, offering practical implications for local policymakers, developers, and homeowners. By
addressing both performance and economic viability in a realistic case, the study aims to fill a critical gap in

retrofit planning for Gulf residential sectors.

Methodology

'The method of this study was based on building performance simulations to compare the effectiveness of
various retrofitting strategies regarding both the energy consumption of the building and the economic
feasibility. In this paper, DesignBuilder energy modeling software was used to simulate the energy
performance of the selected case study, which is a two-story residential villa at the University of Sharjah,
UAE. DesignBuilder was selected due to its robust capabilities in envelope-level thermal simulation,
widely validated in similar retrofit studies (Turcsanyi and Sedlakova, 2019; Carratt, et al., 2020; Horne,

et al., 2020). This study adopted a case study approach that is appropriate for in-depth analysis of energy

retrofit strategies in real-world settings where site-specific constraints must be considered. The case focuses
on a residential townhouse in the Al Khawarizmi Compound within the University of Sharjah. This type
of building reflects common characteristics of mid-aged housing in the UAE, which typically lack proper
insulation and have high cooling demands. The case study method enables detailed modeling of thermal
and energy performance under realistic conditions and has been widely used in retrofit studies for its

Construction Economics and Building, Vol. 26, No. 1 2026
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ability to capture building-specific variables (Carratt, et al., 2020; Abdeen, et al., 2024a). Block B of the Al
khawarizmi Compound was chosen as a representative case of mid-aged residential townhouses in Sharjah

that face common retrofitting constraints. In addition, given the climatic challenges and architectural
patterns in Sharjah, the case study strategy ensures that the analysis remains contextually relevant and
practically applicable.

A factorial design methodology was also implemented to assess both the individual and combined effects
of three passive retrofit strategies: roof insulation enhancement, reflective wall paint, and glazing upgrades.
This approach allows for the evaluation of main effects and interaction effects by systematically testing

different combinations across multiple scenarios (Ongpeng, et al., 2020; Kadri¢, et al., 2023b). Seven retrofit
scenarios were developed (SC1 to SC7) to explore the impact of each strategy alone and in combination.
This design supports a comprehensive assessment of energy performance and cost-effectiveness, making it

suitable for identifying the most efficient solutions under varying retrofit conditions.

The retrofit strategies used in this study were selected based on their proven effectiveness in similar
climates and their practical suitability for constrained residential buildings in the UAE. These measures
are frequently cited in passive retrofit literature as non-invasive, cost-feasible interventions (Carratt, et al.
2020; Abdeen, et al., 2024a; Alsyouf; et al., 2024). The added value of this study lies in the combined use of
a factorial design and a real Sharjah townhouse case study to evaluate these strategies both individually and

in combination. Furthermore, energy simulation was integrated with economic feasibility analysis to assess
their practical potential under realistic retrofit constraints. In addition, the methodology was structured into

five main stages, as shown in Figure 1.

-Case study data
-Material's Properties
- Weather Data

Base case
simulation -Energy Consumption
and -Cooling Load

Data
collection

validation

Retrofitting's

. ) -Simulate the 7 different scenarios
simulation

o

Figure 1. The methodological framework for the study
Source: Authors construct (2024)
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This research used a villa in Block B of Al Khawarizmi Compound as a case study, located within the
residential community allocated for faculty members at the University of Sharjah (UOS), in Sharjah, UAE.
'The Al Khawarizmi Compound, shown in Figure 2, was built in 1997, and it is one of the residential

areas within the university, designed to accommodate the needs of its academic community by providing

comfortable living conditions close to educational and administrative facilities.

Figure 2. Al Khawarizmi Compound in the University of Sharjah
Google Earth, n.d.

The two-story villa shown in Figure 3 covers an area of 177.6 m? with an orientation of 34° northeast
of the north sign, as shown on the site plan (Figure 2). As shown in Figure 3, the villa is a corner unit in a
townhouse-type building.

The characteristics of the base case, summarized in Table 1, are taken from a published study by
Abdeen, et al. (2024a), where the study was also performed for a villa in the faculty compound in the UOS.
Hence, the material characteristics and input information that were entered into the simulation software
DesignBuilder have been derived from previous field assessments and surveys carried out by the facility

management and planning department in the UOS.

As shown in Figure 4, the ground floor of the villa has all the public functions such as the living room,
the dining room, the washroom, the kitchen (including the store room), and the maid’s section (including
the room and bathroom). However, the first floor is more private, as it has only bedrooms and bathrooms.

Sharjah City is located at a latitude of 25°21' N and a longitude of 55°23" E. Sharjah has a Hot-Desert
climate (BWh) according to the Képpen climate classification, as it has high temperatures and low rainfall.
Adding to this, Sharjah has two seasons: winter (from October to March) and summer (from April to
September). In winter, the average temperature is about 26°C during the daytime and 15°C at nighttime,
which makes it generally warm and dry. While in summer, the average temperature is 48°C and the relative

7 Construction Economics and Building, Vol. 26, No. 1 2026
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Figure 3.  Villain Block B of Al Khawarizmi Compound

Source: Authors construct (2024).

Maid's R
3.5’2.52m°°m Bedroom 2.95*3.6 m

Dining Room 4.5*3.4 m ‘
Bathroom

Bedroom 3.3*5.5m

Bedroom 3.75%3.6 m Bedroom 3.75*3.6 m

Living Room 4.5%6.5 m

Ground Floor plan First Floor plan

Figure 4.  Base case plans

Source: Authors construct (2024).
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: FT’ : ESS Table 1. The characteristics of the base case (Abdeen, et al., 2024a).
Total floor area 177.6 m?
Wall construction U-value 2.57 W/m?2-K
Roof construction U-value 0.6 W/m2-K
Glazing specifications Single clear glazing with 6-mm thickness (U-value = 5.78 W/m?-K

and Solar heat gain coefficient (SGHC) = 0.82) aluminum frame

Temperature set point 237G
Coefficient of performance 3.0 COP
[COP)for cooling
Lighting power density 5 W/m?—100 lux
Plug load power density 3.6 W/m? for bedroom zones, 1.7 W/m? for bathrooms,

30.2 W/m? for kitchen, 3.0 W/m? for dining zone, and 1.6 W/m? for
circulation zones

Number of occupants 6 occupants

humidity is as high as 90% in the coastal cities. Since Sharjah is a coastal city, this makes its climate hot—
humid (Kutty, et al., 2024).

BASE CASE VALIDATION

Validation is an important process to ensure that all the input parameters and systems are correct and

that the results are accurate before moving to the next step. Using DesignBuilder software, the energy
performance was studied through a simulation, focusing on assessing the energy consumption and the
cooling load for the base case while comparing them with those of another reference case. This step is
significant to have a benchmark against the effectiveness of retrofitting strategies. As shown in Figure 5,
the model of the townhouse in DesignBuilder used the characteristics taken from the reference case in
Table 1. The analysis shows that this townhouse has a yearly energy consumption of 26,311 kWh, while the
normalized energy consumption, which is known as energy intensity, is approximately 142 kWh/m?.

The results of the case used by Abdeen, et al. (2024b) were considered as summarized in Table 2, and they
show that the energy intensity is 181 kWh/m?; therefore, there is a difference between the used base case
and the validation reference case. This difference is due to the fact that the reference case has a bigger area
than the base case. In addition, the reference case is a villa; hence, it is fully exposed to solar radiation from
all four sides, while the base case is a townhouse that has another structure attached to it, resulting in three
surfaces projected to the solar. The lesser the number of surfaces exposed to solar radiation, the lesser the

heat gain, and therefore, the lesser the energy consumption.

RETROFITTING SIMULATION

Simulation strategies

Following the validation of the energy model used as a base case, three different strategies implemented

in seven retrofitting scenarios are shown in Figure 6. Therefore, each scenario will be simulated to analyze

9 Construction Economics and Building, Vol. 26, No. 1 2026
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Figure5. Model of the townhouse in DesignBuilder
Source: Authors construct (2024).

Table 2. The energy consumption of the selected case and the base case
Base case | Validation reference case
[ J
Yearly energy consumption (kWh) 25,710 kWh 42,230 kWh
Normalized energy consumption “energy intensity” 147 KWh/m? 181 kWh/m?
(kWh/m?)

Source: Authors construct (2024).

its impact on the studied variables: the total energy consumption per year and the yearly cooling load.
Moreover, the three strategies are as follows:

Strategy one (S1) focuses on enhancing the roof insulation, and since Sharjah does not have a green
building regulation, the improved U-value is taken from Dubai’s green code, named AlSa’fat (Government
of Dubai, 2023), which is 0.3 W/m*K.

‘Therefore, the simulation was conducted using DesignBuilder, and the adopted strategy is to increase the
thickness of the insulation layer of the roof. This step aims to reduce the U-value from 0.6 W/m*K to the
targeted value of 0.3 W/m?K, as shown in Table 3.

Strategy two (S2) focuses on using a reflective painting that has a high value of solar reflectance (SR).

'This enhancement will reduce the solar absorption by the wall and, as a result, will reduce the cooling load
within the building. Therefore, a new paint layer will be added to the wall in DesignBuilder’s model, which
has a value of SR 0.85, to replace the base case paint, which is characterized by an SR 0.5, as shown in
Table 4.

Strategy three (S3) focuses on upgrading the glazing system and reducing the U-value. To achieve this,
the glazing system will be modified in DesignBuilder to double glazing with clear 6-mm glass and a 13-mm

Construction Economics and Building, Vol. 26, No. 1 2026
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The seven retrofitting scenarios

Phase 1 Phase 2

sc1 ][ 5C2 ][ sc3 || sca | scs || scs | sc7

(Sl)Enhanced (S2)Reflective (S3)Enhanced (Sl)Enhanced (S2)Reflective (S1)Enhanced (S1)Enhanced
Roof insulation paint glazing Roof insulation paint Roof insulation || Roof insulation
(SZ)Reﬂect‘ive (S3)Enhanced (S3)Enhanced (S2)Reflective

paints glazing glazing paint
(S3)Enhanced

glazing

 —

Figure 6.  The seven retrofitting scenarios

Source: Authors construct (2024).

Table 3. Strategy 1 properties

I T T I R

Base case  U-value = 0.6 W/m?K  Solar reflectivity = 0.5 Single glazing 6 mm U-value =
5.78 W/m2-K

S1 U-value = 0.3 W/m%K  Solar reflectivity = 0.5 Single glazing 6 mm U-value =
5.78 W/m?-K

Source: Authors construct (2024).

Table 4. Strategy 2 properties

I T T S

Base case  U-value = 0.6 W/m?K  Solar reflectivity = 0.5 Single glazing 6 mm U-value =
5.78 W/m2.K

S2 U-value = 0.6 W/m?K  Solar reflectivity =0.85  Single glazing 6 mm U-value =
5.78 W/m?K

Source: Authors construct (2024).

air gap. This system is widely used in the UAE, and it has the desired U-value of 2.66 W/m?*K, as shown in
Table 5.

Retrofitting scenarios

'The scenarios consist of two phases. The first phase is applying strategies S1, S2, and S3 individually in each
scenario. Then, the second phase includes scenarios SC4, SC5, SC6, and SC7, where the three different
strategies will be combined. This will be analyzed based on a factorial strategy, as shown in Figure 6.

To sum up, the properties of the seven scenarios can be summarized in Table 6.
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Table 5. Strategy 3 properties

I T T TR

Base case  U-value = 0.6 W/m?K  Solar reflectivity = 0.5 Single glazing 6 mm U-value =

5.78 W/m?-K
S3 U-value = 0.6 W/m?K  Solar reflectivity = 0.5 Double clear 6-mm glass with
13-mm air gap U-value = 2.66 W/
m2-K

Source: Authors construct (2024).

Table 6. Scenarios applied in the study

I T T R

Base case  U-value = 0.6 W/m?K  Solar reflectivity = 0.5 Single glazing 6 mm U-value =
5.78 W/m2-K

SC1 U-value = 0.3 W/m2-K  Solar reflectivity = 0.5 Single glazing 6 mm U-value =
5.78 W/m2-K

SC? U-value = 0.6 W/m?K  Solar reflectivity =0.85  Single glazing 6 mm U-value =
5.78 W/m2-K

SC3 U-value = 0.6 W/m#K  Solar reflectivity = 0.5 Double clear 6-mm glass
with 13-mm air gap U-value =
2.66 W/m?K

SC4 U-value = 0.3 W/m?K Solar reflectivity =0.85  Single glazing 6 mm U-value =
5.78 W/m?2-K

SCh U-value = 0.6 W/m?K  Solar reflectivity = 0.85 Double clear 6-mm glass
with 13-mm air gap U-value =
2.66 W/m2-K

SCé U-value = 0.3 W/m*K  Solar reflectivity = 0.5 Triple clear 3-mm glass with
6 mm Air gap U-value = 2.1 W/
m2K

SC7 U-value = 0.3 W/m?K  Solar reflectivity = 0.85 Double clear 6-mm glass
with 13-mm air gap U-value =
2.66 W/m?-K

Source: Authors construct (2024).

ECONOMIC FEASIBILITY STUDY

A cost analysis was conducted to evaluate the feasibility of each retrofitting scenario and to determine its
economic feasibility. This was performed through several steps and equations, as shown in Figure 7.

Calculating the annual energy savings

Simulating each scenario allows for calculating the reduction percentage of the used energy (compared with
the base case); therefore, it is possible to indicate the yearly savings amount. This can be calculated according
to the annual energy consumption and the cost of the kWh in Sharjah using the following equation:
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Annual Energy )
Saving Anmual Energy Saving = Current Energy Cost — New Energy Cost
~ - (Lmaterial cost+ labour cost+ nstlltion cost+ associated cos)
Initial cost 2 inifal cost = 3
—— — e Annual saving
Payback perio 3 paypack perioa = Thitidlcost

_ Total Benefits

BCR = —
Initial cost
Total Benefits
BCR=—"F—"7"78H—¥—/——
Initial cost
Figure 7.  Economic feasibility study steps
Source: Authors construct (2024).
Annual Energy Saving = Current Energy Cost — New Energy Cost, (1)

where the current energy cost = total energy consumption kWh * 43 fils/kWh (Electricity Tariff by Entity,

Slab Consumption and Sector, 2022).
'The new energy cost = the simulated energy consumption after the retrofitting * 43 fils/kWh.

Calculating the initial cost

This step involves collecting information regarding the cost of each retrofitting scenario, including the initial
cost of the material, the labor cost, the installation cost, and any other associated costs. To make sure about
accuracy and reliability, a consultation with three different contractors in Sharjah was conducted, followed

by taking the average of the three identified costs from the three contractors.

(Zmaterial cost + labor cost + associated cost)

3 , @)

Initial cost =

where the material cost is the expense of purchasing this material, labor cost is the wages paid for the
employees to install this material, and last, the associated cost relates to any extra fees that may be charged
by the contractor for providing this service, which may include costs for additional tools or equipment and
the delivery services.
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Calculating the payback period
This step is important to determine the time required for the annual energy savings to cover the initial cost
of each retrofitting scenario. The payback period can be calculated using the following equation:

Initial cost

Payback period = 3)

Annual saving

Evaluating the benefit—cost ratio

An additional step identifies the relationship between the benefits (savings) generated in comparison to the
initial cost that we are paying for the retrofitting, which is determined using the following:

Total benefits

Initial cost

BCR = (4)

'The value of the BCR shows how good the investment is; furthermore, the larger the value, the more

favorable the feasibility.

COMPARATIVE STUDY

After assessing the effect of each scenario based on the energy consumption and cooling load reduction,
and calculating each scenario’s economic feasibility, a comparative study was performed to compare the
decrease in energy consumption and the economic benefits allocated for each strategy. This step will give

a clear view of each strategy’s efficiency and feasibility, which will help to identify the optimal option in
terms of energy savings, the cost associated with each scenario, and the payback period. The result provides a

recommendation for the decision-makers to consider which retrofitting strategy for the selected townhouse.
Results and discussion

SCENARIO SIMULATIONS

For the third phase of the methodology, all the proposed scenarios were simulated using DesignBuilder to
study their effect on the base case. Therefore, the obtained results are shown in Table 7.

Table 7. The results of the scenarios’ simulations
T e areycarspion | Rt s caningions
Base case - -
SC1 1.12% 1.82%
SC2 7.75% 12.67%
SC3 2.30% 3.77%
SC4 8.98% 14.68%
SC5 10.06% 16.44%
SCé 4.01% 6.78%
SC7 11.42% 18.66%

Source: Authors construct (2024).
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'The results of implementing these strategies show a reduction in both energy consumption and the
cooling load, as expected; however, the percentage of this reduction varies depending on the used strategy.
As shown in Figure 8, the first strategy shows the lowest percentage. It was approximately 1% and 2% for
the energy consumption and cooling load, respectively. However, this value is similar to the results achieved
by Abdeen, et al. (2024b); when enhanced, the roof insulation had a U-value of 0.29 W/m?:K, and the
reduction in energy consumption was 1.7%. This can be justified because the area of the roof is less than the

area of the walls, where other strategies were integrated.

20.00
18.00
16.00
14.00
12.00

10.00
8.00
6.00
4.00
2.00 . I
0.00 -
SC3 sC4 SC5 SCé SC7

SC1 SC2

M Reduction % Energy consumption - Reduction % Cooling load -

Figure 8.  The results of the reduction percentages for both the energy consumption and the cooling
load

Source: Authors construct (2024).

Moreover, using reflective paint positively impacts energy consumption in SC2, which is reduced by
approximately 8%. A similar value was discussed by Nutakki, et al. (2023a), since the percentage of energy
savings was approximately 9% in a study performed in Abu Dhabi, which has a similar climate to Sharjah.
This percentage is the highest since the townhouse is a two-story, and therefore, the area of the walls is
the largest area, which contributes to increasing the energy consumption. Finally, changing the glazing
type resulted in a reduction in energy consumption by approximately 2% and the cooling load by almost
4%. Adding to this, this result aligned with a similar result discussed by Abdeen, et al. (2024b), where the
reduction in energy consumption was approximately 3% when upgrading from single glazing to double
glazing. Furthermore, since each strategy shows successful results, combining any two together will increase
the reduction percentage. However, these percentages vary, as summarized in Table 7. It is clear that the
scenarios that have the reflective paint have the highest reduction percentages, such as SC4 and SC5, where
the reduction is 9% and 10%, respectively. Moreover, the highest reduction percentage was obtained when
implanting all three methods together in SC7, as the energy consumption was reduced by 11% and the

cooling was reduced by approximately 19%.

These findings align with those reported in other studies conducted in hot-humid climates. For example,

Tuck, et al. (2020) found that applying reflective coatings on terrace houses in Malaysia reduced indoor

temperatures by 2°C-3°C and cooling energy by over 10%, consistent with the ~8% energy savings observed
in SC2 of this study. Similarly, Sharma, et al. (2022) noted substantial reductions in cooling loads through

the use of cooling paints in tropical building facades. These parallel outcomes reinforce the effectiveness
of reflective paint in warm, humid conditions across varying geographies. In terms of glazing upgrades,

Abdeen, et al. (2024a) reported approximately 3% energy savings with double-glazing retrofits in UAE

villas, which aligns with the 2%-3% range found in SC3 here. The consistency in results across studies
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strengthens the generalizability of low-impact retrofit strategies in hot-humid climates, especially for
buildings constrained by structural limitations.

COST ANALYSIS

To tackle the feasibility of each scenario and achieve a broader perspective of the effectiveness, a cost

analysis was conducted, with the following results.

Table 8. Cost analysis results
Scenarios Energy Reduction | Annual energy Initial Payback | Benefit-cost
consumption (kwh) savings (AED) cost period ratio (BCR])
(kwWh) Y\=) (year)
Base case 25,703 - - = = =
SC1 25,416 287.0 86 4,850.0 56 0.018
SC2 23,711 1,992.0 598 8,383.0 14 0.071
SC3 25,111 592.0 178 16,570.7 93 0.011
SC4 23,394 2,309.0 762 13,233.0 17 0.058
SCh 23,118 2,585.0 853 24,953.7 29 0.034
SCé 24,673 1,030.0 309 21,420.7 69 0.014
sC7 22,769 2,934.0 968 29,803.7 31 0.032

Source: Authors construct (2024).

As shown in Table 8, despite there being an energy reduction in each scenario as discussed previously,
the retrofitting strategies, when looking at the results from a broad perspective, seem to be inefficient in
terms of cost. This is due to the initial cost being high, and the annual energy savings being low compared
to the initial cost. However, as shown, comparing the payback period of each scenario, SC2 and SC4 seem
to be the most efficient, with the payback period for both being less than 20 years. These are considered
feasible options due to their being cost-eflicient based on a study by Asikoglu (2023), where they stated that
a payback period of less than 20 years is efficient. In SC2 and SCA4, reflective paints were combined with
enhanced roof insulation and reflective paint on the walls, respectively. As indicated, the strategy of applying
reflective paint on walls is the most cost-efficient scenario. This is due to the low initial cost, as well as the
high energy reduction value due to the area of walls being the highest and, thus, having the highest impact.
Moreover, SC4, which combines reflective paint with enhanced roof insulation, is also considered feasible.
Similarly, this is due to the initial cost of both strategies being reasonable. Thus, in a similar approach, this
indicates that SC3, being an enhanced glazing system, is the most ineflicient strategy. This is due to the
initial cost of a double-glazing system being high and the energy reduction being comparably low. Hence,
this ultimately affects SC7, which combines all three retrofitting strategies.

Allin all, if looking from a cost perspective, using reflective paint on walls and enhanced roof insulation
as retrofitting strategies for hot and humid climates in the UAE are the most feasible strategies. In addition,
their combination achieves higher feasibility. However, using the enhanced glazing retrofitting strategy,
despite showing huge energy reductions, is the least feasible in terms of cost.
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COMPARATIVE ANALYSIS

After assessing the energy consumption and cooling load reduction for each retrofitting scenario, along
with their economic feasibility, a comparative analysis highlights the most efficient and feasible strategies
for retrofitting townhouses in Sharjah, UAE. Among the scenarios, reflective paint on walls (SC2) emerges
as the most optimal strategy due to its significant reductions in energy consumption (7.75%) and cooling
load (12.67%), coupled with a relatively low initial cost of 8,383 AED and the shortest payback period of
14 years. This strategy’s high BCR of 0.071 makes it the most financially viable option for decision-makers
prioritizing cost efficiency and effectiveness. In addition, the combination of reflective paint with enhanced
roof insulation (SC4) offers a balance of energy savings and feasibility, achieving reductions of 8.98% in
energy consumption and 14.68% in cooling load. With an initial cost of 13,233 AED and a payback period
of 17 years, SC4 provides a higher reduction percentage than SC2 while maintaining a reasonable cost.
These two strategies are recommended as the most practical solutions for achieving energy efficiency in the

context of Sharjah’s hot and humid climate.

In contrast, enhanced glazing (SC3), while providing some energy reduction (2.30% in energy
consumption and 3.77% in cooling load), is the least feasible due to its high initial cost of 16,570.7 AED
and an extended payback period of 93 years. Even when combined with other strategies in SC7, the high
costs and a 31-year payback period make it less desirable unless the project prioritizes maximum energy
savings over cost efficiency. Similarly, roof insulation alone (SC1) is ineffective, offering minimal energy
savings with a payback period of 56 years. Overall, reflective paint on walls and its combination with roof
insulation stand out as the most effective and feasible retrofitting strategies for hot and humid climates.
These strategies provide significant energy savings and reasonable payback periods when compared to the
other strategies. This makes them ideal for decision-makers seeking to improve energy efficiency while

ensuring economic viability in retrofitting projects in the UAE or other countries with similar climates.

COMPARATIVE DISCUSSION AND CONTRIBUTION

'The findings of this study are consistent with previous research on passive retrofitting in hot-humid

climates. For example, the energy savings from reflective coatings (SC2) align with the results of Tuck, et al.

(2020) in Malaysia and Nutakki, et al. (2023b) in Abu Dhabi. The limited impact of glazing upgrades (SC3)
is also consistent with the results of Abdeen, et al. (2024a), who reported modest energy savings in UAE

villas. However, this study contributes beyond prior work by applying a factorial design to evaluate both
the individual and interaction effects of three envelope-level strategies under Sharjah’s specific climatic and
housing conditions. Additionally, by combining energy simulations with economic analysis, this research
offers practical guidance on retrofit prioritization. The main limitation lies in the single-case focus and
exclusion of active systems such as a photovoltaic (PV') system. Nonetheless, the findings remain relevant
for similar mid-aged housing stock across the UAE. Future work should expand the sample and consider

user behavior dynamics.

Conclusion

In conclusion, this study explored the potential for improving the energy performance of existing
townhouses in Sharjah, UAE, by investigating three key retrofitting strategies: enhancing roof insulation,
applying reflective paint on exterior walls, and upgrading the glazing system. Using a factorial design
approach and simulations conducted in DesignBuilder, the study evaluated seven scenarios that involved
implementing these strategies individually, in pairs, and all together. The validation of the base case
indicated an annual energy consumption of 25,311 kWh, equivalent to 147 kWh/m?, which aligned
reasonably with a real-world villa used for comparison, despite differences in orientation and size. The

results highlighted that the majority of energy consumption was attributed to cooling loads, accounting for
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nearly 60%, due to both the extreme climate conditions of the region and the outdated thermal performance
of the building envelope.

Among the retrofit options, the application of reflective paint stood out as the most effective individual
measure, achieving reductions of approximately 8% in total energy use and 13% in cooling load. The
combination of reflective paint with upgraded glazing systems proved to be the most efficient pairing,
delivering up to 10% energy savings and a 16% drop in cooling demand. Economically, the scenario
involving only reflective paint (SC2) offered the best feasibility, with a payback period of less than 20 years
and a favorable benefit—cost ratio. Although combining strategies improved energy performance, the
scenario that focused solely on upgrading glazing (SC3) demonstrated poor economic viability, with the
highest investment cost and a payback period extending beyond 90 years.

To sum up, key findings revealed the following:

* Reflective paint was the most impactful single strategy, reducing annual energy consumption by ~8%
and cooling load by ~13%.

*+ SC5, combining reflective paint and glazing upgrades, achieved the highest performance
improvement, with ~10% energy savings and ~16% cooling load reduction.

* SC2 offered the best economic feasibility among all scenarios, with a payback period under 20 years
and a BCR of 0.071.

+ SC4, a two-strategy combination, also proved cost-effective with a shorter payback period (17 years)
and a BCR of 0.056.

* SC3, involving only glazing upgrades, was the least favorable option due to its high upfront cost
(~17,000 AED) and extended payback period (93 years).

Practical implications for similar hot-humid townhouses include prioritizing reflective exterior coatings
as a first-line base. In cases where the budget or comfort goals justify combining coatings with targeted
glazing upgrades, this would lead to the highest technical gain (SCS5). In addition, avoiding updating the
glazing only is recommended, given its high cost and long payback period (SC3). However, theoretical
implications include several findings. First, reinforcing fabric-first sequencing in hot-humid contexts
reduces solar gains due to the high albedo surfaces and selective glazing. Thus, infiltrations deliver larger and
more cost-effective marginal savings than glazing alone for this typology at current prices. Second, coupling
light calibration to a reference villa with factorial envelope parametrics yields decision-grade insights when

long-term metered data are limited and clarifies boundary conditions for future optimization studies.

While this study offers valuable insights into the energy and economic performance of low-impact
retrofitting strategies, several limitations should be noted. The analysis is based on a single case study in
Sharjah, which may limit the generalizability of results to other residential typologies or regions. The
simulation models, although validated, rely on assumed behavioral and occupancy patterns, which may differ
in real-world settings. Additionally, the economic analysis does not account for long-term maintenance
costs or possible changes in energy tariffs over time. These limitations highlight the need for further studies

involving multiple building types, occupant behavior integration, and long-term financial modeling.

Future research should build upon these findings by exploring the integration of renewable energy
technologies, particularly rooftop solar systems, to push toward net-zero energy targets. Additionally,
incorporating occupant behavior models and smart energy management systems could provide deeper
insights into real-time energy dynamics and operational savings. Expanding the study to include life-cycle
cost assessments and investigating the applicability of retrofit strategies at neighborhood or district scales
would further enhance their relevance for urban planning. These directions will support the development of

more resilient and energy-efficient housing strategies across the UAE and similar hot climate regions.
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