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Abstract: Residential buildings in the Kingdom of Saudi Arabia (KSA) contribute to nearly half of
the overall electricity consumption in the building stock, highlighting their significant role in energy
consumption. While an upgraded energy code has been established and enforced for new buildings,
existing buildings continue to operate at the same level of energy consumption. Therefore, there is
a need for further energy upgrades in existing buildings. This study evaluates the energy savings
potential of various energy retrofitting measures for a case study in Jeddah, KSA. Data from previous
studies and current practices were collected and analyzed. Different energy upgrade measures, such
as windows replacement, wall insulation upgrade, roof insulation upgrade, and air conditioning
unit replacement, were selected and evaluated using a digital simulation tool called Design-Builder.
The simulation results were compared to understand the potential percentage of energy savings.
The average annual energy consumption (AAEC) was used as the primary performance indicator to
compare the energy savings among the scenarios. The results demonstrate significant reductions in
energy consumption for the proposed scenarios. Furthermore, the study examined the significant
impact of uncertainties, specifically, the infiltration rate and AC setback temperature, on AAEC. In
conclusion, the proposed scenarios have the potential to achieve substantial energy savings, ranging
from 25% to 66%, depending on the number of energy retrofitting interventions employed. The
findings of this study can serve as a useful reference for similar energy retrofitting projects.

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

1. Introduction

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

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

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

2. Methodology

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

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

Strategy Type Replace Add (Inside) Add (Outside)

Envelope energy-saving
interventions

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

Window Window
AC Systems

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

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

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

A—Minor Energy Retrofit

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

B —Major Energy Retrofit

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

C—Deep Energy Retrofit

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

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

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

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

Minor Major Deep

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

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

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

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

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

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

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

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

It is worth noting that energy prices in KSA remain competitive compared to average
energy consumption prices in European countries, as shown in Figure 2. The SEEC initia-
tives have primarily focused on minor energy activities, such as promoting the labeling of
electrical devices (including lighting and ACs) and providing discounts on efficient AC
units. They have also increased public awareness of energy efficiency through the media.
However, major and deep energy retrofits have not been comprehensively covered by
the SEEC.
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Energy retrofitting strategies in the KSA context have generally received low accep-
tance rates among homeowners due to various factors. In the past, this included high initial
costs and limited interest in energy efficiency, primarily due to low energy tariffs, as shown
in Figure 3.
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Historically, energy retrofitting solutions needed to consider the initial costs of energy
improvements compared to the current scenario, focusing on total energy savings and their
potential impact on energy costs. Energy performance and cost are, therefore, primary
indicators for evaluating energy consumption levels. The challenge lies in creating a
comfortable indoor environment for building users in the harsh, outdoor, hot desert climate
of KSA, where temperatures range between 32 and 49 ◦C (Jeddah), and indoor temperatures
should ideally be maintained between 18 and 24 ◦C [1].

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

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

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

The main energy-related changes incorporated into the house included upgrades to
the walls, windows, lights, and air conditioning (AC) systems. The east and west façade
walls were upgraded to a 40 cm thickness, consisting of a 15 cm block, 5 cm insulation
panels, another 15 cm block, and 2.5 cm of mortar on both sides of the wall. The windows
were upgraded to double-glazed windows with thermal break frames (6 mm glass, 12 mm
air vacuumed, and 6 mm glass). Additionally, 18 AC window units were replaced with
split AC units with energy efficiency ratings of 5 or 6 stars. The owner reported a 30%
energy saving after the building renovation.
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To assess the actual energy consumption, the study illustrated the monthly electricity
bills over a 2-year period from February 2019 to December 2020. The average energy
consumption on the first floor was approximately 135 kWh/m2 per year, with an energy
cost of around 24 S.R. (USD 6.4), as detailed in Figure 4. The Austah house case exemplified
a diligent renovation approach, including several energy retrofitting measures, such as wall
insulation upgrades, window replacements, AC upgrades, and lighting improvements. Fur-
ther energy savings measures could potentially enhance the energy performance efficiency
of the building.Buildings 2023, 13, x FOR PEER REVIEW 10 of 48 
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Figure 4. The 2019–2020 energy consumption (kWh) and energy cost (Saudi Riyal (SAR)) for 1st
floor [31].

3.2. Energy Retrofitting Strategies

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

Table 3. List of energy upgrade strategies.

Strategies Replace Add-In Wrap-It Add-On

Description
Replace façade

elements with better
energy performance

Upgrade by adding from
the inside of the building

components (wall,
window, insulation)

Wrap the building with a
second layer

Adding a shading device
or structure element to the

outdoor façade

Interventions
Replace entirely, Replace

partially (walls, windows,
connections, insulation)

Increase wall thickness,
internal insulation, cavity

insulation, windows
(panes, cavities,

glazing), add sealant
between components

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

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

to indoor space
if applicable

Benefits
New components with

better performance, small
disturbance to users

Appropriate for
existing buildings,

increase the thermal
resistance, individual

decision making

Increase the thermal
resistance using external

insulation, no
thermal bridging

Better energy performance
on the developed parts,

heat prevention increase,
increased indoor space in

some cases

Limitations
Significant impact on the
building users’ activities,

high initial costs

Thermal bridging needs
attention, decrease in

livable space

Not applicable for SBC
limitations except for

external insulation, high
initial costs

Low WWR application
limitations from the SBC
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A—Replace Strategy

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

B —Add-In Strategy

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

C—Wrapping (Wrap-It) Strategy

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

D—Add-On Strategy

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

3.3. Energy Performance Challenges of Residential Buildings in Jeddah

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

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

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

Challenges Causes Result

Energy Efficiency

Insufficient thermal performance of
envelope (wall, windows,

no insulation)

Old SBC standards, inappropriate
design, no insulations with high

U-value for walls

Outdoor heat gain, high energy
demand, user discomfort

Defective airtightness with a high
infiltration rate

Inappropriate sealants
or no sealants, poor

components, materials

Outdoor heat gain, increased
cooling load demand, high energy

demand, user discomfort

Thermal bridges No insulation, poor design Outdoor heat gain

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

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

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

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

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

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

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

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

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

External wall Mortar–red brick–mortar 24 2.7

Internal wall Mortar–brick–mortar 24 3.38

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

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

Windows Single glazing 1 5.57

Doors Wooden door 4 2.1

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

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

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

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

With ACs With No ACs

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

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

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

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

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

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

Doors U-2.839 U-2.839

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

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

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

3.4. Jeddah’s Climatic Challenges

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

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

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

Jeddah 6587 0

Dhahran 5953 142

Riyadh 5688 291

Tabuk 4359 571

Abha 3132 486

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

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

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

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

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

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

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

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

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

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

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

The regulations for low-rise residential buildings have undergone two changes, result-
ing in different building use and ownership categories (old, recent, and new), as illustrated
in Figure 6. The first upgrade mandated building owners to allocate parking spaces on
the ground floor, while allowing for the construction of a villa on the rooftop, which this
study categorizes as the recent type. This regulation change introduced multi-ownership to
the building, although historically, potential homeowners were reluctant to purchase an
apartment with shared ownership.
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The regulation change offered additional yearly income for owners who constructed a
villa on the roof and leased the remaining apartments. Consequently, during this period,
many investors constructed low-rise residential buildings with villa roofs and sold them
as separate entities (apartments and a roof villa), leading to the trend of multi-ownership
within a single building.

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

The improvement in multi-ownership management can be attributed to the imple-
mentation of updated building regulations and the introduction of the Mullak program in
February 2020. This study primarily focuses on low-rise residential buildings and investi-
gates both multi-ownership and single-ownership scenarios to propose practical solutions.
Figure 7 depicts the various types of low-rise residential buildings found in Jeddah, consid-
ering different construction ages. Despite variations in construction ages, these buildings
exhibit comparable energy performance due to their similar construction approaches. How-
ever, discrepancies in ownership types may influence the proposed results, which will be
discussed further in the subsequent text.
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Several researchers have explored Saudi residential building characteristics from vari-
ous perspectives, taking into account factors such as location and user profiles. Aldossary
identified several prototypes based on official construction plans, while Alaidroos described
construction methods and HVAC specifications for a base case villa in KSA. However, this
study focuses specifically on 3–5 floor residential buildings with both multi-ownership and
single ownership, excluding villas on the roof due to the latest SBC upgrade regulations.
The primary emphasis is on multi-ownership buildings to accommodate more housing
units, although single-ownership scenarios are also considered. The categorization of the
selected residential buildings is based on construction methods and materials used, rather
than their historical construction dates.

3.5.2. Common Construction Method

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

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

The next phase is the block walls (wall-filling), where blocks are used to fill the spaces
between the skeleton columns, as indicated by the red walls in Figure 9. The choice of
material for wall-filling depends primarily on the allocated budget, with options ranging
from cement blocks, red blocks, and Burkani blocks to the less common Siporex blocks.
Each type of wall-filling material has different properties and thermal conductivity levels.
Typically, walls are constructed using 20 cm blocks, as shown in Figures 9 and 10.
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The third phase involves cement finishing (mortar), which entails adding a 2 cm layer
of mortar to both sides of the blocks, as depicted in Figure 9. The final phase involves the
overall finishing of the building envelope through painting or the application of stone. The
choice of painting or decorative elements depends on the budget of the building owner.
Some owners with higher budgets may opt to add different types of stone to the front
façade for aesthetic purposes, as shown in Figures 9 and 10.

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

A—Wall Fillings (Blocks)

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

Walls with openings incorporate window frames with single glazed panes, as dis-
cussed in a later sub-section. The current thermal energy levels of the walls present an
excellent opportunity for energy performance upgrades. Any energy upgrade scenario
should consider the types of blocks commonly used in Jeddah’s residential buildings. Wall
upgrade interventions could involve increasing thickness by adding insulation layers and
an air gap to the indoor space. All scenarios involve tightening the indoor space, while
addressing thermal bridges resulting from connections, which is another challenge that
needs to be considered. Figure 11 illustrates the commonly used wall materials, including
cement blocks with holes, red blocks, Burkani blocks, and Siporex blocks. Since 2021,
block factories have been required to meet specific thermal properties to comply with the
upgraded SBC standards (see Table 9).
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Table 9. Wall materials U-Values and R-Values [42].

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

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

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

B —Insulation Materials

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

C—Finishing

The finishing layers typically involve a 2–2.5 cm cement layer of mortar on both sides
of the wall, followed by painting or the application of stone on the main façade for aesthetic
purposes. The thermal conductivity of mortar finish is 0.72 W/mK. When it comes to
painting or stone selection, it largely depends on the building owner’s budget. Some
owners may have a higher budget and can incorporate different types of stone on the front
façade for both aesthetic and thermal performance purposes. It is worth noting that certain
painting companies now offer thermally resistant options, although these options come



Buildings 2023, 13, 1645 19 of 43

at a higher price compared to other materials. In energy upgrade scenarios, the finishing
layer options, especially when a stone finish is involved, require careful consideration and
planning in terms of the cost and time required for stone disassembly.
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D—Windows

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

There are different types of window glazing and panes with varying U-Values and
SHGC, as illustrated in Table 10. The thermal resistance levels of window glazing depend
on factors such as the number of panes, color, and cavity size between the panes.



Buildings 2023, 13, 1645 20 of 43

Table 10. Window glazing types and heat transfer level, LoE (Low Emissivity) [18].

SBC Requirement for Glazing 2.66 0.25

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

E —Sealants

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

4. Design Parameters and Energy Benchmark

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

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

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

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

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

Wall Con-
struction
(U-Value)

Roof Con-
struction
(U-Value)

Ground
Floor Con-
struction
(U-Value)

Repeated
Floor Con-
struction
(U-Value)

Window
Glazing

Window
Frame

(U-Value)

(WWR)
Max

Air
Infiltration
(ACH 50)

HVAC
System

Efficiency
(COP)

Started to
be applied
by 1 July

2021

0.342 0.202 0.49 0.49
(U-value)

2.66 SHGC
= 0.25

2.66

Rate

25% 4 4

Updated
on 23

August
2021

0.403 0.272 0.49 0.49
(U-value)

2.66 SHGC
= 0.25

2.66 25% 4 4

Updated 21
February

2022; ends
by the end

of 2023

0.611 0.272 0.49 0.49
(U-value)

2.66 SHGC
= 0.25

2.66 25% 4 4

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

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

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

5. Case Study Descriptions and Simulation Process
5.1. Building Location and Position Selection

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

5.2. Building and Apartment Descriptions

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

(25 m × 30 m), resulting in a built-up floor area of around 450 m2. The selected building
contains eight apartments (two per floor), and the first floor (ground floor) has parking
spaces and other services, such as driver rooms and the main entrance. The apartments
mainly face either west or east. However, the east and north sides face the neighboring
buildings, while the west and south sides face the street. These factors have an effect on the
AAEC for each apartment. Each apartment has three bedrooms, a living room, a kitchen, a
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dining room, a reception room, a maid room, and three bathrooms, as shown by the floor
plans in Figures 13–15.
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The building fabric was defined and illustrated based on previous studies and material
properties. Tables 12 and 13 demonstrate every component in respect to total U-values,
component thickness, and other variables. The apartments on the east side of the building
have the same floor area, which is around 215 m2, while on the west side, the area is around
225 m2.

Table 12. Building specifications.

Number of Floors Total Number
of Apartments

Area of
Apartments

Building
Location

Total Number
of Occupants in

the Building

Cooling
Set Point Cooling Set Back

Description

4 floors + parking
floor (parents (2) +

kids (4) + a
housemaid)

8 apartments (2
per floor)

West 215 m2

East 225 m2
Jeddah

(South East)

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

24 ◦C 26 ◦C

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

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

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

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

345 2.81

Ground Floor Construction

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

437 2.269

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

350 2.403

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

Window Frame Aluminum frames 5 5.881
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Table 13. Cont.

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

Details Rate

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

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

HVAC System Efficiency AC window type 1.8 COP

5.3. User Profile

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

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

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

Total Hours/
Room/Month

Average Hours/
Room/Day

Master
Bedroom

23:00–
06:00

23:00–
06:00

23:00–
06:00

23:00–
06:00

23:00–
06:00

23:00–
06:00

23:00–
06:00 49 210 7

Children’s
Bedroom 1

21:30–
06:00

21:30–
06:00

21:30–
06:00

21:30–
06:00

23:30–
08:00

23:30–
08:00

21:30–
06:00 59.5 255 8.5

Children’s
Bedroom 2

21:30–
06:00

21:30–
06:00

21:30–
06:00

21:30–
06:00

23:30–
08:00

23:30–
08:00

21:30–
06:00 59.5 255 8.5

Housemaid’s
Bedroom

23:30–
07:00

23:30–
07:00

23:30–
07:00

23:30–
07:00

23:30–
07:00

23:30–
07:00

23:30–
07:00 52.5 225 7.5

Dining
Room

06:30–
07:30

06:30–
07:30

06:30–
07:30

06:30–
07:30

06:30–
07:30

06:30–
07:30

06:30–
07:30 7

120 416:00–
17:30

16:00–
17:30

16:00–
17:30

16:00–
17:30

16:00–
17:30

16:00–
17:30

16:00–
17:30 10.5

20:30–
22:00

20:30–
22:00

20:30–
22:00

20:30–
22:00

21:30–
23:00

21:30–
23:00

20:30–
22:00 10.5

Living
Room

06:00–
23:30

06:00–
23:30

06:00–
23:30

06:00–
23:30

06:00–
23:30

06:00–
23:30

06:00–
23:30 122.5 525 17.5

Kitchen

06:00–
07:30

06:00–
07:30

06:00–
07:30

06:00–
07:30

06:00–
07:30

06:00–
07:30

06:00–
07:30 10.5

255 8.514:00–
18:00

14:00–
18:00

14:00–
18:00

14:00–
18:00

14:00–
18:00

14:00–
18:00

14:00–
18:00 28

20:00–
23:00

20:00–
23:00

20:00–
23:00

20:00–
23:00

20:00–
23:00

20:00–
23:00

20:00–
23:00 21.00

Guest
Room None None None None 17:00–

24:00
17:00–
24:00

17:00–
24:00 21 90 3

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

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

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

Table 15. Different business activities for several building contractors.

Contractor Individual Private Developer Governmental Ownership Type

Business Activities

Selling
Selling Selling Multi

Living + Selling

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

Short Term

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

5.5. Simulation Description

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

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

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

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

6. Energy Retrofitting Scenario Description

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

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

Indoor Scenarios

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

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

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

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

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

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

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

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

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

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

Indoor Scenarios

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

Outdoor Scenarios

Base Case Base Case Corner Face SW + SB

Scenario 1 EIFS Wall (EPS 10 cm)

Scenario 2 EIFS Wall (XPS 10 cm)

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

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

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

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

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

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

Base Case Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7 Scenario 8 Scenario 9 Scenario 10
N50 (ACH50) 20.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

Wall (U-Value) (W/m2K) 2.68 2.68 0.53 0.49 0.35 0.27 0.27 0.27 0.27 0.27 0.27
Thickness (m) 0.24 0.24 0.39 0.29 0.32 0.34 0.34 0.34 0.34 0.34 0.34

Roof (U-Value)
(W/m2K) 2.81 2.81 2.81 2.81 2.81 2.81 2.81 2.81 0.27 0.19 0.27

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

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

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

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

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

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

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

6 mm–12
mm air-6

mm

6 mm–12
mm air-6

mm

6 mm–12
mm air-6

mm

6 mm–12
mm air-6

mm

6 mm–12
mm air-6

mm
Window Glazing (U-Value)

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

Glazing Type Clear

Gray
reflective
SHANG-

HAI

Clear Clear Clear Clear Gray hd
plus

Gray
reflective
SHANG-

HAI

Gray
reflective
SHANG-

HAI

Gray
reflective
SHANG-

HAI

Gray
reflective
SHANG-

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

Window Frame Type Aluminum
UPVC

Creative
Windows

Aluminum Aluminum Aluminum Aluminum UPVC
wintek

UPVC
Creative

Windows

UPVC
Creative

Windows

UPVC
Creative

Windows

UPVC
Creative

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

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

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

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

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

Base Case Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7
N50 (ACH50) 20.00 4.00 4.00 4.00 4.00 4.00 4.00 4.00

Wall (U-Value) (W/m2K) 2.68 0.31 0.27 0.27 0.27 0.27 0.27 0.27
Thickness (m) 0.24 0.36 0.36 0.36 0.36 0.36 0.36 0.36

Roof (U-Value) (W/m2K) 2.81 2.81 2.81 2.81 2.81 0.27 0.19 0.27
Thickness (m) 0.35 0.35 0.35 0.35 0.35 0.45 0.50 0.45

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

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

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

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

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

6 mm–12 mm air-6
mm

6 mm–12 mm air-6
mm

6 mm–12 mm air-6
mm

6 mm–12 mm air-6
mm

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

5.89 5.89 5.89 2.69 2.13 2.13 2.13 2.13

Glazing Type Clear Clear Clear Gray hd plus Gray reflective
SHANGHAI

Gray reflective
SHANGHAI

Gray reflective
SHANGHAI

Gray reflective
SHANGHAI

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

Window Frame Type Aluminum Aluminum Aluminum UPVC wintek UPVC Creative
Windows

UPVC Creative
Windows

UPVC Creative
Windows

UPVC Creative
Windows

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

5.88 5.88 5.88 1.79 1.33 1.33 1.33 1.33

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

Base Case Scenario 1 Scenario 2 Scenario 3 Scenario 4 Scenario 5 Scenario 6 Scenario 7
Lighting (W/m2-100 lux) 5.00 5.00 5.00 5.00 5.00 5.00 5.00 5.00

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

6.1. Indoor Scenarios

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

6.2. Outdoor Scenarios

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

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

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

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

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

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

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

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

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

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

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

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

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

7.3. Step Three: Energy Performance Simulation and Energy Savings

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

A—Indoor Scenarios

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

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

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

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

Apartments 7 and 8 recorded around 60% savings when using Scenarios 8, 9, and 10,
where additional insulation was added to the roofs. However, apartments 1–6 only had a
slight savings increase when applying Scenarios 8, 9, and 10 compared to Scenarios 6 and 7.
Apartments 7 and 8 had less energy savings than apartments 1-6 when using Scenarios 1–7.
Therefore, it is suggested that every apartment has specific properties that require different
energy retrofitting scenarios, and an individual cost analysis per apartment is required.



Buildings 2023, 13, 1645 35 of 43

Furthermore, more energy savings were achieved when the basic model used
20 ACH50 and the applied scenarios used 4 ACH50. The energy savings increased for
Scenario 1 from 5–10% to 17–26%, and for Scenario 10, they increased from 45–56% to
63–65%, where the change in the ACH50 rate had a significant impact on the energy sav-
ings percentage (see Figure 27). The considerable energy savings show the importance of
considering infiltration rate levels in energy retrofitting applications to achieve a better
AAEC for all apartments.
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Figure 27. Possible energy savings from testing different scenarios (indoor) where the infiltration rate
is 4 ACH50, with a rate of 20 ACH50 for the basic model.

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

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

B —Outdoor Scenarios

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

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

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

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

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

8. Discussion

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

8.1. Average Annual Energy Consumption

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

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

8.2. Energy-Saving Possibilities

In general, the simulation results demonstrate a significant impact from every scenario.
The impact degree is based on the weaknesses in the envelope component design, such
as the walls, the windows, or the roof. Furthermore, in respect to apartments 1–6, the
weaknesses came from the walls and the windows, where different energy savings were
recorded from Scenarios 1–7, ranging from 7% to 47%, whereas Scenarios 8–10 only add
about 2% savings compared to Scenario 7.



Buildings 2023, 13, 1645 39 of 43

The weaknesses in apartments 7 and 8 were due to all components, and the roof
presented the main weakness. For instance, apartment 8 had energy savings when applying
Scenarios 1–7, ranging from 6% to 26%, and 55% to 56% for Scenarios 8–10.

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

8.3. Uncertainties

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

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

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

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

9. Conclusions

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

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

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

In conclusion, based on the analysis of energy retrofit scenarios in Jeddah, a series
of simulations was conducted to confirm the potential for energy savings, ranging from
25% to 66%. The findings emphasize the significance of implementing energy-saving
measures and highlight the opportunities for improving energy efficiency in the residential
building sector.
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List of abbreviations
AAEC Average Annual Energy Consumption
ACH Air Change per Hour
ACH50 Air Changes per Hour at 50 pascals pressure differential
CDD Cooling Degree Days
COP Coefficient of Performance
CSS Concrete Skeleton Structure
EIFS External Insulation Finishing System
EPS Expanded Polystyrene Insulation
ERA Energy Retrofitting Application
GCC Gulf Cooperation Council
KPI Key Performance Indicator
KSA Kingdom of Saudi Arabia
SBC Saudi Building Code
SEEC Saudi Energy Efficiency Centre
WWR Window-to-Wall Ratio
XPS Extruded Polystyrene Insulation
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