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Abstract: Energy and environmental challenges are a major concern across the world and the urban
residential building sector, being one of the main stakeholders in energy consumption and greenhouse
gas emissions, needs to be more energy efficient and reduce carbon emissions. While it is easier to
design net zero energy homes, existing home stocks are a major challenge for energy retrofitting. Two
key challenges are determining the extent of retrofitting required, and developing knowledge-based
effective policies that can be applied en-masse to housing stocks and neighborhoods. To overcome
these challenges, it is essential to gather critical data about qualities of existing buildings including
their age, geo-location, construction type, as well as electro-mechanical and occupancy parameters of
each dwelling. The objective of this study was to develop a GIS-based model embedded with critical
data of residential buildings to facilitate evidence-based retrofit programs for urban neighborhoods.
A model based on a bottom-up approach was proposed in which information gathered from all
stakeholders was inputted into one database that can be used for decision-making. A geo-located case
study to validate a proposed GIS-based residential retrofitting model sample size of 74 residential
buildings in the city of Riyadh was statistically analyzed and used. The results indicate behavior-
based patterns, with a strong positive correlation (r = 0.606) between the number of occupants and
number of household appliances, while regression analysis showed high occupancy rates do not
necessarily result in high utility costs at the end of the month, and there is no statistical difference in
the average monthly cost of gas between partial and fully occupied houses. Furthermore, neither
the type of building, height, age, nor occupancy status play a significant role in the average energy
consumed. Additionally, the GIS-based model was validated and found to be effective for energy-use
mapping and gathering critical data for analyzing energy consumption patterns at neighborhood
scale, making it useful for municipalities to develop effective policies aimed at energy efficient and
smart neighborhoods, based on a recommended list of most effective energy-saving retrofit measures.

Keywords: retrofit; energy efficiency; policies; residential buildings; GIS

1. Introduction

The global energy consumption is experiencing a rapid growth. Emission of Green-
house Gases (GHGs) is also on a rise and the trend is set to intensify in future unless
concerted efforts are made to shift away from fossil fuels. Climate change, widely at-
tributed to the anthropogenic emissions of GHGs because of fossil fuels consumption, is
regarded as one of the biggest threats facing mankind [1]. To mitigate the implications
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of climate change, energy systems need a radical shift to low-carbon technologies [2,3].
The building sector, owing to its extensive energy and environmental loads, must play
a major role in the fight against climate change and a transformation to a sustainable
energy future [4]. Particularly, electricity consumption in the residential sector needs to be
significantly curtailed because the sector accounted for around 27% of the total worldwide
electricity consumption in 2018 [5]. It is suggested that a reduction of 32 Gt in overall
Carbon Dioxide (CO,) emissions by 2050 is required in the global building sector to limit
the earth’s temperature rise to 2 °C [6].

Saudi Arabia is a country with one of the world’s most energy inefficient and unsus-
tainable residential sector and this is evident from the fact that the electricity consumption
in Saudi Arabia is much worse than the global scenario with per capita electricity usage
being 9140.35 KWh/person in 2014, which is around three times higher than the world
average [7]. The residential sector accounts for almost 52% of the total national electricity
consumption and this usage is expected to double by 2025 [8]. The sector has experienced a
growth in electricity consumption of 85% from 2004 to 2014 increasing from 73,365 GWh
to 135,908 GWh [9]. As a result, it is consuming the second highest amount of electricity
compared to all the other sectors in Saudi Arabia. One reason for such a high percentage of
increase in the residential electricity consumption is the fast growth of the housing market.
The growth is expected to continue for the country to meet the needs of the constantly
growing population [10]. Studies indicate that the energy consumption in Saudi Arabian
residential buildings is influenced by factors like high population growth rate, harsh desert
climate of the country, inefficient building stock, subsidized energy tariffs, and a lack of
policies [11].

With the development of houses at such a fast pace in a wealthy country, energy
efficiency seems to be overlooked, as most of the development does not consider energy
efficiency strategies in the building design process. Most residential development in Saudi
Arabia only considers the capital costs; however, literature dictates that the majority of
energy consumption takes place during the operational phase of the building. According to
a study [12], 80% of the lifecycle energy of a building is associated with its operation while
less than 20% occur during the initial construction and pre-construction stages. This rapid
and energy-negligent culture of residential design leads to several factors which contribute
to wastage of energy. These factors include deficient insulation, leaking windows, deficient
heating and cooling systems, and poor construction techniques. This obligates building
users to demand high amounts of energy; hence, the resulting energy consumption in
Saudi Arabian homes is higher than the global average. In the eastern province, for
instance, apartments consume around 196.5 kWh/ m2/ year, while traditional houses and
villas consume 156.5 kWh/m? /year and 150 kWh/m? /year, respectively [13]. Although
currently no regulations or laws exist that enforce or encourage energy retrofits for a
sustainable residential sector in future, it has become imperative for the municipalities in
Saudi Arabia to enforce homeowners to become more energy conscious and sustainable,
which is in line with Saudi Vision 2030 [14].

Saudi Arabia is a country with a predominantly hot climate, and reducing energy
demand in residential buildings by energy retrofitting has been proven to be effective
in several previous studies [15-19]. For example, in their study, Krarti and Howarth
identified that modifying the current inventory of outdated window units and split systems
in Saudi residential buildings to meet energy efficiency standards is projected to result in a
decrease in electricity usage of approximately 33 terawatt-hours per year and a reduction
of 24 million tons in CO, emissions for the country [20]. However, energy retrofitting
residential buildings have many challenges and one of the main challenges is to determine
the feasibility and extent of retrofitting required. To determine the extent of retrofitting
required for a particular building, all the information of a residential building is required
including building characteristics and energy performance of each building. Currently,
all this information is present but scattered among different stakeholders, and thus it
is a challenge to utilize this information to support the energy retrofitting process [21],
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which would arguably be most effective if carried out at a wider scale since neighborhood
buildings often share similar physical characteristics. Due to its integrative capabilities
and ability to combine numerous datasets in one simple-to-use model, the Geographic
Information System (GIS) has become an essential tool in sustainability planning [22]. The
benefit of GIS is bringing together all the information into one database to help overcome
one of the main challenges regarding sustainability planning, which is the lack of unity
between different stakeholders [23]. In the case of Saudi Arabian cities, the key stakeholders
include the Municipality, the Contractor, and the Energy Provider, all of whom have their
different purpose/focus. Nevertheless, a GIS database can collect four categories of building
attributes from four different organizations into one GIS-enabled database including the
following:

1.  Municipality: General information of building including age, location, owner, building
type, etc.;

2. Contractor: Construction details of the buildings including envelope system, window
type, etc.;

3. Energy Provider: Energy usage of the buildings including energy usage by Heating
Ventilation and Air Conditioning (HVAC) and other systems, including data obtained
from smart meters;

4. Homeowners: Occupancy-based behavior pattern of end users.

Currently, policies being implemented in Saudi Arabia which are compelling home-
owners to reduce electricity consumption include the recent hike in electricity tariffs, which
will result in homeowners having to pay almost three times the amount of electricity bill as
compared to what they were previously paying. However, this policy does not necessarily
reduce the demand if homeowners can afford the increase. Hence, it is in the best interest
of all the stakeholders involved to energy retrofit Saudi Arabian homes to reduce energy
consumption and associated carbon emissions.

With the compelling need of energy retrofitting in Saudi Arabian homes coupled with
the scattered information hindering efficient decision-making, it is of utmost important
that a system be placed that facilitates the process and ensures the right decisions are made.
Hence, this study proposes a GIS-based system to support energy retrofitting in Saudi
Arabia. The significance of a GIS-enabled database will be its ability to assist decision
makers to holistically analyze the existing scenario using data from multiple sources, and
then recommend or enforce an energy retrofitting solution to homeowners. GIS-enabled
platforms are popular as they can provide user-friendly interfaces for decision-making [24].
Such platforms serve as a basis for selecting energy efficiency measures based on data-
driven decision-making methods and ensure optimum retrofit measures are selected. In
this regard, the main objectives of this study are the following;:

o  Develop a GIS-based model for energy retrofitting of residential buildings in Saudi
Arabia;

e  Apply the developed GIS-based model on selected residential buildings in a neighbor-
hood of Riyadh City in Saudi Arabia as a case study;

e  Demonstrate the benefit of the developed GIS-based model for supporting cost effec-
tive energy retrofitting policies in Saudi Arabia.

2. Application of GIS for Energy Retrofitting

The application of GIS for developing a model for existing building stock and energy
retrofitting decision-making has been researched in numerous studies and their results
present that there is a significant potential for minimizing energy consumption in homes.
Researchers have highlighted that the application of GIS is vital to develop policies aiming
at enhancing the energy consumption of buildings. In a recent study, a GIS-based urban
approach was implemented to map the energy efficiency of buildings in Turin, Italy [25]. A
successful dynamic GIS-based model was developed and validated as a decision-making
tool to improve the energy efficiency standards in buildings. Furthermore, a study by Thorn-
burg and Thuvander [26] highlighted that information about the energy usage of buildings
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can be integrated into one geo-referenced energy model and used by the municipality.
They suggest that GIS applications with their visualization and analyzing possibilities have
the potential to make available energy data, and that besides the common energy data
and measured energy data other information on the building such as energy emissions,
building energy certifications such as Leadership in Energy and Environmental Design
(LEED) certificate and emissions report can be included as attributes. Similarly, Dall’O
et al. [27] developed a simple and cost-effective approach based on GIS which informs
about energy efficiency of different buildings as well as allows local administrators to
promote energy usage reduction in buildings.

Additionally, Caputo et al. [28] in their research presented an approach which uses
a GIS-based database to support stakeholders in identifying the best policies for energy
retrofitting at the municipality and city levels. They also state that it is possible to evaluate
the effects an introduction of a policy will have on the building stock as well as identify
the pros and cons of implementing new regulations from the compliance to the national or
local rules related to renewables integration. Furthermore, Buffat et al. [29] developed a
web-based model for Switzerland using GIS database which allows homeowners to explore
different energy retrofit scenarios. The database of the GIS required building parameter
details such as the HVAC or heating system of the building, building size, and envelope
details for all the buildings in Switzerland. Their aim was to develop a platform which
allows building owners to make use of this easy-to-use tool and portray the ability of their
building to save on energy and money without wasting too much time.

Building types other than residential buildings have also been investigated for energy
retrofitting with a similar approach. For example, Fabbri et al. [30] have indicated that an
energy performance certificate and minimum energy requirement policies are required for
existing buildings in the case of energy retrofitting of heritage buildings. They noted that an
absence of assessment on the urban level containing information of building characteristics
and age is a major issue. They developed a GIS-based map projection and concluded that a
database developed on GIS is the most effective model which can combine energy and other
characteristics of buildings into one model and can be used as a tool to link several types of
information into one database. However, implementation of GIS for energy retrofitting is
most widely implemented for residential buildings.

In addition to the aforementioned studies, a GIS-based model has been presented to
energy retrofit existing residential buildings in numerous studies [31-35]. A study by Cupto
and Pasetti developed a GIS-based tool with the aim of improving the energy renovation
rate of the private building stock in Italy [31]. Their study was based on the Municipal
Energy Model (MEM) methodology that is a GIS-based method to support planning
processes in different municipalities. MEM is a mapped depiction of the entirety of the
municipal building stock, integrating geospatial data and providing detailed information
on energy usage, generation, and characteristics at the level of individual buildings. In the
study, building and energy data of buildings were obtained using a hybrid method that
involved real data and estimates using statistical approaches. Such method to obtain data
is necessary with GIS-based models in places where obtaining actual data is not possible or
the data are not available, and this is one of the biggest challenges in GIS-based approaches.

An extensive literature review on the application of GIS on energy retrofitting has indi-
cated that researchers believe in the capabilities of GIS as a catalyst and as the fundamental
step of improving the energy consumption of buildings in cities. Research has indicated
that a GIS-based map of existing building characteristics and energy consumption can
assist policy makers to develop guidelines and incentives for energy retrofitting as well as
highlight the areas in the city which require energy retrofitting the most. This study, in line
with the other studies and the MEM method, will aim to develop a GIS-based model for
Riyadh, Saudi Arabia, which will assist the municipality to make energy retrofit decisions
for the old unsustainable buildings in Riyadh. The strength of the adopted case study is
that actual data are used for all the buildings and this will yield accurate results.
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3. Energy Retrofitting and Smart Neighborhoods

Energy retrofitting, which involves the implementation of energy-saving measures
in existing buildings, is a crucial strategy for reducing energy consumption in smart
neighborhoods. A variety of retrofitting measures have been investigated, including the
upgrading of building envelopes, the installation of high efficiency HVAC systems, and the
implementation of advanced lighting technologies [36,37]. GIS-based methods have been
employed to identify areas with high retrofitting potential and to optimize the selection
of retrofitting measures [38]. The integration of renewable energy sources, such as solar
photovoltaic panels and wind turbines, can significantly reduce the reliance on fossil fuels
and contribute to energy efficiency in smart neighborhoods [39]. GIS-based methods have
been widely used to assess the potential for renewable energy generation and to optimize
the placement of renewable energy infrastructure [40].

As independent communities or part of smart cities, a smart neighborhood is an
urban area that leverages Information and Communication Technology (ICT) to optimize
energy consumption, enhance the quality of life for its residents, and promote sustainable
development [41]. The concept of a smart neighborhood encompasses various elements,
such as smart grids, building automation systems, energy-efficient buildings, and electric
vehicle charging infrastructure. Energy efficiency is a crucial aspect of smart neighborhoods
and cities and is primarily achieved through the reduction in energy consumption, the use
of renewable energy sources, and the optimization of energy management [42]. Numerous
studies have demonstrated the potential for up to 15% of energy as well as reduction in
carbon in smart cities compared to conventional urban areas [43]. Various methods have
been employed to analyze and quantify energy efficiency in smart neighborhoods.

One popular approach is the use of GIS, which enables the spatial analysis of energy
consumption patterns and the identification of areas with high potential for renewable
energy [40]. GIS-based methods have been applied to other aspects of smart neighbor-
hoods, including the assessment of renewable energy potential, and understanding energy
consumption patterns [44]. In scenarios where spatially distributed data are obtained
from multiple sources, and where these data are in different formats/schemas, database
operations such as extract, transform, and load can be used to clean, format or translate
data [45], and tools such as Building Information Modeling (BIM) are suitable for such
tasks including visualization in 3D models using different Levels of Details (LODs) of
buildings [46].

4. GIS-Based Model

The model is based on a bottom-up approach in which information is gathered from
the homeowners and other organizations on each individual home. The information on
different levels is then inputted into the model which is relayed to the regulatory authorities.
Figure 1 describes the model for the database in a flow diagram.

The first step in the model is to collect data of the existing housing. A structured door-
to-door survey needs to be carried out in which homeowners are surveyed and information
is recorded. All the physical characteristics and electrical equipment used in the house
are recorded. The energy consumption information of the house can also be collected
from homeowners through electricity bills for the previous one year. However, if it is not
available, the electricity data can be gathered from the electricity provider, in the case of
Saudi Arabia through Saudi Electricity Company (SEC).

After all the required data are gathered, the next step is to develop the GIS database.
All the recorded building attributes are inputted into the GIS database along with the
geo-location of the residence. It is essential that the data are recorded and inputted correctly
and referenced to the correct residence as that will determine the output of the next stage.
In the next stage, an analysis is conducted to identify homes which are consuming high
amounts of energy. In this regard, the Energy Use Intensity (EUI) is used to identify whether
a residence is consuming high energy, after which it is then analyzed further, and all its
attributes are studied to see the attribute responsible for the high consumption.
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Residence Information: Site Survey/Documents Stakeholders

Location Electrical Equipment Information Building Owners
Survey Team

Saudi Electricity Company
Municipality

Electricity Bills Construction Details

GIS Database Stakeholders
. . . . Municipality
Residence Geo-location All Residence Attributes GIS Experts

Stakeholders

Municipality

Energy Consumt
W GIS Experts

pion Assessment

Analysis/ Data Processing Stakeholders
Analysis of excess energy Municipality
consuming attributes in Regulatory Authorities
each residence GIS Experts

Decision Making Stakeholders
Make decision of best Municipality 3
possible retrofit scenario Regulatory Authorities
for the residence Building Owners

Figure 1. Database model.

The developed model ensures easy and efficient identification of residences which
are consuming high amounts of electricity. Through the identification, the local governing
body can regulate the level and type of energy retrofitting for each individual housing and
potentially result in vast energy and economic savings.

5. Methodology

To successfully achieve the objectives of the study, a three-fold methodology based on
the proposed model is used which includes the following steps:

1.  Case study data collection;
2. GIS database development;
3. Analysis and proposal of best retrofit measures for case studies selected in Riyadh.

5.1. Case Study
5.1.1. Description

The selected location for the case study is the capital city of Saudi Arabia, Riyadh
(Figure 2). The selected buildings are villas, which represent almost 40% of the housing type
in Saudi Arabia. Most of the villas in Riyadh are unsustainable and need to be retrofitted
in order to use less energy. Over the years, low energy prices have led to energy use
patterns that are unsustainable. Household energy consumption is high because of the
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subsidized cost, which discourages investment in energy-efficient solutions and encourages
consumers to use electricity without being particularly mindful of how much they use.
Consequently, the per capita energy consumption in KSA is much higher than the world
average. According to [47], sustainability is viewed by the local construction industry as
one of the least essential concerns. It is evident from the fact that despite a harsh climate
requiring extensive use of air-conditioning, the majority of the buildings lack thermal
insulation [48].

Riyadh Province. Saudi Arabia Riyadh City Residence Locations

Figure 2. Location of the case study.

Hence, Riyadh city, due to its unsustainable residential sector, presents an ideal case
study to test the developed GIS model. Seventy-four residences were selected in various
neighborhoods across Riyadh and information needed in the database was collected via
a survey as described in the next section. Among the 74 residences, there were a total
of 25 villas, 13 duplexes, 5 floor in villas, and 31 apartments. The selected residences
represent the residential sector of Riyadh and all the residential building types in the city.
The residences are all different with unique attributes which present an ideal case study for
the developed model.

5.1.2. Data Collection

Information on the level of a preliminary energy audit is required to successfully build
the database. Data required include complete information available on buildings from all
the different stakeholders involved. Information on buildings can be obtained through
municipal records or site surveys.

A survey was conducted for the 74 residences in Riyadh and information as described
in Table 1 was collected for each building. The information is broadly classified into four
sections including general information, construction details, electrical equipment informa-
tion, and municipality bills. The general information section includes unique reference
codes for each villa, the location coordinates, address, and other building information. The
construction section describes the building in detail including wall construction details,
glazing details, and roof information. Similarly, the electrical equipment section includes
information about all the electrical equipment used including an HVAC system.

Table 1. Type of information collected for each case study in the surveys.

Category Subcategory Description
Number
Reference
Type
LAT
Coordinates
General Information LON
Community
Address PO. Box

PO. Code
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Table 1. Cont.

Category Subcategory Description

Year of Construction

Age
General Information 8 Year of Renovation

Occupants Total Number of Occupants

Length
Width
Total Built-up Area (m?)

Covered Area (m?)

Dimensions/Areas Exterior Annex (Majlis),
Air-Conditioned (if any)

Area (m?)

Number of Floors
Floor Height (m)
Total Building Height (m)

Unit Orientation (long Facade
Shape facing)
Building Shape

Basement

Approx. Area (m?)
Double-Height Areas

Other Areas

Approx. Area (m?)

Type of Structure

Type of Exterior Wall

Construction Details Exterior Wall Insulation

Type of Insulation (if known)
North
East
South
West

Wall Details

Roof Type

Roof Insulation

Type of Insulation (if known)
Parapet Wall
Height (m)
North

Roof Details Number

Area

East

Number

Area
South
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Table 1. Cont.

Category Subcategory Description

Number

Area

West

Number
Roof Details

Area

Green Roof

Opening in Roof—Skylights

Approx. Area (m?)

Type of Window Material

Type of Glazing

Type of Internal Shading

External Shading
North

Number

Construction Details
Area

Type
East

Glazing Details

Number

Area

Type
South

Number

Area

Type
West

Number

Area
Type
HVAC System
Type of HVAC
C-H-Both

Number

HVAC Fan
Fan Type

Appliances
PP Number

Heating System

Heating System Type

Number
Domestic Hot Water (DHW)
DHW Type

Other Equipment
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Table 1. Cont.

Category Subcategory Description

Water Pump Type

Dominate Lighting Type

House Elec. Voltage

Cooking Oven(s)

Oven/Stove Type

Refrigerator

Washing Machine
Clothes Dryer

Dishwasher

Appliances Other Equipment Microwave
TV(s)
Computer(s)

Ironing

Vacuum Cleaner

Air Purification

Humidifier

Tea Kettle
Food Blender

Play-Station
Others
Aver Electricity Bill/Month (SR)
Bills and EUI Aver Gas Bill/Month (SR)
Energy Use Index (EUI)

5.2. GIS Database

The software to be used to develop the database is ArcGIS 10.4. ArcGIS is a geographic
information system which works with maps and attributes. The software is developed
by ESRI and can develop maps, analyze maps, compile information, visualize and share
information and geo-reference information. The software has a multitude of applications
including urban planning and others. Some of the basic tools include geo-referencing,
assigning attributes, drawing shapes, editing shapes, etc. The ability of GIS to combine
all information into one database and then analyze it using query tools is what makes it
an ideal tool for studying existing buildings. By developing attributes which are to be
displayed in the database, GIS can help monitor the performance of existing buildings and
be used to make further decision-making.

5.3. Analysis Methods

Statistical analysis: Four kinds of statistical analysis were used: descriptive analysis,
regression analysis, correlation analysis, and hypothesis testing. Descriptive analysis
provides a very useful summary of the entire datasets from a general perspective. Linear
Regression Analysis (LRA) is commonly used as an inferential statistical approach that
provides a true reflection about certain characteristics in a population—the way residents
use their buildings in the study area. LRA provides a measure of the extent in which the
predictor (independent) variables can explain or have an impact on the dependent variable
represented in the form of an equation. This is often conducted on the basis that all the
variables are as a result of random occurrence. In this study, the average electricity bill
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per month was the dependent variable regressed against the predictors, namely, building
footprint (m?), total number of occupants, total building height (m), and total household
appliances. Correlation analysis was applied to detect if there are any relationships between
groups of variables, and if so, the extent/strength of such relationships. Hypothesis testing
is used to ascertain the mean difference between two groups of unrelated data based on
the assumption that no outliers should be present and the data are a result of independent
observations.

Energy analysis: The developed database will then be used to conduct an analysis of
the case study. The Energy Use Index/Intensity (EUI) will be calculated to conduct the
analysis. The EUI is the amount of energy being consumed per square meter of a residence
in a year. The EUI indicates whether the residence is consuming high energy or low energy.
For Saudi Arabia, due to large amounts of cooling requirements, the EUl is typically high in
residential buildings as compared to global standards. On average, villas in Saudi Arabia
consume around 150 kWh/m?/ year [13], which is an excessive amount. For this study,
energy consumption of any residence above 100 kWh/m?/year will be considered as high.
High energy consuming residences will then be analyzed for parameters which result in
excessive consumption and can be retrofitted. The five retrofit parameters analyzed in
this study are indicated in Table 2, and the desired parameter value for maximum energy
efficiency is indicated in green. The residences which are high energy consuming will be
identified and then the retrofit parameters will be analyzed, and if a residence is not up
to the desired parameter value, the owners of the residence have to energy retrofit these
parameters.

Table 2. Energy retrofitting parameters.

lghingType DLV Glaingrype  IVACSTI Envelne
LED Yes Double Split AC Yes
Incandescent No Single Window No
Fluorescent Central
CFL
6. Results

6.1. General and Descriptive Analysis

A door-to-door survey was conducted on all the 74 residences in Riyadh city and
the data for each residence were recorded. The recorded data were then used to develop
the GIS database. First, a base map was developed which displays the location of each
residence on a map of Riyadh city. A default map in ArcMap was used as a base map of
Riyadh city. Then, all the recorded attributes from the survey are inputted into the database
(Figure 3).

There were almost the same number of individuals that rented the homes as those
that owned them at 49.1% and 50.9%, respectively. The rates of full-time home occupancy
were approximately 70%, with around 30% using the buildings occasionally for only a
few months in a year. In terms of utilities and appliances, 53.6% of residents used electric
stoves and 46.4% had gas stoves. Other types of appliances commonly found in the
surveyed homes include Refrigerators, Washing Machines, Clothes Dryers, Dishwashers,
Microwaves, TVs, Computers, Electric Irons, Vacuum Cleaners, Air Purifiers, Humidifiers,
Tea Kettles, Food Blenders, and Play-Station game consoles.

The maximum height (meters) of the building was 30 m with the minimum being
5 m high as shown in the table below. The average total height of the residential buildings
was 10.527 m with the standard deviation of 3.172 meaning that most of the buildings
were between 7.35 m and 13.69 m high. Although the houses had up to a maximum of
12 occupants, most of the buildings had an average of between 3 and 7 people. The mean
gas consumption was 27.52 with a standard deviation of 17.94. Although some residential
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houses incurred no gas costs monthly due to the use of the electric stove, a maximum
average gas bill/month of SR 80 was obtained. On the other hand, a maximum of SR
4000 in electricity costs with a mean of 398.41 and SD of 506.595 indicate the high reliance
of electricity in the residential buildings. This can be attributed to the high number of
household appliances with an average of 18 appliances per given apartment, duplex, or
a villa.

Figure 3. The location of the 74 residences in Riyadh.
6.2. GIS-Based Analysis

Several maps were then produced based on the attributes including type of residence
(Figure 4), age map (Figure 5), and energy use (Figure 6). Other maps can be produced as
well from the different attributes. An advantage of having maps in a GIS database over
manual maps is that these maps can be updated easily by updating the attributes of each
building if the building has been renovated or changed.

The application of the database is to assist policy makers in retrofit policies devel-
opment and the database will allow policy makers to obtain the required information
for each building. To achieve this, the ability to use attribute queries to identify specific
buildings in the city will be identified. For example, if policy makers wanted to identify
how many residential buildings are present which are in poor condition, they can easily
develop a query and identify the buildings. Furthermore, if any energy related policy
recommendation is to be introduced, policy makers can prioritize which measure and
which building is to be brought in first.

The analysis of the database can be conducted using three levels of data which include
the following levels:

1.  House-by-house;
2. Type of house;
3. Year of construction.
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Figure 6. Energy use map.

The main difference between the three levels is the amount and type of data to be
analyzed. On an urban scale, analysis on a level, such as the house-by-house level, may not
be feasible as it will require dealing with huge amounts of data.

Table 3 presents the results of the house-by-house analysis. On this level, the parame-
ters of each house are analyzed, and recommendations are given to each separately. The
advantage with this type of analysis is that it ensures the maximum effectiveness in the
decision-making process as each house is analyzed individually and the recommended
extent of retrofitting is catered to the house. However, this type of analysis may not be
feasible for the municipality due to the large number of buildings in a municipal area and
analyzing and processing each one of them will be time consuming. A second type of
analysis is conducted by analyzing each house type separately and introducing separate
policies to each of them as presented in Figure 7. A similar analysis can be carried out based
on the age of buildings (Figure 8) as buildings constructed during similar time periods are
constructed with similar techniques and have the same parameters.

Table 3. House-by-house analysis results (selected). O = inefficient, X = efficient.

o0
£ g
o N =
EUI Energy Con: Total No. of .I'::9 "ci:: EE‘ Er:) g
- . a0 =] .
No. Type (kWh/m?/yr.) sumption Occupants 30 T'é é E g Recommendation(s)
j=i = 5
g 0
&
0 Villa 230.40 High 10 X O X X X Construct external window shading
Construct external window shading
1 Villa 240.00 High 5 X (@] (@) X O  Change glazing type to double glazing
Apply envelope insulation
2 Villa 75.00 Low 10 O O O X O Use an HVAC system with higher EER
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Table 3. Cont.

50
£ e
o I s
EUIL Energy C ToulNo.of £ & % 9 %
nergy Con- otal No. o = 7} o0 < = .
No. Type 2 . S e > = Recommendation(s)
(kWh/m*/yr.) sumption Occupants = g E = é
7] - —
E o
&
Change lighting type to LED
Construct external window shading
3 Villa 70.13 Low 4 @) (@] (@] (@] O Change glazing type to double glazing
Use an HVAC system with higher EER
Apply envelope insulation
. . Change lighting type to LED
4 Villa 144.00 High 12 0 © X X X Construct external window shading
. . Change lighting type to LED
5 villa 36000 High 1 0 © X X X Construct external window shading
Change lighting type to LED
. Change glazing type to double glazing
25 Duplex 175.14 High 6 X (@] X X X

Use an HVAC system with higher EER
Apply envelope insulation
Change glazing type to double glazing
26 Duplex 240.00 High 6 (@] O X X X Use an HVAC system with higher EER
Apply envelope insulation
Change lighting type to LED
Construct external window shading

27 Duplex T I8 4 © © © X © Change glazing type to double glazing
Apply envelope insulation
28 Duplex 135.00 High 8 O O X X X Change lighting type to LED

Construct external window shading
Change lighting type to LED
29 Duplex 225.39 High 6 (@] X O X O  Change glazing type to double glazing
Apply envelope insulation
Change lighting type to LED
Floor in Construct external window shading
38 43.20 Low 4 O (@] (@] (@] O Change glazing type to double glazing

Villa Use an HVAC system with higher EER
Apply envelope insulation
Floor in Change lighting type to LED
39 Villa 42.63 Low 3 0 © X X X Construct external window shading
Change lighting type to LED
Floor in . Construct external window shading
40 Villa 152.83 High 5 © © © X © Change glazing type to double glazing
Apply envelope insulation
41 Fl\(;ﬁfam 101.89 High 3 X O X X X Construct external window shading
Floor in Change lighting type to LED
42 Villa 54.00 Low 3 O (@] X X O Construct external window shading

Apply envelope insulation
Change lighting type to LED
Construct external window shading
43 Apartment 216.00 High 5 @) @] @] (@] O  Change glazing type to double glazing
Use an HVAC system with higher EER
Apply envelope insulation
Construct external window shading
Change glazing type to double glazing
Change lighting type to LED
Construct external window shading
45  Apartment 332.31 High 4 (@] O O O O  Change glazing type to double glazing
Use an HVAC system with higher EER
Apply envelope insulation
Change lighting type to LED
Construct external window shading
Change glazing type to double glazing
Use an HVAC system with higher EER

44  Apartment 246.86 High 4 X (@] (@] X X

46 Apartment 270.00 High 6 @) (@] (@] (@] X
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Change lighting type to LED
47  Apartment 144.00 High 4 o O O X X Construct external window shading
Change glazing type to double glazing
Change lighting type to LED
67  Apartment 72.00 Low 2 o O O X X Construct external window shading
Change glazing type to double glazing
. Change lighting type to LED
68 Apartment 204.00 High 0 0 Construct external window shading
69  Apartment 154.29 High 4 O X X X X Change lighting type to LED
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Figure 7. Type of house analysis results.
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The latter two analysis methods are not as effective and detailed as the first one because
bulks of buildings are being analyzed at the same time and retrofitting recommendations
are based on the majority of percentages. For example, 40% of the villas have an undesired
glazing type as shown in Figure 7; however, it is not recommended to retrofit the windows
in the case studies from single glazing to double glazing as 60% have a desired window
type. However, this means that 40% of the villas will continue to consume high amounts of
electricity due to the undesired window types. The case is similar for other attributes in
the two latter analysis methods. The three types of analysis are all applicable and support
decision-making for retrofitting existing residential buildings in Riyadh. The decision to
select the type of analysis depends on the policy makers; however, it is recommended to
analyze each resident individually.

6.3. Inferential Statistical Analysis of the Dwellings

Linear Regression: Using linear regression with model accuracy R? of 39.7% indicates
that there is a relatively significant number of independent variables that can adequately
explain the Aver Electricity Bill per month. From the table of coefficient shown below:

YILle+bX2+CX3+dX4+€X5+fX6+gX7+E

This translates into:

Y (aver electricity bill/month (SR)) = 1224.37 — 103.696 (type) — 0.518 (year of con-
struction) + 12.713 (building height) + 7.05 (number of occupants) — 77.58 (average usage)
+ 24.214 (household appliances) + 15.04 (oven/stove type) + e.

From the equation, the total number of occupants contributes the least to the average
electricity costs per month indicating that a high occupancy rate in a house does not
necessarily result in high utility costs at the end of the month. On the other hand, the
number of appliances and type of oven used (electric/gas) were some of the notable factors
that have the most significant impact on the electricity costs including the height of the
building. The higher the building, the higher the electricity costs especially on lighting and
heating during winter (Table 4).

Table 4. Summary of regression variables.

Coefficients 2

Unstandardized Standardized
Model Coefficients Coefficients t Sig.
B Std. Error Beta
(Constant) 1224.373 7697.302 0.159 0.874
Type —103.696 49.323 —0.274 —2.102 0.038
Year of Construction —0.518 3.881 —0.012 —0.134 0.894
Total Building Height (m) 12.713 19.177 0.064 0.663 0.509
1 Total Number of Occupants 7.05 221 0.034 0.319 0.75
Average Usage (m/y): —77.577 90.006 —0.071 —0.862 0.391
Total household Appliances 24.214 7.82 0.394 3.096 0.003
Oven/Stove Type 15.044 83.615 0.015 0.18 0.858

@ Dependent Variable: average electricity bill/month (SR).

Correlation Analysis: Apart from the total building height (m) of 0.396, there is
no positive association between building types and other variables such as the number
of occupants, household appliances, electricity as well as gas bills. A strong positive
correlation of 0.606 between the number of occupants and number of household appliances
indicates that the numbers are directly proportional such as the more the occupancy, the
more likely the increase in the number of appliances needed. A negligible correlation
between average usage of a building and average gas bill per month (r = —0.064) and
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average monthly electricity costs (r = —0.103) indicates the lack of association between
them. Similarly, a negative correlation of —0.215 between the average gas bill per month
and total building height shows no kind of relationship on the amount incurred in utility
to the building type or building height (Table 5).

Table 5. Correlation matrix.

. g _
g = g E C E
=] > o = - -
3 ~ — ° = =
< & y = = 20
° ) < = S -

) S on s = E m
& ° a = ) = &0
>~ ’5‘ =) = > ‘.:-: E
= =) ) ﬁ = ==} o
g on 1] 2 n =
5 g g E G 2
4 3] T 3] Q 2]
— > < = =
= < = %3] I <

) = .
= & g < =

<

Type

Total Number of Occupants —0.544 **

Average Usage (m/y): —0.02 0.049

Total Household Appliances —0.715 ** 0.606 ** —0.114

Avg Electricity Bill/Month (SR) —0.547 ** 0.413 ** —0.103 0.608 **

Avg. Gas Bill/Month (SR) —0.594 ** 0.476 ** —0.064 0.631 ** 0.643 **

Total Building Height (m) 0.396 ** —0.157 —0.04 —0.154 —0.135 —-0.215

** Correlation is significant at the 0.01 level (two-tailed).

Hypothesis Testing (t-test): Using the t-test, we sought to find out if there is any
difference between the partial and full-time use of the residential house with regards to the
average monthly gas bill (Table 6).

Table 6. Independent samples test.

Levene’s Test for
Equality of t-Test for Equality of Means
Variances

95% Confidence Interval

. Sig. Mean Std. Error of the Difference
F Sig. t df (Two-Tailed) Difference Difference

Lower Upper
Equal variances assumed 4.828 0.031 0.535 69 0.595 2.445 4.573 —6.679 11.568

Average Gas Eaual vari
Bill/Month (SR) qual variances not 0468  32.008 0.643 2.445 5.227 —-8.203 13.092

assumed

Hy. There is no statistical difference between partial and full-time usage of the houses with respect
to the average monthly gas bill incurred at the residence.

Hj. There is a statistical difference between partial and full-time usage of the houses with respect to
the average monthly gas bill incurred at the residence.

Based on the outcome of the analysis and assuming equal variances, the p-value (5ig.
two-tailed) of 0.595 is quite substantial than the level of significance of 0.05 used in the
analysis. Therefore, we fail to reject the null hypothesis and conclude that there is no
statistical difference in the average monthly cost of gas between partial and fully occupied
houses. This means that individuals living for a few months in a year effectively pay the
same amount of gas bill as those that live full-time at the residency perhaps pointing out to
the high use of gas in the number of months that the occupants spend in a year.
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7. Discussion and Future Works

Statistical analysis of the data showed that the total number of appliances including
the type of oven used is the most key factor when it comes to determining the utility
consumption costs (gas and electricity) over a certain period of time. The occupancy rate
of a residential building is one of the least factors that influences the total or average
utility costs monthly or yearly. Neither the type of building, height, year of construction,
occupancy status nor the average usage play a role in the average electricity or gas bills per
month. Also, there was no statistical difference in the average monthly cost of gas between
partial and full-time occupied houses.

The GIS-based model that has been presented and successfully applied on the case
study also reciprocates models from other studies. A recent study in Chile applied GIS for
climate sensitive planning in Santiago city [48]. The study was able to identify the most
appropriate EEM for building types. Another study in Carbonia, Italy presented a web-
based GIS model with the aim of sharing information of the built environment to promote
the participation of stakeholders in the decision-making process [49]. They presented a
case study of a public building that successfully adopts the model for sustainable facility
management. Similarly, in this study, several EEMs are identified by the model and targeted
for various building types in Riyadh, Saudi Arabia that will prove to be more effective than
the haphazard application of EEMs.

The retrofit measures recommended in this study for Riyadh also reciprocate the EEMs
presented in other studies in the country for energy retrofitting. According to several
studies with a bottom-up approach, energy retrofitting has the potential to significantly
reduce energy demand across a range of buildings including residential [18,21,50-52],
academic [53], and office buildings [49,54]. A study, for example, demonstrated measures
that can cut energy use by up to 60% in residential buildings. The range of energy effi-
ciency measures it adopted includes adjusted cooling set point, energy-efficient appliances,
window shading, low U-value windows, thermal insulation, better air tightness, and a
more efficient HVAC system [20]. They evaluated a three-level energy retrofit strategy and
found that deep retrofitting can reduce energy consumption in residential buildings by as
much as 60%. The initial investment payback period, however, is unappealing. Another
investigation conducted by Krarti et al. [50] supports these findings. They gave a thorough
bottom-up analysis of Saudi Arabian residential building energy retrofitting. They sug-
gested comparable EEMs, such as enhancing the HVAC system, switching out light fixtures,
implementing control schemes, enhancing the envelope characteristics, and enhancing the
energy efficiency of appliances. Their findings indicated that the residential section can
potentially deliver an annual energy reduction of 100,000 GWh.

The work presented in this study lays the foundation for future works that will enhance
the presented GIS model by utilizing the capabilities of Building Information Modeling
(BIM). Using a BIM-GIS approach has the power to combine multiple levels of data in a
single model to support and visualize energy retrofitting [54]. In addition, the BIM-GIS
model can be presented to policy makers and the other stakeholders in the retrofitting
process using web-based systems [49]. Future works should build on the works in this
study and enhance the GIS model with BIM, particularly for Saudi Arabia and the region.
Using extract, translate, and load (ETL) techniques [45], it would be helpful to develop a
Unified Energy Retrofit Database (UnERD), which is 3D driven using GIS-compatible tools
such as FME; hence, the integration with BIM would be easier.

8. Conclusions

Saudi Arabia is a country with one of the world’s most unsustainable residential sector
and the situation will not improve in the business-as-usual scenario. To satisfy the global
injtiatives to combat climate change and to meet the requirements of the Saudi vision 2030
which aims to transform Saudi Arabia into a more sustainable country, the residential sector
of the country needs to drastically shift towards more sustainable practices. While this
shift is visible in newly built residential buildings, the existing buildings built before any
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sustainable practice policy was enforced are continuing to consume energy at an alarmingly
high rate. These existing residential buildings need to be retrofitted to reduce their energy
consumption and ultimately lead to a more sustainable residential sector in Saudi Arabia.
Retrofitting the existing residential building stock of Saudi Arabia will be a challenging
task and before any decisions can be made and any policies be enforced, it is essential to
know the qualities of existing buildings including the geo-location, construction, electrical
and demographic parameters of each individual house. Unfortunately, all this information
is currently segregated and is unusable in its current form. This study successfully presents
and validates a GIS-based model to support energy retrofitting decision-making. In the
study, a GIS-based model was proposed and implemented in Riyadh city as a case study
in which all the information of residential buildings comes together in one model. This
presented GIS-based model makes it more effective for policy makers to study the current
qualities of the existing building stock in Riyadh and then propose recommendations to
homeowners for energy retrofitting. For Riyadh, it is recommended that all residential
buildings built before the year 2000 should consider the following retrofit measures:

Change lighting type to LED;
Construct external window shading;
Change glazing type to double glazing;
Use an HVAC system with higher EER;
Apply envelope insulation.

Buildings built after 2000 are in a better shape and only need to consider the following:

Change lighting type to LED;
Construct external window shading.

The presented GIS-based model in the study can be adopted for use in other munici-
palities of the country. Additionally, a similar approach can be adopted globally where the
climate and challenge to energy retrofit the residential building stock are similar such as in
Middle Eastern countries. This will greatly enhance the decision-making capabilities of the
decision makers and ensure that optimum policies and measures are put into place. Addi-
tionally, the presented model can be built upon by researchers to include other data, such
as BIM, that will lead to further enhancement and use of the model. Ultimately, optimum
energy retrofitting decision-making will lead to energy and environmental savings in the
building sector and ensure countries meet their CO, reduction targets.
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