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1.0 Abstract:

The escalating demand for energy and water resources in Riyadh, Saudi Arabia, necessitates the
exploration of sustainable construction alternatives for residential buildings. This study employs
a decision theory approach to evaluate the economic, social acceptance, and environmental
viability of six sustainable construction alternatives, comparing them to basic construction
methods. The overarching aim is to improve the quality of life, conserve resources, and mitigate
environmental impacts. The alternatives analyzed are A1 (basic construction methods), A2 (spray
foam insulation), A3 (Fiberglass batts), A4 (Rooftop solar panels), A5 (Solar water heaters), A6
(low-flow fixtures), and A7 (Greywater recycling systems).

A cost-benefit analysis, multi-attribute utility analysis, and sensitivity analysis were conducted to
assess the alternatives based on various objectives such as quality of life, convenience,
sustainability, and economic criteria. The Multi-Attribute Utility (MAU) model focused on
factors like house appearance, maintenance, noise reduction, space utilization, and eco-
friendliness.

Net Present Value (NPV) analysis was utilized to evaluate the economic feasibility of each
alternative over 10 and 20-year timeframes, using tariff prices in Saudi Arabia and California as
benchmarks. The analysis incorporated infrastructure costs, operational costs, savings in US
dollars, and resale value.

The results showed that A3 (Fiberglass batts) and A5 (Solar water heaters) had positive NPVs in
the short term with KSA tariffs, while A2 (Spray foam insulation) exhibited the highest NPV for
long-term savings or under higher tariff costs. The study emphasized the importance of
considering multiple criteria when selecting sustainable residential alternatives, as the dominance
of alternatives varies based on the weight assigned to different factors. The developed MAU
model empowers stakeholders to effectively evaluate residential alternatives, considering various
objectives that contribute to quality of life, convenience, and sustainability.

In conclusion, households should consider multiple objectives to make better-informed decisions
and policymakers should promote the adoption of sustainability alternatives by balancing
incentives between tariff prices and offering incentives to reduce the investment costs of
sustainable systems.

2.0 Introduction & Background:

Rapid urbanization and population growth in Riyadh, Saudi Arabia, have led to a significant
increase in the demand for energy and water resources within the residential sector [1]. This
heightened resource consumption has raised concerns about sustainability, environmental impact,
and the need for efficient resource management. In response, Saudi Arabia has launched several
initiatives addressing environmental protection, sustainability, and climate change. As a result,
the adoption of sustainable construction methods and technologies for residential buildings has
emerged as a potential solution to alleviate these challenges [2]. Implementing these initiatives
and agreements requires economic and social transformation, emphasizing the need to
understand the importance of sustainability, the ways to achieve sustainable development, and
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the economic and social objectives associated with households' decisions to transition towards
greater sustainability.

This study aims to develop a decision analysis framework to evaluate sustainable construction
alternatives for households in Riyadh. Factors considered in the analysis include the economic
aspects by addressing infrastructure, operational costs, and resale (salvage) value for alternatives
to calculate the net present value (NPV). Additionally, qualitative measures were analyzed to
address objectives that focus on added value to the quality of life. The goal is to support
informed decision-making for new home construction.

3.0 Literature Review:

3.1- Importance of Sustainability

Sustainability is essential for several reasons. It enhances the quality of life, promotes healthier
environments, and conserves natural resources. When managed effectively, sustainability fosters
an economically efficient system that satisfies present needs without compromising future
generations' ability to meet their own requirements [3].

3.2- Population Growth and Sustainability

The challenges posed by global population growth underscore the importance of sustainability.
Saudi Arabia experiences a high average population growth rate of 1.6%, while the international
growth rate hovers around 1% [4,5]. This population growth inevitably leads to an increasing
demand for food, water, and energy supplies, emphasizing the need to pursue sustainable
development to fulfill these demands.

3.3- Sustainable Development in the GCC Region

Achieving sustainable development necessitates a comprehensive understanding of the
interdependencies between food, water, and energy resources. The Middle East, and particularly
the GCC countries, possess significant solar potential but limited water resources. Consequently,
it is worth examining whether constructing water-efficient systems to address water scarcity
would be more advantageous than capitalizing on the region's solar potential. Table 1 in
appendix presents the Food, Water, Energy index for GCC countries, with average scores of
0.64, 0.9, and 0.2 for the Food Sub-index, Energy Sub-index, and Water Sub-index, respectively.
This data highlights the region's abundant energy potential and limited water resources.
Additionally, Table 2 compares the total renewable water resources per capita in Saudi Arabia,
United States, Egypt, China, and France, illustrating the stark contrast in available water
resources among these countries.

Country Total renewable water resources per capita (m3/inhab/year)

United States of America 2,71.83 E

China 3,232.55E
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France 1,930.43 E
Egypt 561.88 E
Saudi Arabia 68.94 E
United Arab Emirates 15.17 E

Table 2: Total Renewable Water Resources/ Capita in 2020. AQUASTAT Database - FAO, accessed in April 2023[8].

3.4- The Importance of Focusing on Buildings’ Sustainability

Buildings are considered the largest consumers of natural resources, according to the US Green
Building Council [9]. Additionally, the sustainability of buildings has significant social,
environmental, and economic impacts. For instance, in the United States, buildings account for
39% of total energy use, 68% of total electricity consumption, 12% of total water consumption,
and 38% of carbon dioxide emissions [10]. Similarly, in Saudi Arabia, buildings account for 49%
of total energy use and 80% of total electricity consumption [11].

Implementing alternatives such as energy-efficient construction (insulation systems), water-
efficient construction (greywater systems and low-flow fixtures), and solar energy systems
(rooftop solar panels and solar water heaters) can contribute to the development of sustainable,
energy-efficient, and cost-effective buildings. The market for these systems in Saudi Arabia has
been expanding significantly, but primarily in large-scale projects rather than residential
applications. This raises the question: is integrating water-efficient construction or solar energy
systems in residential buildings (homes) cost-effective? What other objectives contribute to the
decision-making process of households when considering constructing a new home?

This paper will explore the opportunities and challenges in achieving urban sustainability
through the development of sustainable buildings in the Middle East region. In doing so, this
study employs a decision theory approach to evaluate the economic and environmental viability
of six sustainable construction alternatives, comparing them to basic construction methods.

3.5- Residential Building Demand and Household Statistics in Saudi Arabia

To comprehend the demand for residential buildings in Saudi Arabia, it is essential to examine
relevant household statistics. According to the General Authority for Statistics in Saudi Arabia,
the average household size was estimated to be 5.5 persons per household in 2021 [29]. The
average residential water and electricity consumption per person was reported to be
approximately 300 liters per day and 9,000 kWh per year, respectively [30, 31]. Moreover,
although the average size of a residential plot may vary depending on various factors, a study by
Al Garni and Awasthi (2017) determined that the average size of a residential plot in Riyadh, is
approximately 600 square meters [32]. Table 6 provides a summary of key statistics related to
households in Saudi Arabia.

Statistics

Average household size 5.5 persons/ household

Average residential water consumption per person 300 liters/day
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Average residential electricity consumption per person | 9000 kWh per year

Average size of a residential plot in Riyadh 600 square meters
Table 3: Residential Building Demand and Household Statistics in Saudi Arabia [29, 30, 31, 32]

4.0 Analysis Framework & Methodology:

Identify Needs Decision Alternatives Decision Criteria and Measures

Decision Analysis

Cost-Benefit Analysis M”“"meA”lj‘;’ Utility Single Attribute utility [l Sensitivity Analysis

Net Present Value
(NPV) Analysis

Figure 1: Analysis framework and methodology.

The analysis framework for this paper consists of several steps, as illustrated in Figure 1. First,
identifying the needs, problem statement, and opportunities for improvement. Next, various
decision alternatives were explored, studied, and designed to address these needs. Subsequently,
decision criteria and measures were established to evaluate the alternatives. These criteria are
then analyzed to develop Multi-Attribute Utility (MAU), Single Attribute Utility (SAU), and
Sensitivity Analysis tools, which can assist households in Riyadh in making informed decisions.
Throughout the process of analyzing the problem, the decision alternatives, criteria, and
measures are continuously refined and improved through an extensive literature review that
supports the assumptions used in the development of the decision analysis tools.

5.0 Analysis:

5.1- Economic Impact Analysis:

The economic impact analysis plays a crucial role in assessing the viability of the seven
sustainable construction alternatives for residential buildings in Riyadh. This section presents
the figures and calculations used to evaluate the economic criteria of each alternative.

5.1.1- Energy Consumption in Saudi Arabia and the USA
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e Figure 2 showcases the total energy consumption in Saudi Arabia from 2010 to 2020,
providing insights into the national energy landscape and its evolution over the years.

Saudi Arabia Total energy consumption
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Figure 2: Saudi Arabia total energy consumption. Data source: [33], Analysis: Waleed Alhayaza
o Figure 3 displays the average retail electricity prices in the United States of America
from 2015 to 2021, which serves as an international benchmark for comparison.

Average retail electricity prices in the United
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Figure 3: Avg. retail electricity prices in the USA. Data source: [34] , Analysis: Waleed Alhayaza

5.1.2- Solar Energy Potential in Riyadh.

o Figure 4 illustrates the estimated solar energy potential in Riyadh for 6 kW and 10 kW
systems, emphasizing the region's solar energy capacity and potential benefits.

Estimation of Solar energy production
in Riyadh, Saudi Arabia
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Figure 4: Estimation of the solar energy potential in Riyadh. Data source: ” [33], Analysis: Waleed Alhayaza
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5.2- Decision Criteria for Sustainable Home Construction

In the context of sustainable home construction, household owners in Riyadh need to consider a
variety of decision criteria to ensure a balance between economic, quality of life, and
sustainability aspects. Table 6 illustrates the key decision criteria, which are further elaborated
below:

A- Economic Decision Criterion: To address the economic decision criterion the Net
Present Value (NPV) was calculated for each alternative. NPV calculations are a crucial
financial indicator that allows homeowners to evaluate the profitability of their investment
over time. It takes into account factors such as infrastructure cost, operational cost, and
resale value (salvage value), helping owners make well-informed decisions on
sustainable construction alternatives.

B- Quality of Life Criteria: House appearance, space utilization, and noise level play
significant roles in the decision making process as they focus on providing a comfortable
living environment. Scores for noise level compared the impact on noise level if any.

C- Convenience Criteria: The ease and frequency of required maintenance are crucial
factors in determining the long-term feasibility and cost-effectiveness of different
construction methods. However, beyond maintenance costs, homeowners should
consider the inconvenience associated with the maintenance process.

D- Sustainability Criteria: Eco-friendly alternatives that address water, energy, carbon
footprint, and waste management concerns are vital in promoting sustainable home
construction. To preserve the environment homeowners should prioritize solutions that
contribute to resource conservation, reduced emissions, and effective waste
management practices.

Decision Criteria Measures

1. Economic criteria:
1.1 Net Present Value (NPV) SAR/ $US

2. Quality of life criteria:

2.1 House appearance. Constructed
2.2 Space Utilization. Square meters
2.3 Noise reduction. Constructed

3. Convenience:
3.1 Ease and frequency of required maintenance. | Constructed

4. Sustainable:

3.1 Eco Friendly Constructed (yes/ no)

Table 6: Objectives (Decision Criteria) & their corresponding measures.

By considering these decision criteria, household owners in Riyadh can make better informed
decisions that support sustainable home construction while balancing economic, quality of life,
and environmental factors.
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5.2.1- Evaluating Alternatives Using Decision Criteria Scores:

The studied alternatives were analyzed and assigned scores ranging from 0 to 5 to assess their
impact on quality of life, specifically in terms of space utilization, noise reduction, and house
appearance. Moreover, the convenience criteria were addressed by examining the ease and
frequency of required maintenance for each alternative. Lastly, the sustainability criteria were
evaluated using a binary (yes/no) criterion to determine whether the alternative is eco-friendly or
not.

To assess noise reduction, the alternatives were studied for their contributions to mitigating noise
transmission. As a result, Al: basic construction methods received a score of 0 due to high noise
levels transmitted through walls. In contrast, A2: spray foam insulation received a score of 5
because it significantly reduces noise transmission. A3: Fiberglass batts were given a score of 3,
as they also reduce noise transmission through walls but with a less substantial impact compared
to A2. Lastly, Ad: rooftop solar panels (LOKW), A5: solar water heaters, A6: low-flow fixtures,
and A7: greywater systems each received a score of 5, as they neither generate nor contribute to
noise compared to the other alternatives.

Regarding space utilization criteria and house appearance, it is essential to consider building
codes, exterior design, and local architectural styles. For instance, flat-roofed houses with roof
access are a prevalent architectural style in Saudi Arabia, while gable-roofed houses are less
common. This factor can impact space utilization, as solar panels installed on flat-roofed houses
may occupy accessible roof space that could be utilized differently. Figures 5 and 6 in the
appendix show examples of residential architectural styles in Saudi Arabia compared to the
sustainable city in Dubai to assess the impact with and without solar panels.

For the space utilization criteria, Al: basic construction methods received a score of 4 as it does
not incorporate any additional space-saving features. Alternatives A2: spray foam insulation and
AZ3: fiberglass insulation scored 5, as they require minimal space for installation. Conversely,
A4: rooftop solar panels and A5: solar water heaters scored 3 and 4, respectively, as they occupy
roof space. Finally, A6: low-flow fixtures and A7: greywater systems received scores of 5 and 4,
respectively, as they need minimal installation space and the greywater system can be installed in
less-utilized areas like basements or garages.

House appearance criteria is a qualitative measure that varies between stakeholders. For instance,
some may consider the presence of solar panels as a symbol of sustainability and give it a high
rating. Others may prioritize the house's exterior appearance and aesthetic appeal. To address
these varying perspectives, a separate criterion was created for sustainability, and house
appearance scores were assigned based on whether the system could alter the exterior appearance
and potentially impact the house's aesthetic appeal. Therefore, Alternatives Al: basic
construction methods, A2: spray foam insulation, A3: fiberglass insulation, A6: low-flow
fixtures, and A7: greywater systems scored 5 as they do not affect the exterior appearance. On
the other hand, A4: rooftop solar panels and A5: solar water heaters scored 3 as they both alter
the exterior appearance of the house.
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For ease and frequency criteria scores, the weather and environment in Riyadh, Saudi Arabia
were taken into consideration. Al: basic construction methods received a score of 3, as moderate
maintenance is needed due to the high demand for air conditioning systems. Alternatives A2:
spray foam insulation, A3: fiberglass insulation, A6: low-flow fixtures, and A7: greywater
systems scored 5, as they seldom require maintenance. Finally, A4: rooftop solar panels and A5:
solar water heaters scored 2, as they necessitate occasional maintenance and cleaning, especially
in light of frequent dust storms in the region.

Lastly, the sustainability criteria assigned a score of 5 to all eco-friendly alternatives (A2-A7)
and a score of 0 to the non-eco-friendly alternative Al: basic construction methods. Table 7
summarizes the scores for the alternatives and the objectives.

Alternatives

Objectives A4: AS5: Solar A7:
A2: Spray A3: Rooftop water heaters A6: Greywater
Al:Basic foam Fiberglass solar (400-liter Low-flow recyclying
Benefit Measures construction insulation batts panels system ). fixtures  systems
House Appearance Constructed 5 5 5 3 3 5 5
Ease & frequency of Maintenance Constructed 3 5 5 2 4 5 4
Noise Reduction Constructed 0 5 3 5 5 5 5
Space utlization Constructed (inches) 4 5 5 3 4 5 4
Eco friendly Constructed (yes/ no 0 5 5 5 5 5 5

Table 7: Objectives and associated scores for each alternative.

In summary, the evaluation of alternative scores within the decision criteria offers valuable
insights into the strengths and weaknesses of each option with regard to quality of life,
convenience, and sustainability. These scores empower stakeholders to better comprehend their
objectives and the benefits of each alternative, facilitating informed decision-making when
selecting sustainable home construction methods that best align with their priorities and
preferences. In the following analysis, the weighted utility for each alternative will be assessed
and compared, incorporating the Net Present Value (NPV) factor as an additional consideration.

5.3- Net Present Value (NPV) Analysis

To address the economic decision criteria for each alternative, the NPV analysis was conducted.
The calculations for each alternative took into account the following factors:

e Infrastructure costs: The initial investment required for the installation and setup.

e Operational costs: The ongoing expenses associated with maintaining and operating.

e Savings: The amount of energy produced in kWh or water saved in m”3, which was
multiplied by corresponding tariff prices for electricity and water utilities to calculate the
savings in dollars.

o Resale (Salvage) Value: The potential resale value for alternatives that can be resold,
such as rooftop solar panels and solar water heaters, calculated by incorporating the
degradation in performance rate and its impact on the original price. However,
alternatives such as greywater system and low-flow fixtures, the systems cannot be resold
as they would be integrated in the system, yet they have an overall positive impact on the
resale value of the real state (house).
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By analyzing the economic impact and calculating the NPV for each sustainable construction
alternative, household owners in Riyadh can make informed decisions that take into account both
the short-term and long-term financial implications of their choices.

Assumptions:

Building upon the Saudi household statistics presented in the literature review, the following
assumptions were used for the calculations: The average residential water and electricity
consumption per person is 300 liters/day and 9,000 kWh per year. The average household size is
six persons, but ten residents were assumed targeting larger household sizes. Furthermore, based
on literature, the average size of a residential plot in Riyadh is 600 square meters [32].

5.3.1- Infrastructure and Operational Costs of Alternatives

Table 8 presents the calculated infrastructure costs for the seven alternatives based on the
literature review. The basic construction methods serve as the baseline, having the lowest initial
investment cost. However, they also have the highest operational costs due to high energy
consumption, particularly in extreme weather conditions such as the hot climate of Riyadh.

Understanding buildings’ energy sustainability requires analyzing the energy flow and load
distribution. In Saudi Arabia, approximately 52% of the produced electricity is consumed by
cooling systems [34]. Consequently, utilizing insulation can significantly enhance energy
efficiency and thermal performance in residential buildings. Research by the International
Energy Agency suggests that insulation could reduce energy consumption for cooling by 20% to
40%, depending on the type of system used [22].

In this research paper seven two insulation systems were considered: Spray foam insulation, a
higher-cost and more efficient material, and fiberglass batts, a lower-cost, less efficient material.
The average infrastructure cost and average energy savings for each system were $30 per square
meter and $10 per square meter, with 40% and 20% savings in total energy consumption,
respectively. For a 600 square meter house, the infrastructure cost for each system would be
$17,760 USD (66,600 SAR) for spray foam insulation and $6,456 USD (24,210 SAR) for
fiberglass batts. These costs are in line with a report by the International Energy Agency (2013),
which estimated that the incremental costs for energy-efficient construction in the Middle East
ranged from 5% to 15% of the total construction cost [22].

The infrastructure cost for rooftop solar panels was determined based on a study by Alawayji,
which reported that the average cost of installing solar photovoltaic (PV) systems in Saudi
Arabia ranged from SAR 6.8 to SAR 9.1 per watt (USD 1.81 to USD 2.43 per watt) in 2018 [23].
Accordingly, the installation costs for 6 kW and 10 kW solar panels would be around SAR
55,000 ($15,000) and SAR 91,000 ($25,000), respectively. The average cost for installing a 10
kW system in Saudi Arabia is higher than the average cost in the United States by approximately
$4,000. This was calculated by taking the average installation cost for a 10 kW system and the
average tax credit value of SAR 78,800 ($21,000) from various states in the US [27, 28].
Furthermore, to incorporate annual maintenance costs for cleaning and inspection given Riyadh
weather, $100/ year would reflect average maintenance costs.
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For solar water heaters, the infrastructure cost for a 400-liter system was estimated to range from
SAR 3,500 to SAR 5,500 [24], with an average cost of SAR 4,500 ($1,200). Annual maintenance
cost per year was %2 of infrastructure cost as per a study by Mekonnen [42]. The next
alternative, low-flow fixtures, accounted for the following costs per bathroom: a low-flow
showerhead at $50, a low-flow faucet at $100, and a low-flow toilet at $300, totaling $450 per
bathroom. Assuming ten bathrooms per household, the total cost would be $4,500.

Lastly, the greywater systems' installation cost was based on Heather Kinkade's estimation of
$10,000 to $20,000 [26], with an average cost of $15,000. While maintenance costs vary based
on several factors, a study by Ghishi estimated the maintenance cost to 2.5% [36]. This
comprehensive analysis of the infrastructure and operational costs for the seven construction
alternatives will enable homeowners in Riyadh to make informed decisions that align with their
economic, quality of life, and sustainability objectives.

Alternatives Infrastructure Cost Maintenance Cost
Al: Basic construction methods 1,850 SAR/square meter ($493) | O

A2: Spray foam insulation 66,600 SAR ($ 17,760) 0

A3: Fiberglass batts 24,250 SAR ($ 6,500) 0

A4: Rooftop solar panels (LOKW ). SAR 91,000 ($24,300) $100/ year.

Ab: Solar water heaters (400-liter system ). SAR 4,500 ($1,200) $30/ year

A6: Low-flow fixtures (Assumed 10 bathrooms). $450 per Bathroom. 0

AT7: Greywater recycling systems. 56,250 SAR ($15,000) 0

Table 8: Alternatives infrastructure cost & operational cost.

5.3.2- Energy and Water Savings for Alternatives

Table 9 presents a summary of energy savings in kWh and water savings in m? for the seven
alternatives. Additionally, the table shows the corresponding cost savings in US dollars based on
tariffs in Saudi Arabia and California.

o For the second alternative, spray foam insulation, a 40% energy consumption reduction is
achieved. With a per-person consumption of 9,000 kWh in a household of ten residents
(90,000 kWh), the savings amount to approximately 36,000 kwWh. On the other hand,
fiberglass batts offer a 20% efficiency, resulting in savings of about 18,000 kwWh. Based
on the tariffs in Saudi Arabia (4.80¢/kwh) and California (19.90¢/kWh), the estimated
energy savings using the corresponding tariffs for spray foam insulation are around
$1,720 in Saudi Arabia and $7,164 in California. For fiberglass batts, the savings are
approximately $900 and $3,600, respectively.

e For the fourth alternative, assuming 10 kW solar PV system with a capacity factor of
20%. The annual electricity generation (savings) would be: 10 kW * 8,760 hours/year *
20% = 17,520 kWh/year.
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e The fifth alternative, a 400-liter solar water heater system, offers annual energy savings
of between 3,000 and 5,000 kWh, with an average of 4,500 kWh.

e For the sixth alternative, low-flow fixtures, they save an average of 40% of indoor water
use. Considering ten residents per household and an average consumption of 300
liters/day per person, the average monthly water consumption for a household is 54,000
liters. The average savings would be around 21,600 liters per month.

e Finally, the seventh alternative, greywater systems, can save between 30-50% of a
household's total water consumption by recycling water from showers, sinks, and
laundry for irrigation, toilet flushing, and other non-potable uses [35]. An average of 25%
savings of a household's total water consumption was assumed for this analysis.

Alternatives Energy savings in Savings in US$ (KSA Savings in US$
(kwWh) and Water Tariffs) (California Tariffs)
savings in (m"3)

Al: Basic construction methods 0 0 0

AZ2: Spray foam insulation 36,000 kWh

A3: Fiberglass batts 18,000 kWh

A4: Rooftop solar panels.

Ab5: Solar water heaters.

A6: Low-flow fixtures. 21,600 liters/month. SAR 52 ($14)/ year SAR 90 ($23.89)/year

AT: Greywater recycling systems. 13,500 liters/month. SAR 33 ($9) per year | SAR 722 ($193)/year

Table 9: Energy & Water Savings for Alternatives and Cost Savings Based on Tariffs in Saudi Arabia and California.
5.3.3- Resale value for alternatives.

In addition to energy and water savings, the resale value or added value to the property price for
each alternative is another crucial factor to consider. Table 10 summarizes the potential resale
value for alternatives that can be resold, such as rooftop solar panels and solar water heaters, and
the potential added value to the property price for other alternatives that cannot be resold but
have a positive impact on the resale value of the house. The resale value is influenced by several
factors including the condition of the alternative at the time of sale.

For the basic construction methods (A1), there is no added resale value, as it represents the
baseline scenario. The insulation alternatives (A2 and A3) could potentially slightly increase the
resale value of a house due to their energy-saving benefits. However, the exact amount is
difficult to quantify, and therefore their resale values were assumed to be negligible.

Rooftop solar panels (A4) have a resale value, which is influenced by factors such as the age of
the system, the remaining warranty period, and the efficiency of the panels. According to a Solar
Reviews article, used solar panels can be sold for 20-70% of their original price, depending on
their condition [49]. For the purpose of this analysis, a conservative estimate of 30% of the
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original price was assumed as the resale value for the solar panels to account for the risk of
damage caused by dust storms.

Solar water heaters (AS5) have a potential resale value as well, although it might be lower than
that of solar panels due to factors such as wear and tear, efficiency loss, and the age of the
system. A conservative estimate of 20% of the original price was assumed for this analysis.

Low-flow fixtures (A6) and greywater recycling systems (A7) are integrated into the house and
cannot be resold as separate systems. Therefore, their resale values were assumed to be
negligible.

Alternatives Potential resale value Potential resale value ($)
Al: Basic construction methods No value added 0

AZ2: Spray foam insulation Slightly added value to house resale only 0

AZ3: Fiberglass batts Slightly added value to house resale only 0

A4: Rooftop solar panels (10OKW ). 30% of original price [49] $7,300

Ab: Solar water heaters (400-liter system ). 20% of original price [49] $240

A6: Low-flow fixtures (Assumed 10 bathrooms). | Slightly added value to house resale only 0

AT: Greywater recycling systems. Slightly added value to house resale only 0

Table 10: Potential resale value for alternatives.

5.3.4- Net Present Value Analysis for Residential Sustainability Alternatives.

Table 11 provides a summary of the infrastructure cost, maintenance cost, annual savings in US
dollars using KSA tariffs and California tariffs, and estimated resale value for each of the seven
residential alternatives. These factors are crucial for assessing the economic viability of each
alternative over time. The Net Present Value (NPV) for each alternative is calculated in Table 12,
taking into account savings in US dollars, infrastructure costs, maintenance costs, and potential
resale value. The discount rate is set at 5%, considering the relatively low risk associated with
residential sustainability alternatives. The NPV calculations are conducted for two different
timeframes: 10 and 20 years. This analysis will be used in the next section to develop a multi-
attribute utility model that serves as a decision support tool for homeowners to understand the
weighted utility of each alternative in comparison to its NPV.

Savings in US$ |  Savings in US$ Potential resale
Alternatives (KSA Tariffs) | (California Tariffs) |Infrastructure Cost |Maintenance Cost value ($)
Al:Basic construction methods 0 0 493 0 0
AZ2: Spray foam insulation 1720 7164 17760 0 0
A3: Fiberglass batts 900 3600 6500 0 0
A4: Rooftop solar panels. 840 3487 24300 100 7290
ADb: Solar water heaters. 216 900 1200 30 240
AB6: Low-flow fixtures. 14 24 4500 0 0
AT: Greywater recycling systems. 9 193 15000 0 0
|Discount Rate (5%) 0.05
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Table 11: Summary of Annual Savings, Infrastructure Costs, Maintenance Costs, and Estimated Resale Value for Residential

Sustainability Alternatives

05/08/2023

KSA Tariffs NPV KSA Tariffs NPV [California Tarrifs California
Alternatives (10 years) (20 years) NPV (10 years)  Tarrifs NPV
Al:Basic construction methods -493 -493 -493 -493
A2: Spray foam insulation -935.05 15445.9 50468.57 118697.14
A3: Fiberglass batts 2168.93 10740.36 27785.71 62071.43
A4: Rooftop solar panels. -8823.53 -1730.56 15292.49  47594.99
Ab5: Solar water heaters. 867.03 2652.07 7339.32 15638.64
A6: Low-flow fixtures. -4299.17 -4165.83 -4271.43 -4042.86
AT: Greywater recycling systems. -14539.29 -14453.57 -13161.9 -11323.81

Table 12: Net Present Value Analysis for Residential Sustainability Alternatives (10 and 20-year timeframes).

Table 12 presents the NPV calculations for each of the residential sustainability alternatives over
10 and 20-year periods. This analysis allows homeowners to better understand the economic
viability of each alternative over time, taking into consideration the financial benefits and costs
associated with their adoption.

In summary, the Net Present Value analysis provides a comprehensive evaluation of the financial
implications of adopting each of the studied residential sustainability alternatives. This
information can be used to make informed decisions about which alternatives are most suitable
for a particular household, taking into account the local context and tariffs.

5.4- Multi-Attribute-Utility (MAU):

In order to address the different objectives that households in Saudi Arabia would consider when
constructing a new home, a consequence table was developed to analyze the alternatives,
targeted objectives, and their corresponding scores discussed in section 5.2.1. The consequence
table represents the relationship between the alternatives and the targeted objectives. It also
highlights the range, rank weight, and rated weight for each alternative. Subsequently, a
normalized weight was derived by analyzing the differences between the alternatives and
included in Table 13. These factors are essential for comparing and evaluating the alternatives
based on multiple criteria.

Consequence Table

Alternatives Weights
Objectives A4: A5: Solar A7: Range .
A2:Spray A3: Rooftop waterheaters  A6: Greywater Rank Rated Normalized
A1: Basic foam Fiberglass solar (400-liter  Low-flow recyclying \worst Best Weight weight weight (%)
Benefit Measures construction insulation batts panels system ). fixtures  systems
House Appearance Constructed 5 5 5 3 3 5 5 3 5 3 80 22.86
Ease & frequency of Maintenance Constructed 3 5 5 2 4 5 4 2 5 2 90 25.71
Noise Reduction Constructed 0 5 3 5 5 5 5 0 5 1 100 28.57
Space utlization Constructed (inches) 4 5 5 3 4 5 4 3 5 4 60 17.14
Eco friendly Constructed (yes/ no 0 5 5 5 5 5 5 0 5 5 20 5.71
Net Present Value (NPV)- KSA tarifin US $ -493 -1379.05 207143 -9917.03 825.03 -4366.7 -14914.29 sum: 350 99.99

Table 13: Consequence Table addressing the multiple alternatives and targeted objectives.
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The single-attribute values are highlighted in table 14, which presents the unweighted and
weighted utility scores for each alternative based on the different objectives. These scores allow
for a comprehensive assessment of the alternatives and can be used to make informed decisions
regarding the most suitable options for a particular household.

Single-attribute values

Alternatives

Objectives A4: AS: Solar A7:

A2: Spray A3: Rooftop water heaters A6: Greywater
A1l:Basic foam Fiberglass solar (400-liter Low-flow recyclying

Benefit Measures construction insulation batts panels system ). fixtures  systems
House Appearance Constructed 100 100 100 0 0 100 100
Ease & frequency of Maintenance Constructed 33.33 100 100 0 66.6666667 100" 66.67
Noise Reduction Constructed 0 100 60 100 100 100 100
Space utlization Constructed (inches) 50 100 100 0 50 100 50
Eco friendly Constructed (yes/ no| 0 100 100 100 100 100 100
Unweighted Utility 36.67 100 92 40 63.3333333 100 83.33
Weighted Utility 40 99.99 88.562 34.28 59.99 99.99 82.85
NPV (KSA Tariffs, 10 years) -493  -1379.05 2071.43 -9917.03 825.03| -4366.7 -14914.29

Table 12: Single-attribute values, weighted utilities, and NPV (KSA Tariffs, 10 years).

The next section, "6.0 Analysis Results & Evaluation™, will address and discuss the results of the
MAU, providing insights into the relative performance of each alternative and aiding in the
decision-making process.

6.0 Analysis Results & Evaluation:

The Multi-Attribute Utility (MAU) model evaluated the effectiveness of each residential
sustainability alternative, considering factors such as house appearance, ease and frequency of
maintenance, noise reduction, space utilization, and eco-friendliness. Figure 7 illustrates the
weighted utility of alternatives compared to their NPV over a 10-year period using KSA tariffs.

The NPV analysis revealed that Alternatives A3 (Fiberglass batts) and A5 (Solar water heaters)
had the most positive NPV values over a 10-year period. A2 (spray foam insulation) showed
significant potential for savings with increased tariff costs, either over a 20-year duration in
Saudi Arabia (Figure 9) or under California tariffs (Figure 10), resulting in substantial positive
NPV values.

Moreover, A3 (Fiberglass batts) ranked third in weighted utility, which provides an advantage
when considering the NPV over 10 years. However, under higher tariff costs, similar to
California or a 20-year NPV calculation, A2 (spray foam insulation) would outperform all other
alternatives, as shown in Figures 9 and 10. Especially, if the weight on NPV is low as shown in
figure 8. Furthermore, the analysis shows that A6 (Low-flow fixtures) is dominated by A2 (spray
foam insulation) if the factors considered were weighted utility and NPVs as thy have equivalent
weighted utility yet A2 has higher NPV value. However, if the factors considered were weighted
utility and initial investment cost A6 (Low-flow fixtures) would dominate all other alternatives
as shown in figure 11.

Alternative A4 (Rooftop solar panels) involved a relatively high initial investment cost but
offered long-term savings, especially with California tariffs. The estimated resale value of the
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solar panels added to their attractiveness. On the other hand, alternatives A6 (Low-flow fixtures)
and A7 (Greywater recycling systems) had lower NPV values but positively impacted eco-

friendliness and quality of life criteria, essential considerations for some households.

A sensitivity analysis on the weight of NPV (KSA tariffs over 10 years) is presented in Figure 8.
The analysis indicates that with a zero weight on NPV, alternatives A6 (low-flow fixtures) and
A2 (spray foam insulation) dominate. When the weight on NPV is between zero and 0.25, A2
(spray foam insulation) prevails. When the weight on NPV exceeds 25%, A3 (fiberglass

insulation) emerges as the leading alternative.

Alternatives NPV in 10 years Vs. Utility
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A5: Solar water heaters

Figure 7: Alternatives weighted utility Vs. NPV (KSA tariffs in 10 years).
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Figure 8: Sensitivity to weight on NPV (KSA tariffs in 10 years).
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Alternatives NPV in 20 years Vs. Utility
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Figure 9: Alternatives weighted utility Vs. NPV (KSA tariffs in 20 years).
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Figure 11: Sensitivity to weight on initial investment cost.

7.0 Conclusions & Recommendations:

In conclusion, sustainability enhances people's lives by fostering healthier ecosystems and
preserving natural resources. Alternatives A2 (spray foam insulation), A3 (Fiberglass batts), A4
(Rooftop solar panels), AS (Solar water heaters), A6 (low-flow fixtures), and A7 (Greywater
recycling systems) are sustainable options that address household needs through energy and
water-efficient systems.

The Net Present Value (NPV) analysis served as an effective tool for evaluating the economic
viability of the alternatives across different timeframes (10 and 20 years) and under various tariff
prices, particularly those in Saudi Arabia and California, which provided an international
benchmark for comparison. The analysis revealed that A3 (Fiberglass batts) and A5 (Solar water
heaters) had positive NPVs in the short term with KSA tariffs. Although A3 had a higher NPV
value and weighted utility than A5, it required over five times the initial investment cost.
Conversely, A2 (Spray foam insulation) exhibited the highest NPV for long-term savings under
KSA tariffs or under higher tariff costs like California tariffs.

The Multi-Attribute Utility model developed in this study empowers stakeholders, particularly
Saudi Arabian households, to effectively evaluate residential alternatives by considering various
objectives that contribute to quality of life, convenience, and sustainability, as well as the
corresponding weights for each criterion. This approach allows stakeholders to consider multiple
objectives in their decision-making process, enabling them to evaluate the weighted utility of
each alternative and compare it against the others while considering their economic goals.
Alternatives' weighted utility can then be analyzed and compared with NPV and initial
investment costs, helping stakeholders understand their sensitivity to these factors.
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The study emphasized the importance of considering multiple criteria when selecting sustainable
residential alternatives, as the dominance of alternatives varies based on the weight assigned to
different factors. Therefore, the recommendations below outline which alternative is suitable
depending on the objectives:

KSA Tariff:

o If the weight on NPV is high for a short period (10 years), alternatives A3 (Fiberglass
batts) and A5 (Solar water heaters) dominate other alternatives, with A3 offering higher
NPV and weighted utility but requiring a higher investment. If sensitivity to initial
investment cost is high, A5 (Solar water heaters) is an exceptional economic alternative
with moderate weighted utility.

« For longer-term savings, particularly with increased tariff costs like in California or
longer timeframes, A2 (Spray foam insulation) emerges as the best alternative.

e When the weight on NPV is low, alternatives A2 (Spray foam insulation) and A6 (low-
flow fixtures) dominate, with A6 being preferable if the stakeholder prioritizes low initial
investment and A2 dominating if NPV is considered more important.

California Tariff:
o Alternative A2 (Spray foam insulation) dominates all other alternatives when the tariff
cost is high.
e A4 (Rooftop solar panels) becomes a very viable option for long-term savings and resale
value, despite the high initial investment.
Finally, Alternative A7 (Greywater recycling systems) remains a viable option for its
contributions to eco-friendliness and quality of life, despite lower NPV values and weighted
utility.

In summary, households should consider multiple objectives to make better-informed decisions.
It is also essential to consider the potential increase in tariff costs, which would make the
alternatives necessary not only for sustainability and quality of life objectives but also for
addressing economic aspects.

Ultimately, sustainability is crucial to help the environment and, therefore, improve everyone's
quality of life. Policymakers should promote the adoption of sustainability alternatives by
balancing incentives between tariff prices and offering incentives to reduce the investment costs
of sustainable systems.

8.0 Appendix:
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Table 1: Rand’s FWE Index for GCC [6,7]

8.1- Water and Electricity Tariffs for Residential Consumption:

Country/ State Tariffs in $
Saudi Arabia 4.80¢ / kWh
California, USA 19.90¢ / kWh
Egypt 4.40¢ / KWh
Kuwait 2.29¢ / kWh
Qatar 3.30¢ / kWh
United Arab Emirates | 8.10¢ / kWh

Table 4: Electricity tariff prices (¢ / kWh) in different countries [12, 13, 14]

Country/ State

Tariffs ranges in $/ m"3

Saudi Arabia 0.03to 1.60
California, USA 1.59
Egypt 0.04t0 0.31
Kuwait 1.46
United Arab Emirates | 0.89 to 2.87

Table 5: Electricity tariff prices ($ / m”3) in different countries [ 15, 16,17,18]



ISE 662 — Final Paper 05/08/2023
Waleed Alhayaza

Figure 5: Flat-roofed houses reflecting the local style of buildings with and without solar panels. [45, 46]

Figure 6: Gable-roofed houses Vs. flat-roofed houses impact on space utilization and aesthetic appearance [43, 44]
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