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ABSTRACT

AN ECONOMETRIC FRAMEWORK FOR ELECTRICITY INFRASTRUCTURE MODERNIZATION

IN SAUDI ARABIA

The electricity infrastructure in Saudi Arabia is facing several challenges represented by demand
growth, high peak demand, high level of government subsidies, and system losses. This dissertation aims at
addressing these challenges and proposing a multi-dimensional framework to modemize the electricity
infrastructure in Saudi Arabia. The framework proposes four different scenarios—identified by two
dimensions—for the future electric grid. The first and second dimensions are characterized by electricity
market deregulation and Smart Grid technologies (SGT's) penetration, respectively. The framework analysis
estimates global welfare (GW) and economic feasibility of the two dimensions.

The first dimension quantifies the impact of deregulating the electricity market in Saudi Arabia. A
non-linear programming (NLP) algorithm optimizes consumers surplus, producers surplus, and GW. The
model indicates that deregulating the electricity market in Saudi Arabia will improve market efficiency.

The second dimension proposes that allowing the penetration of SGTs in the Saudi electricity
infrastructure is expected to mitigate the technical challenges faced by the grid. The dissertation examines the
priorities of technologies for penetration by considering some key performance indicators (KKPIs) identified
by the Saudi National Transformation Program, and Saudi Vision 2030. A multi-critetia decision making
(MCDM) algorithm—using the fuzzy Analytic Hierarchy Process (AHP)—evaluates the prioritization of
SGTs to the Saudi grid. The algorithm demonstrates the use of triangular fuzzy numbers to model
uncertainty in planning decisions. The results show that advanced metering infrastructure (AMI) technologies
are the top priority for modernizing the Saudi electricity infrastructure; this is followed by advanced assets
management (AAM) technologies, advanced transmission operations (ATO) technologies, and advanced

distribution operations (ADO) technologies.
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SGTs prioritization is followed by a detailed cost benefit analysis (CBA) conducted for each
technology. The framework analysis aims at computing the economic feasibility of SGT's and estimating their
outcomes and impacts in monetary values. The framework maps Smart Grid assets to their functions and
benefits to estimate the feasibility of each Smart Grid technology and infrastructure. Discounted cash flow
(DCF) and net present value (NPV) models, benefit/cost ratio, and minimum total cost ate included in the
analysis. The results show that AAM technologies ate the most profitable technologies of Smart Grid to the
Saudi electricity infrastructure, followed by ADO technologies, ATO technologies, and AMI technologies.
Considering the weights resulting from the fuzzy AHP and the economic analysis models for each
infrastructure, the overall ranking places AAM technologies as the top priority of SGTs to the Saudi
electricity infrastructure, followed by AMI technologies, ADO technologies, and ATO technologies.

This dissertation has contributed to the existing body of knowledge in the following areas:

e Proposing an econometric framework for electricity infrastructure modernization. The framework
takes into account technical, economic, environmental, societal, and policy factors.

e Building an NLP algorithm to optimize a counterfactual deregulation of a regulated electricity
matrket. The algorithm comprises short run price elasticity of electricity demand (g), level of technical
efficiency improvement, and discount rate (r).

e Proposing an MCDM model using AHP and fuzzy set theory to prioritize SGTs to electricity
infrastructures.

e Adapting a Smart Grid asset-function-benefit linkage model that maps SGTs to their respected
benefits.

e Conducting a detailed CBA to estimate the economic feasibility of SGTs to the Saudi electricity
infrastructure,

This work opens avenues for more analysis on electricity infrastructure modernization. Measuring
risk impact and likelihood is one area for future research. In fact, risk assessment is an important factor in
determining the economic feasibility of the modernization. Probabilistic economic analysis can be applied to

assess the risk associated with the implantation of the previously mentioned dimensions. The parameters used
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for the economic analysis, such as economic life of a project, and the discount rate, are usually deterministic.
However, a probabilistic method can be applied to capture the uncertainty of the parameters. Another area
for future research is the integration of both dimensions into one model in which GW resulted from market

deregulation and SGTs insertion are summed.
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CHAPTER 1

INTRODUCTION AND OVERVIEW

1.1 OBJECTIVE

The objective of this dissertation is to design a framework for the modernization of the electricity
infrastructure in Saudi Arabia. The framework addresses the main challenges in the Saudi Arabian grid and
proposes a model to transform the grid from its status quo to a modernized stage. Grid modernization
implies improving electric grid operability, reliability, and security. Grid modernization is expected to enhance
the ability of the power grid to adapt to emerging technologies and applications, like renewable energy (RE)
sources, demand response (DR) programs, storage devices, and electric vehicles [1, 2].

The framework proposes that the modernization of the Saudi electricity infrastructure may progress
in two dimensions. The first dimension is the deregulation of the electricity market. The second dimension is
the insertion of SGT's into the Saudi Grid infrastructure. The first dimension refers to the unbundling of the
generation sector of the electric power industry from the delivery sector [3]. The terms, market deregulation,
unbundling process, and restructuring plan, are used interchangeably as they all imply electricity market reform.
Grid modernization extends to improve the efficiency of electricity market mechanisms. Modernization calls
for creating uniform marginal pricing with no structural bottlenecks in transmission networks. It aims to
remove technical and structural barriers to cross-border retailers operations [4].

With regards to the second dimension, the Smart Grid is defined as the modernization of electric grid
and electricity infrastructure by implementing digital information and control technologies and integrating
distributed resources. According to the U.S. Department of Energy (DOE), Smart Grid is defined as the,
“...electric delivery network, from generation to the consumer integrated with the latest advances in digital and information
technology to improve the electric system reliability, efficiency, security, and resiliency” [5]. The Smart Grid European

Technology Platform (ETP) defines Smart Grid as, “An electricity network that can intelligently integrate the actions of



all users connected to it - generators, consumers and those that do both - in order to efficiently deliver sustainable, economic and
secure electricity supplies” [6]. The Electric Power Research Institute (EPRI) defines Smart Grid as, “A customer-
centered, interactive, reliable, flexible, optimal, economical, economically responsive and, wltimately, a sustainable and
environmentally responsible electrical power generation and distribution systen/’ |7]. The International Electrotechnical
Commission (IEC) adopts a more technology focused definition for Smart Grid as, “...2he concept of modernizing
the electric grid. The Smart Grid is integrating the electrical and information technologies in between any point of generation and
any point of consumption” [8]. The U.S. DOE established a federal Smart Grid task force under that identified
objectives to establish an electricity infrastructure for the 21st century capable of providing ample, cheap,
clean, efficient, and reliable electricity supply [9]. The ETP charted the “SmartGrids” program to set up a
2020 joint vision for the European electric network to enhance the flexibility, accessibility, reliability, and
power quality of the electric network. It also aims at providing the most economic service and most efficient
energy management to consumers [10, 11]. The National Energy Technology Laboratory (NETL) in the U.S.
describes the characteristics of Smart Grid: the capability of self-healing, motivating and including consumers,
resisting attack, providing power quality for the 21t century needs, accommodating generation and storage

options, enabling markets, optimizing assets, and operating efficiently [12].
1.2 MOTIVATION

The Saudi electricity infrastructure is facing several challenges that result from the impressive growth
of the national economy since the 1980s. Such challenges include the increased consumption of electricity,
growth in peak demand, losses in the delivery network, and power quality issues. The motivation of this
dissertation is to identify these challenges and propose a framework and a pathway to modemize the

electricity infrastructure in Saudi Arabia. Below is a discussion on the challenges in more detail.

1.21 ENERGY CONSUMPTION

The country is a high consumer for oil. In fact, Saudi Arabia is the largest oil-consuming nation in
the Middle East and, according to the British Petroleum Statistical Review of World Energy 2014, was the

wortld's 12t largest consumer of total primary energy in 2013 at 9 quadrillion British thermal units (Btu). In



2013, Saudi Arabia produced about 13.1% of world production of oil and gas with about 12.1 million barrels
a day [13]. Domestic consumption represented 2.9 million barrels per day of oil in 2013, almost double its
consumption in 2000. The majority of petroleum consumed domestically is allocated for transportation fuels
and direct power generation by burning [14]. Domestic energy consumption rose by 4.8% per year on
average. If this level of consumption continues in the next decade, the level of export is expected to reduce
significantly and the country will import oil [15].

Fig. 1.1 shows the increasing demand of electrical energy from 1990 to 2015 [16]. Average energy
gross rate for the same pertiod is 6.55% as shown in Fig. 1.2 [17]. This gross rate is considerably high if
compared to the average gross rate in developed countries, which ranges between 1-2% [18]. This high gross
rate implies a sharp growth in electrical energy demand, which requires expanding the installed capacity of the

electric grid.
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Fig. 1.1 Electrical Energy Demand in Saudi Arabia [16]
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Fig. 1.2 Energy Sale Gross Rate [17]

The first challenge facing the electricity infrastructure in Saudi Arabia is the remarkable growth in
energy consumption driven by population growth and improvement in standards of living. The growth is also
driven by strong economic and industrial development. Harsh weather conditions and economic policies
calling for diversifying energy-intensive industries, and highly subsidizing energy prices are yet major drivers
for the growth [19]. As a result of the rapid increase in demand, the network is encountered with service
interruptions, low generation capacity reserves, depletion of resources, high peak demand, and capital
investment. Population growth has been a major driver for demand increase. Since 1960, the Saudi Arabian
population increased by more than sevenfold to reach 30 million in 2015. In the same timeframe, the
urbanization rate, which represents the share of people living in cities, rose from 31.25% to 83.13% [20]. This
indicates population growth in cities is higher than that in non-urban areas, which forces cities to adapt to this
growth in terms of services, life style, and available living residences [21]. Not only domestic population
growth has been a reason for excessive consumption of energy, but also the increasing number of expatriates
working in the country. It is estimated that there were about 9.2 million expatriated in 2013. The share of
expatriates is about 30% of the population, ranking Saudi Arabia the 4™ in the number of immigrants
wotldwide [19]. Population growth and the increase in expatriates and immigrants have led to increasing the
number of service consumers. Fig. 1.3 shows the number of consumers from 1990 to 2015. Average gross

rate of the number of consumers is 5.06% as show in Fig. 1.4 [17].
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Fig. 1.4 Number of Customers Gross Rate [17]

As a result of the growth in energy consumption and the number of consumers, the length of
transmission and distribution (T&D) networks have expanded vastly. Fig. 1.5 shows the gross rate for T&D

networks lengths in the previous years.
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Energy use per capita in Saudi Arabia is one of the highest in the world and well above the global
average [22]. The primary energy consumption per capita was 6.8 tone of oil equivalent in 2009, which is four
times higher than the world average [23]. In 2015, electricity consumption per capita in 2015 reached 9,346

kWh. Fig. 1.6 shows kWh/capita for the period of 1990 to 2015 [17].
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Fig. 1.6 Electricity Consumption per Capita [17]

Energy intensity is another indicator for the excessive consumption of energy in Saudi Arabia.

Energy intensity measures the electricity required to generate a unit of output. Energy intensity, measured in



electricity/Gross Domestic Product (GDP) ratio, in Saudi Arabia, showed a steady increase in the last
decades which indicates a faster electricity consumption growth rate relative to the economic growth rate. In
general, energy intensity in Gulf Cooperation Council (GCC) countries is one of the highest in the world
including countries with similar or higher per capita income such as the member countries of the
Organization for Economic Co-operation and Development (OECD). This may indicate the existence of
waste and large losses in power sector [24, 25]. On average, final and primary energy intensities rose by 2.3%

per year between 2000 and 2009 [23].

1.2.2 HIGH PEAK DEMAND

In Saudi Arabia, peak demand occurs on weekdays from 1 pm to 5 pm from June through
September. Besides that, demand increases during the holy lunar month of Ramadan (month of fasting) and
Dhul-Hijjah (month of pilgrimage) [26]. Typical demand curve falls in three intervals: peak period from 10 am
to 6 pm, off-peak period from 6 pm to 12 midnight, and low-peak period from 12 midnight to 10 am [27]. In
2015, peak demand reached 62,260 MW. Peak demand has been growing at an average rate of 6.5% per year
for the period from 1990 to 2015 as shown in Fig. 1.7. Fig. 1.8 shows the peak load gross rate [17]. Summer
peak demand has increased by 93% between 2004 and 2014, from 28,000 to 56,000 MW. The demand is
expected to increase by over 6% annually in the period between 2014 and 2020. This future demand will

require power generation capacity to increase from 56,000 MW to 120,000 MW by 2032 [3].
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Fig. 1.7 Peak Demand from 1990 to 2015 [17]
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Fig. 1.8 Peak Demand Gross Rate [17]

Meeting peak demand is one of the main challenges facing the Saudi electricity infrastructure. Due to
the severe-climate conditions, peak demand creates an unbalanced load structure that reaches its highest level
for only a couple of hours per day and for a few days per year. In some events in summer seasons, peak
demand increases to twice the average demand level [28]. High peak demand leads to consuming all
generation capacity reserves, which could compromise system reliability. Meeting unexpected demand is
expected to be challenging considering the low generation capacity reserve margin, and the variation in
clectricity consumption across the day due to high changes in temperature. Fig. 1.9 shows the difference
between peak demand and installed capacity which indicates the problem of low generation capacity reserve

margin [17].
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Because of the harsh weather in Saudi Arabia, water production is highly dependent on desalination
facilities. However, these facilities require large amounts of energy. Water consumption is experiencing a
remarkable growth similar to the case with energy consumption. Total water production capacity increased
from 2.0 million m3 in 1993 to 5.7 million m3 in 2013 [19, 29].

Increasing peak demand leads to service interruptions, resources depletion, and system stress. If the
current trend of electricity consumption continues, domestic consumption of oil is expected to reach more
than eight million barrels by 2030 [14]. According to a study undertaken to estimate the funding needs for the
electricity services for the period 2010-2020, the economic investment required for electricity infrastructure

modernization has been estimated at US $140 billion [27].

1.2.3 SYSTEM LOSSES

The grid network suffers considerable percentage of losses driven by power quality issues. Demand
for air conditioning load in Saudi Arabia has grown significantly over the last years especially in summer
seasons when air conditioning represents about 80% of the total system load. Such a growth has posed a
serious issue in the network. Delay in voltage recovery following fault events has increased due to highly
inductive loads, which is represented by air conditioning motors. This leads air conditioning motors to stall
during voltage recovery periods after fault occurrence [30, 31]. The Saudi Electricity and Co-generation

Regulatory Authority (ECRA) has identified air conditioning as one of the most significant underdeveloped



areas in the demand side [16]. As a result of highly inductive load conditions, the grid system suffers events of
incapability to provide the network with reactive power compensation. Such events lead to unacceptable
voltage recovery after faults, and voltage collapse at peak load conditions.

Reference [30] presented a case study when a highly inductive load represented by air conditioning
units had caused the motor to loss torque and voltage level to collapse. This led motor speed to decelerate.
Thus, active and reactive currents are fed to the motor. The current causes a large voltage drop in the source
impedance. As a result of these events, the network suffers network losses in energy delivered ranging
between 8 and 9% each year [17].

One important factor contributing to the increase in air conditioning consumption is the climatic
conditions that are similar to deserts climate. The desert climate is characterized by extreme heat during the
day, and rapid drop in temperature at night. There is high variation in temperature and humidity because of
elevation fluctuation and the subtropical high pressure. Moreover, temperature varies across the country [32].
Temperature in GCC, of which Saudi Arabia is part, is predicted to increase by 1.8 °C (3.24 °F) by 2040, 3.6
°C (6.48 °F) by 2070, and 4.0 °C (7.2 °F) by the end of the century. According to the Saudi Presidency of
Meteorology and Environment (PME), the temperature in Saudi Arabia ranges between 44.0 to 47.0 °C
(111.2 to 116.6 °F), and up to 50.0 °C (122 °F), during the summer season [33]. In 2040, Saudi Arabia is
expected be the hottest region in GCC in the petriod between September to November [34]. Climate change
can also affect the reliability and loadability of the distribution systems. A rise of 1.0°C (1.8 °F) in temperatute
increases peak demand by 4.6% [35].

Improving the efficiency of air conditioning would save up to 120,000 barrels of oil per day and
around five billion cubic meter (bcm) of natural gas per year that are used for electricity generation otherwise.
This level of improvement in efficiency could save about US $7.0 billion per year. Overcoming climate
change impact and improving efficiency would allow the country to defer investments planned for grid
expansion and modernization that may reach US $100 billion [36].

Another factor contributing to system losses is the building code currently practiced in the country.

The current code is not sufficiently efficient at high temperatures as it wastes a relatively high level of the
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cooling air by dehumidifying indoor air which leads to a reduction in air conditioning efficiency when the
outside temperature increases. Air conditioners used in Saudi Arabia are designed to perform at 35.0 °C (95
°F)according to international performance standards whereas the temperature, in Saudi Arabia, ranges
between 44.0 and 47.0 °C (111.2 to 116.6 °F), as mentioned eatlier [37].

As a result of these factors, the grid system suffers a considerable level of system losses. Some losses
result from heat losses in the resistance of the electrical conductors at voltage transformation. Other losses
are made up of energy delivery for consumption but not paid for as a consequences of several drivers like
theft, non-registered consumers, and inaccurate billing and metering [38]. Fig. 1.10 shows the Saudi electrical
system losses over the last years. Fig. 1.11 shows the energy not supplied over the last five years as a

percentage of energy produced [17].
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Fig. 1.10 System Losses [17]
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1.2.4 OIL DEPENDENCY

Electricity production in Saudi Arabia depends only on fossil fuels. As mentioned earlier, domestic
consumption represented 2.9 million barrels per day of oil in 2013, or the third of the country’s production of
oil. Such high level of fossil fuel consumption is driven by large oil reserves and relatively cheap cost for
domestic oil extraction. High government subsidies are also other drivers for high level of domestic
consumption. In fact, Saudi Electricity Company (SEC) is granted provision of oil for electricity generation in
which the marginal cost of the barrel of oil provided is less than or equal to the actual marginal cost of US
$5.0 per barrel [25, 39].

Such a scenario impacts the national security of the country. One reason is that fossil fuels are
depleted resources. Another reason is that output generated is not commensurate with energy used. As
mentioned eatlier, energy intensity is relatively high compared to energy intensity levels in the industrialized
countries, which implies systemic inefficiencies. Moreover, additional consumption of fossil fuel builds a
significant opportunity cost against the potential sale of oil in the international market [38]. Fig. 1.12 shows
the types of fuels used for electricity generation in Saudi Arabia. Fig. 1.13 breakdowns the installed capacity

based off the types of generation units used for electricity production [17].
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Fig. 1.12 Fuel Types Used for Electricity Generation [17]
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Fig. 1.13 Types of Generation Units [17]

RE production is absent so far. The country needs to diversify energy production and exploit its RE
resources. Saudi Arabia has the potential to exploit RE resoutces specially concentrated solar, solar

photovoltaics (PV), wind, geothermal, and waste-to-enetgy for electricity generation [25, 40].

1.2.5 AGING EQUIPMENT

Equipment aging is yet another challenge facing the Saudi electric grid. The economic life of several
generation units has reached its end. For example, in 2010, about 8,390 MW generation units have come to

the end of their economic life. The retiring units have to be replaced by new ones in order to maintain system
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efficiency, meet increasing demand, and reduce losses [41]. Fig. 1.14 shows the age of the generation units in

the Saudi electric grid [17].
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Fig. 1.14 Age of Generation Units [17]

As it is unpractical to phase out multiple generation units at the same time in order not to
compromise system stability and create unbalance, ECRA has set a plan for replacing the aging equipment

according to which no more than 2% of the installed capacity is allowed for replacement each year [41, 42].

1.2.6 SYSTEM RELIABILITY

The network is facing several outages and interruptions due to unplanned outages, overload, and
generation failure. This subsection presents three reliability indices for the SEC grid obtained for the 2010-
2015 period. The first one is System Average Interruption Duration Index (SAIDI), defined as the ratio of
the total interrupted customer minutes and the number of customers. The second index is System Average
Interruption Frequency Index (SAIFI), defined as the ratio between the total number of customer
interruptions and the total number of customers served from the system. The third index is Momentary
Average Interruptions Frequency Index of durations under 5 minutes (MAIFI) [43]. Fig. 1.15 shows the
reliability indies of SEC netwotk for the period of 2010-2015 [17]. All three reliability indices show network

reliability is deteriorating over the last years.
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1.2.7 ELECTRICITY MARKET INEFFICIENCY

The electricity market in Saudi Arabia is vertically integrated. Such an organization has led to a fixed
price structure. Vertically integrated utilities tend to overestimate the amount of generation capacity needed.
Therefore, consumers pay for more than what they consume. Otherwise, government subsidizes a huge
amount of energy to make electricity prices affordable to consumers [44]. Fig. 1.16 shows the distribution of

average unit cost of energy in Saudi Arabia [17].
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Fig. 1.16 Distribution of Average Energy Unit Cost [17]
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As a result of such a structure, SEC, the operating company, aims first at satisfying the demand
instead of optimizing the operations. SEC has no control over tariffs stipulation as it is set by government
agencies. Government subsidies for electricity generation were US $40 billion in 2014 [16]. In other words,
government subsidies account for 82% of the cost of electricity production, which makes the rate of
electricity price in Saudi Arabia one of the lowest rates in the world. Saudi Arabia is ranked second worldwide
in government subsidies provided for domestic energy prices [45]. Average cost of kWh paid by consumers is
US $0.037, while it costs US $0.213 [28]. Fig. 1.17 shows the price of electricity unit sold, and cost of
electricity unit before fuel and electricity subsidies [16]. Table 1-1 shows compatisons of fuel prices paid by

the electricity producers in Saudi Arabia with international prices [106].
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Fig. 1.17 Comparison of Electricity Unit Cost with/without Fuel and Electricity Subsidies [16]

Table 1-1. Comparisons of Fuel Prices Paid by Producers in Saudi Arabia with International Prices [10]

Fuel type Price (US $/MBTU)
Paid by producers in Saudi Arabia International
Heavy fuel oil 0.43 15.43
Gas 0.75 9.04
Diesel 0.67 21.67
Crude oil 0.73 19.26

Low market prices driven by high subsidies discourage consumers to conserve energy and engage in
DR programs. Thus, ¢ (price elasticity of demand) is low. Price elasticity of demand links the price offered to
the quantity sold. It is the ratio of the change in quantity consumed that results from a change in price, or vice
versa. This relationship is an important tool to measure the change in electricity markets in terms of price and

demand in the short-run and the long-run periods. In [46], 25 different studies of residential electricity
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demand are compared across electricity markets. In these studies, the short run elasticity varies in [0.03, 0.54],
with the consensus measure around 0.2. In commercial sectors, elasticity for the short run varies in [0.17,
1.18] across multiple studies. In the industrial demand, there is an agreement on a consensus estimate of 1.3
even though it is difficult to place much confidence on this value since it is subject to aggregation and
location biases [40]. Based off empirical studies, price elasticity of demand in the Saudi electricity market is

found to be 0.04 which means that the demand for electricity is inelastic in the short run [24].

1.2.8 CARBON EMISSION

Saudi Arabia has experienced a sharp increase in energy consumption and carbon emissions in recent
years as a result of its strong economic and industrial growth. Saudi Arabia is highly dependent on fossil fuels
for energy generation. This scenario increases cumulative carbon dioxide level in the country [47]. Because of
high energy consumptions, Saudi Arabia's share of carbon emissions wotldwide in 2008 was at the 14 place,
or a 1.54% share of worldwide emissions, with 118 million metric tons of carbon emissions [23]. Saudi Arabia
is ranked the 21st among countries with the highest CO; emissions per capita in 2006, and the 16t by total
CO; emission at 438.25 million metric tons of CO». The level of CO; intensity has risen by 2% per year since
2000 [23]. It is expected that this level will increase if the country stays highly dependent on fossil fuels for

electricity generation [47].

1.2.9 FINANCIAL CHALLENGES

Electricity production is a high capital-intensive industry requiring relatively long timeframe for
construction and operation. Installing sufficient power capacity to meet the increasing demand in the country
is faced with financial challenges. As the gap between supply and demand is shrinking, as mentioned eatlier,
the country has to allocate proper financial investments to accelerate the development of the electricity
infrastructure and meet the growing demand. Such investments are faced with challenges considering the
plummeting and fluctuating prices of oil revenue since 2014 [24].

Based on expected demand growth, the country is required to boost supply capacity with 70,000

MW. As far as current investment plan, only 10,000 MW is already committed. Investments in T&D
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networks, in terms of both upgrades and expansions of the electrical grids to support the system growth, are

yet required to improve network reliability [38].

1.3 SCOPE

This dissertation proposes a framework that takes into consideration technical, societal, and
economic aspects related to the modernization of the electricity infrastructure in Saudi Arabia. The approach
offers a comparison between different scenarios. The application or the absence of the two dimensions

determines these scenarios. Table 1-2 presents the four scenatios.

Table 1-2. Four Scenarios for the Proposed Approach [48]

Regulated market Deregulated market
(Cutrent status) (Scenario #2)
No insertion of SGT's Regulated market Deregulated market
No SGTs No SGTs
Fnabling the insertion of (Scenario #1) (Scenario #3)
SGTs Regulated market Deregulated market
SGTs enabled SGTs enables

This first-of-a-kind analysis serves as groundwork for econometric analysis exploiting the scenarios
presented earlier. The econometric analysis helps identify the proper model for the future Saudi grid
infrastructure that achieves targeted outcomes in terms of security of energy supply, energy conservation,
reliability, stability, and grid modernization. The proposed econometric analysis provides a platform for the
decision-making process towards specifying the future Saudi grid with respect to the two dimensions.

The proposed economic analysis requires decision-making tools to quantify the impacts of
modernization, and prioritize the importance of SGTs. Decision making in electric power systems, faced with
multiple quantitative and qualitative elements, is one of the most important issues in grid modernization. In
such environments, decision makers deal with several scenarios that should be examined and investigated by
multiple attributes. In literature, several methods and techniques are implemented for projects, technologies,
or scenarios selections. Approaches tend to be ecither quantitative or qualitative, ranging from rigorous
operations research methods to social-science-based interactive techniques. The process of determining

optimal scenario among others need a consideration of objective and subjective criteria. When more than one
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scenario is involved, the volume of data and estimates needed to construct the basis for decision making
increases. Computing the costs and benefits of each scenario increases analytic complexities. Models for
selecting the optimal project, or alternatives were first emerged in the mid-1950’s. The effort has been on
building models that handle the analytic aspects of selecting optimal portfolios [49]. Most of decision-making
models reside in several types: classical, portfolio, integrated, decision analysis, economic, mathematical,
artificial intelligence, and MCDM models. Each type is discussed below in more detail.

Classical models are considered simple and easy to formulate. They assign a priority scale to each
candidate alternative. The scale forms the basis for selecting the best alternative(s). Classical models consist of
profiles, checklists, scoring models and economic indexes. Classical models act as filters to facilitate the
structuring of decision processes. Although classical models are simple to formulate, their inherit simplicity
precludes them from extensive subjectivity and qualitativeness. They also severe a limitation in terms of their
ability to handle analytic complexities. Additionally, alternative selection is normally dynamic where
alternative parameters and selection criteria values vary across time [49]. Therefore, classical models are not
considered in this analysis.

Portfolio models were developed to overcome the deficiencies found in the classical models. In a
portfolio model, alternatives selection and resource allocation are optimized. Linear and non-linear portfolio
models are examples of portfolio models. The advantage of portfolio models is the ability of handling
complex analytic problems [49]. In some portfolio analysis, a portfolio matrix is used where the contents and
feasibility of each alternative are identified. Then, criteria are identified where each alternative is assigned with
certain values [50]. However, these models, as well as the case with classical models, demand a large volume
of quantitative input that is difficult to obtain. This makes portfolio models are of less importance for our
analysis.

Integrated models are newer models emerged to overcome the deficiencies found in both classical
and portfolio models. Integrated models combine two or more classical and portfolio models with behavioral
decision processes. Some literature calls these models interactive models [51]. These models include Delphi,

and the most important two types: the behavioral decision aid, and the decentralized hierarchical modeling.
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The first one calls for reorienting the entire alternative selection process away from its focus on selecting an
optimal alternative. As a result, achieving an optimal selection of alternatives becomes a byproduct of the
consensus commitment to the plan. The behavioral decision aid promotes information sharing, and
eliminates biases. An example of the behavioral decision aid is the Q-Sort-Interacting process. In the
decentralized hierarchical modeling, candidate proposals are simulated through multiple iterations through
different hierarchical organization decision levels until an overall consensus is reached. This is accomplished
with the aid of an interactive mathematical model like the Mandakovic-Souder model [49].

Decision analysis models incorporate subjective and objective inputs from decision makers, experts,
and data. These models have the advantage of the ability of assigning weight to alternative attributes (criteria).
Examples of decision analysis models include multi-attribute utility theory (MAUT), decision trees, risk
analysis, and the AHP. In the MAUT model, objective measurements are applied to decision making. For any
decision problem, there exists a real valued function or utility defined by the set of feasible alternatives. Each
alternative results in an outcome that may have a value on a number of different dimensions. MAUT seeks to
measure each dimension value, then, aggregate these values through weighted linear average [52]. AHP is an
MCDM model that organizes decision objectives, alternatives, and attributes into a hierarchical structure [53,
54].

Economic models include internal rate of return (IRR), NPV, return on investment (ROI), CBA, and
option pricing theory [51]. Mathematical Programming models include integer programming (IP), linear
programming (LP), NLP, goal programming (GP), and dynamic programming (DP) [51]. Artificial
Intelligence models include expert systems and fuzzy sets [51].

MCDM is a branch of operations research. MCDM refers to making decisions considering multiple
criteria. MCDM problems are classified into two classes: multi-objective decision making (MODM) and
multi-attribute decision making (MADM) problems. MODM is also known as multi-objective optimization
MOO) [55]. A logical combination of several methods is not uncommonly used. MOQO is used for problems
involving more than one objective function. MOO is also referred to as multi-criteria or vector optimization

problems. Most decision-making problems in engineering requires optimizing a number of conflicting

20



objectives. If an improvement in one objective leads to deterioration in another, conflict exists. In such cases
where there is competition between two or more objectives, there may exist no single, unique solution [56].

In this dissertation, a NLP algorithm is proposed to design an optimization model to improve the
decision-making process of deregulating an electricity market. GW, which is defined as the sum of the net
consumers surplus and the producers profits, is chosen as the criterion on which the decision of deregulating
a market is based. CBA is employed in this work. CBA is an applied economic tool that considers benefits
and costs associated with the application of a program, a project, or a setup. CBA setves as a tool to compare
multiple alternative setups and to choose the one that maximizes benefits and reduces costs. CBA weights
costs and benefits against economic values [57].

AHP is an MCDM tool used for this research. AHP is one of the most popular MCDM methods
that can handle unstructured or semi-structured decisions with multi-criteria inputs. AHP is used in making
decisions that involve ranking, selection, evaluation, optimization, and prediction. AHP can organize
objectives, criteria, and alternatives into a hierarchal structure. AHP derives ratio scales from deductive and
inductive inputs through multiple pairwise comparisons. Moreover, AHP is one of the few methods that is
able to measure the consistency of the judgment of decision makers [53, 54].

Fuzzy AHP is another analytic tool used in this work. As mentioned eatlier, decision makers’
judgments involve uncertainty and imprecision. Fuzzy set theory is introduced to AHP to deal with the
uncertainty and imprecision. These uncertainties are transformed into fuzzy sets and integrated into the AHP
model. In the fuzzy set theory, an element has a degree of membership in a fuzzy set. The membership
function represents the grade of membership of an element in a set. The membership values of an element
vary in the interval [0, 1]. The membership function maps the variation in the value of linguistic variables into
different linguistic classes [58, 59].

Economic analysis is also applied in this dissertation. A comprehensive CBA accompanied by
computing benefit/cost ratio, DCF, NPV, and minimum total cost, is conducted to estimate costs and

benefits of SGT's and the economic feasibility of electricity market deregulation.
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1.4 SOFTWARE TOOLS

The NLP algorithm is built using Matlab® script. MS Excel® solver is used to solve the optimization
problem described in Chapter 3. Fuzzy AHP algorithm described in Chapter 4 is built by coding the program

in MS Excel® platform.

1.5 LITERATURE SEARCH

Literature search conducted for this dissertation covers a historic background of electricity
generation and setvices in Saudi Arabia and how the electricity industry has emerged. The literature also
presents and examines the challenges facing the Saudi electricity infrastructure [13-17, 20, 22-24, 33, 306, 37,
41, 42, 60, 61]. Solutions and approaches proposed to overcome the challenges are discussed in [13, 18, 22,
23, 25-30, 32, 34, 38, 45, 47, 62-69]. Saudi Vision 2030, the National Transformation Program, policies and
regulatory aspects of the electric grid sector in Saudi Arabia are discussed in [19, 39, 40, 45, 47, 62, 63, 70-75].
This literature discusses, also, the Saudi electricity market aspects and market deregulation.

Definitions and aspects of grid modernization are discussed in [2, 4, 11, 12, 21, 35, 76-83]. Electricity
markets mechanisms, economics, planning, and deregulation are discussed in [3, 44, 76, 84-101]. The Smart
Grid, SGTs insertion, Smart Grid policy, planning, metrics, standards, and evaluations are discussed in [1, 2,
5-12, 46, 66, 81, 82, 102-137].

Economic analysis including CBA, benefits evaluations, and economic applications on power systems
are discussed in [0, 54, 57, 99, 119, 132, 138-158]. Theories and concepts in economics and finance are
presented in [159-162]. The definitions and applications of decision making, selection tools, MCDM, AHP,
fuzzy set theory and fuzzy AHP are discussed in [45, 49-56, 58, 59, 163-176].

The rest of this section presents an overview of the Saudi electricity system in Saudi Arabia. It
discusses the emergence of the electricity infrastructure from economic and technical perspectives. It also

discusses the current status with respect to market structure.

22



1.5.1 BACKGROUND OVERVIEW ABOUT SAUDI ELECTRICITY SYSTEM IN SAUDI
ARABIA

The origins of electricity generation in Saudi Arabia date back to 1907 when there were two
generators providing the city of Madinah with lighting. One generator was fired with kerosene and the other
one fired with coal. Then, small generators were scattered across the country to power the holy mosques,
factories, and oil drilling companies. In 1950, government approval was issued for the establishment of two
electricity companies, namely, the Saudi National Company for Electric Power in Jeddah, and the Al-Ahsa
Electric Company. In the following years, small utility companies were established in major cities and towns
across the country and run by private sectors, municipalities, and cooperative societies. In 1961, the first
Department of Electrical Affairs was established under the Ministry of Commerce to issue permits and
licenses for electricity industry. In that period, each electricity company charged different rates based off their
resources and conditions. In the 1970s, major regulatory reforms in the electricity sector toke place by the
establishment of the Ministry of Industry and Electricity. Later, the Ministry name was changed to the
Ministry of Water and Electricity. In that period, a decision was taken to fix the electricity tariff at a uniform
rate for all service providers. Then, all independent power providers (IPPs) were subsumed into four regional
companies, or the so called Saudi Consolidated Electrical Companies (SCECOs). These consolidated
companies encompassed IPPs serving Eastern, Central, Western, and Southern parts of the country. The
northern region was still served by several IPPs [60].

Since then, the demand had grown vastly across the country as a result of an increase in population,
economic growth, and low tariff structure supported by government subsidies. As a result, the government
toke steps to restructure the electricity industry, improve setvice quality, reduce subsidies, and increase
coverage across the country. In 1998, the government had decreed the merger of the four regional SCECOs
into a single joint stock company known as SEC. In 2001, ECRA was established as an independent
regulatory authority to oversee electricity and co-generation industry [41, 60]. In 2002, SEC was established to

serve consumers with electricity across the country. In May 2016, a government decree was issued to replace
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the Ministry of Water and Electricity with the Ministry of Energy, Industry and Natural Resources. The newly
created Ministry is responsible for policies concerning oil, gas, natural mineral, RE, and electricity [75].

SEC is dominating the electricity market by supplying 70% of total demand. SEC is a government-
owned corporation whose shares are publicly traded in the Saudi Capital Market. About 81% of SEC
ownership is owned by the government and Saudi Arabian Oil Company (Aramco) jointly. While SEC is
responsible for the generation and distribution sectors, the transmission sector is run by the National Grid SA
Company (NGSA), which is a limited liability corporation wholly owned by SEC. The Saline Water
Conversion Corporation (SWCC) supplies a significant percentage of the electricity in the country. Table 1-3
shows a breakdown of the installed capacity for the main electricity producers in the country in 2015 [16].

Table 1-3. Breakdown of Electricity Providers [16]

. . . Generation
Producing entity Number of plants Capacity MW) percentage
SEC 47 57,138 70%
SWCC 7 0,222 7.6%
Hajar Electricity Co. 1 4,098 5.1%
Jubail Water and Electricity Co. 1 2,875 3.5%
Aramco 7 1,563 1.9%
Others 18 9,708 11.9%
Total 81 81,604 100%

Originally, the electricity market in Saudi Arabia is vertically integrated and operated by SEC as
shown in Fig. 1.18. In 2012, a national restructuring plan has been set to unbundle the electricity industry
sectors. The plan aims at creating a market for electricity trading. The first dimension of modernization

approach presented in this dissertation aims to provide a framework for this effort [16].
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Fig. 1.18 Current Organizational Structure of the Saudi Electricity Matket [10]

The plan is expected to follow three phases. The first phase started in 2012 by launching the NGSA
Company to oversee and manage the transmission system. As mentioned eatlier, NGSA is wholly owned by
SEC. The first phase includes dividing the generation and distribution sectors pertaining to SEC into multiple
companies. In this phase, the market will be transformed from vertically integrated to single buyer market.
The principal buyer is expected to manage the sector’s income, enter and oversee contracts with players in the

market. Fig. 1.19 shows the organizational structure of the market after the first phase is completed [16].
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Fig. 1.19 Organizational Structure of the Market after the First Phase [16]

In a subsequent stage in the second phase, NGSA and the generation and distribution companies will
be separated from SEC in which these entities compete through a wholesale competition structure. Separating
NGSA from SEC will create an independent transmission operator that maintains open and unbiased policy
of access to transmission capacity for use by all producers.

The third phase is the long-term stage in which the electricity market is expected to be fully
deregulated. The ownership of the retailing sector will be separated from the holding company, SEC, as
shown in Fig. 1.20 [16]. In light of the current progress, two entities have been established: the independent

system operator, and the main buyer [16].
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1.6 ORGANIZATION OF THE DISSERTATION

This dissertation is organized on the basis of the chronological development of the proposed
framework of modernizing the Saudi electricity infrastructure and related publications. The references [48],
[177], and [178], based on the research conducted for this dissertation, are published at different venues and
the references [179], [180], and [31] are under review.

Chapter 1 provides an introduction to the research problem with an insight into the proposed
dissertation. Chapter 2 describes the framework and is derived directly from [48], and the manuscript of [31]
that is under review at the time of writing the dissertation. Chapter 3 introduces and analyzes the first
dimension—electricity market deregulation and its impact on the modernization of the Saudi grid. It discusses
the mechanism modeling of transforming the electricity market from regulated to deregulated status and

estimating GW. This chapter is directly derived from [177]. Chapter 4 addresses the second dimension—
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integrating SGTs to the existing grid—by proposing a MCDM framework using fuzzy AHP to prioritize the
importance of SGTs for the Saudi electricity infrastructure. This chapter is directly derived from [178] and the
manuscript of [179] that is under review at the time of writing the dissertation. Chapter 5 presents a
comprehensive economic analysis to SGTs and prioritizes SGTs infrastructure based on their costs and
benefits. This chapter is directly derived from the manuscript of [180] that is under review at the time of

writing the dissertation. Chapter 6 address the policy, planning, and societal implications of the framework

proposed. Chapter 7 proposes a subsequent future work.
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CHAPTER 2

EXAMINING SOME PROSPECT SCENARIOS FOR THE ELECTRICITY
GRID INFRASTRUCTURE MODERNIZATION IN SAUDI ARABIA'

2.1 INTRODUCTION

Electricity consumption in Saudi Arabia is rapidly growing due to the increase in population,
expansion in national development projects, and heavily subsidized electricity prices. In order to meet the
growing demand, the electric grid system is undergoing a national plan aiming to harness energy conservation,
and improve the efficiency of electricity market. In this chapter, we suggest that grid modernization may
progress in two dimensions: market deregulation, and SGTS penetration and implementation. Market
deregulation refers to the decomposition of the components of electric power industry: generation,
transmission, and distribution [3]. The terms: market deregulation, unbundling process, and restructuring plan, are used
interchangeably as they all imply electricity market reform. Smart Grid is defined as the modernization of
electric grid and electricity infrastructure by implementing digital information and control technologies and
integrating distributed resources.

As part of the national plan, SEC has undertaken a restructuring program to unbundle its services.
The plan started in 2012 with the launch of the NGSA to oversee and manage the transmission system. Four
generation entities and one distribution entity will be launched during 2014. SEC will be the holding company
of these entities and will set market standards, finance expansion projects, and administer the operations of
high voltage levels (230 kV and above). The restructuring plan will take place in three stages. The first stage is
the transition stage in which four generation entities, one transmission entity, and one distribution entity will
be launched. All six entities will be fully owned by SEC. This stage will create a “single buyer” market. The

second stage is the medium-term stage in which the ownership of the transmission entity and/or the

! This chapter is extracted verbatim from “Examining some prospect scenarios for the electricity grid infrastructure modernization in Saudi
Arabia,” proceedings of North American Power Symposium, Pullman, WA, 2014.
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generation entity will be separated from the holding company. This stage will create a principal buyer market
with wholesale market competition. The third stage is the long-term stage in which the electricity market will
be fully deregulated and retail market ownership is separated from the holding company [73, 181].

This chapter examines prospect scenarios for modernizing the electric grid system with regard to the
two dimensions. The first dimension corresponds to market deregulation and the transition from being
served by a sole government-owned entity to a deregulated market. The second dimension corresponds to the
implementation of Smart Grid and the penetration of its technologies. The first scenario proposes a regulated
matrket that enables the penetration of SGTs. The second scenario proposes a deregulated market, however,
without penetration of SGTs. The third scenario proposes a deregulated market with the penetration of
SGTs. Table 1-2 depicts the three scenarios along with the current status.

The chapter aims to offer a general overview about the proposed scenarios followed by insights in
terms of benefits, cost, and risks associated with the implementation of each scenario. The examination of
these scenarios sets the platform for further investigation anchored by econometric modeling and cost-

benefit analysis in subsequent research.

2.2 A BRIEF OF HISTORY OF ELECTRICITY INFRASTRUCTURE IN SAUDI

ARABIA

In 1961, the first authority that administered the electricity industry in Saudi Arabia was established
under the Ministrty of Commerce. In 1972, the Department of Electricity Services was established and
separated from the Ministry of Commerce. In 1974, the Ministry of Commerce was divided into two agencies:
the Commerce Agency and the Industry and Electricity Agency. In that year, the government started
subsiding electricity services to all electricity service providers by setting below-the-actual-cost tariffs. In 1975,
the Ministry of Industry and Electricity was formed followed by, in 1976, the establishment of the Electricity
Corporation to coordinate electricity services in the country [60].

Since then, the electricity sector was operated by numerous IPPs, and cooperative societies before

they were consolidated in 1981 into four major regional companies: Central, Eastern, Southern, and Western,
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or the so-called SCECOs. In 1998, the government decreed the merger of all four companies to form the

SEC in 2000. The following year, ECRA was formed to regulate the power sector [41].

2.3 CURRENT STATUS

2.3.1 MARKET STRUCTURE
Electricity market in Saudi Arabia is vertically integrated. 74.3% of SEC, the national electricity
provider, is owned by the government, and 6.9% by Saudi Aramco amounting to 81.2% of government

ownership. Saudi Aramco is the state-owned oil and natural gas company. The rest of SEC (18.8%) is publicly

owned [70].

2.3.2 OIL CONSUMPTION

Saudi Arabia is the largest consumer of petroleum in the Middle East, and the wortld's thirteenth
largest consumer of total primary energy in 2009. More than 25% of domestic oil production, or about three
million barrels per day, is consumed locally. The majority of petroleum consumed domestically is allocated for
transportation fuels and direct power generation by burning. Carbon dioxide emissions totaled from fossil

fuels consumption as of 2011 were 513.53 million Metric Tons [61].

2.3.3 POWER GENERATION

As of 2012, the total available installed capacity is 53,588 MW [181], and total installed capacity is
66,081 MW [182]. Gas turbines account for about 61.1% of the available installed capacity, steam turbines
make up 32.4% of the capacity, combined cycle units yield 5.4% and diesel units yield 1% [181]. As of 2011,
fuel types used in electricity generation include crude oil (37%), natural gas (37%), diesel (21%), and heavy
fuel oil (5%) [182].

SEC owns 76.7% of the installed capacity, SWCC owns about 7.6%, and the rest of 24.8% is owned
by different relatively small private companies. The retirement of some existing generating units (8,390 MW
as of 2010) is another challenge facing the SEC in its efforts to meet the demand [41]. In 2007, SEC has

allowed IPPs and independent water and power producers (IWPPs) to participate in power generation during
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peak times as through the “Program for Private Sector Participation in Electricity” project in which SEC
purchases electricity from the privately owned generation plants and sells it to its consumers [26].

Saudi Arabia set the largest plan in the Middle East to expand its generation capacity from 55,000
MW to 120 by 2020 [61]. Part of this plan is to incorporate RE resources. In 2012, King Abdullah City for
Atomic and Renewable Energy (K.A.CARE) announced that a capacity of 54,000 MW will be generated from
RE resources by 2032. The projected plan includes generating 25,000 MW from concentrated solar power,
16,000 MW from solar PV, 9,000 MW from wind energy, 4,000 MW from waste-to-enetgy and geothermal

energy [25].

2.3.4 DEMAND

Total electric energy consumed in 2012 was approximately 240.288 TWh [182]. Residential
consumption accounts for 50% of total energy consumed [182]. Industrial consumption represents 17%,
commercial 16%, government 13% and other 4% [182].

Peak demand occurs on weekdays from 1 pm to 5 pm from June through September. Besides that,
demand increases during the holy lunar months of Ramadan (month of fasting) and Dhul-Hijjah (month of
pilgrimage) [26]. Typical demand curve falls in three intervals: peak period from 10 am to 6 pm, off-peak
period from 6 pm to 12 midnight, and low-peak period from 12 midnight to 10 am [27]. The current DR
technique used is ‘forced reduction of load’ [27].

In order to control peak demand, SEC has launched awareness programs offering incentives to
consumers to participate in peak load shifting or shaving. Few years ago, SEC Western Operating Area
launched a voluntary program targeting industrial consumers in which they shift their load during peak
periods for a compensation of bill reduction. The program was followed by a mandate by ECRA stating that
time-of-use (TOU) tarift structure was to be applied on industrial consumers in which they pay a lower tariff;
26 Saudi halala/kWh during peak petiods, and 15 halala/kWh during off-peak periods (1¢ US = 3.75 Saudi
Halala) [26].

SEC reportts that the number of customers served with electricity is increasing by 5.2% annually.

Demand growth of electricity consumption increases by 8% every year, while it is only 1-2% in the developed
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countries. Energy consumption per capita increases by 6.5% annually [18]. Peak demand is growing at a rate
of 7% per year leading to service interruptions, resources depletion, and system stress. If this trend of
electricity consumption continues, it is predicted that domestic consumption of oil will reach eight million
barrels by 2030 [61]. To meet the growing peak demand, the country is required to allocate about US $8

billion every year for expansion investments and grid modernization [27].

2.3.5 TRANSMISSION SYSTEM

Transmission system in Saudi Arabia is 96% interconnected. A full interconnection of the grid is
projected in 2016 [61]. The length of the transmission network in 2012 is 51,881 km circular (increased by
77.9% after SEC was established 2000). The length of the distribution network in 2012 is 438,130 km circular
(increased by 100% after 2000). Transmission-level voltages considered in the network are 380, 230, 132, 115,
and 110 kV. As of 2012, the grid is comprised of 660 power transmission substations spread in the network.
Peak load for the interconnected network (96% of the network) is 48,737 MW of which 2,500 MW are used
for only 100 hours/year (two ot three hours a day in summer) [72]. Peak load for the isolated network (4% of
the network) is 3,202 MW [181].

The Saudi grid is interconnected to the rest of the five GCC members: Kuwait, Bahrain, Qatar,
United Arab Emirates, and Oman. The GCC grid interconnection is comprised of a 400 kV double circuit
overhead line linking Kuwait, Saudi Arabia, Qatar, Emirates, and Oman. Bahrain is interconnected to the link
via a submarine cable. The 60 Hz power system of Saudi Arabia is interconnected to the other GCC
countries, whose power systems are 50 Hz system, via three 600 MW back-to-back high voltage direct current
(HVDC) converters [64]. Besides that, there is a plan to connect Saudi Arabia with Egypt by a 3,000 MW
link. The link will reduce peak demand in both countries as the peak demand hours in Egypt vary from those

in Saudi Arabia [61].

2.3.6 NETWORK

The number of customers served by SEC reached 6.7 million in 2012, a 91.1% growth after the

company was established in 2000 [181]. The number of cities and/or communities served is 12,450, a 58.1%
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growth after 2000 [181]. Relative distribution of the available capacity owned by SEC is: 32% for the Western
region, 30% for the Eastern region, 29% for the Central region, and 9% for the Southern region.

It is estimated that about 80% of the total load is air-conditioning, (i.e., inductive load), which leads
to the need to improve reactive power compensation [30]. ECRA has identified air conditioning as one of the
most significant underdeveloped areas in the demand side [182]. Motor stalling and voltage collapse are
common disturbances in the grid as well [30]. These factors, besides others, contribute to network losses that
are about 9.95% as of 2011[182].

In 2011, SEC begun standardizing nominal household voltage level by switching from 127/220 V to
230/400 V in all new districts. In addition, the new standard mandates switching the voltage level of the

existing homes to the new standard over the next ten years [182].

2.3.7 TARIFFS AND SUBSIDIES

SEC has no control over tariffs stipulation as it is set by government bodies. Tariffs applied to
electricity services are differentiated by consumer sector; they vary from five to 26 halala/kWh for residential
consumers, 12 to 26 halala/kWh for commercial consumers, and 26 halala/KWh for governmental
consumers. For industtial consumers, the tariff is differentiated by season ranging from 12 to 26 halala/kWh
[182].

Government subsidies for electricity generation were US $40 billion in 2012 [182]. As a result, the
cost of producing one kWh declines from 80 halala to an average of 15 halala. In other words, government
subsidies account for 81% of the cost electricity production [182], which makes the electricity price rates in
the country one of the lowest rates in the wotld [28].

The current status of the growing consumption of electricity has raised many concerns with regard to
network efficiency and the energy conservation policies set in-place. Investigating different scenatrios of
prospective grid infrastructure provides insights toward grid modernization. The subsequent sections discuss
the examination of the two dimensions: deregulating the electricity market and enabling the penetration of

SGTs, with respect to the current status and projected outcomes.
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2.4 FIRST SCENARIO: VERTICALLY INTEGRATED MARKET WITH

PENETRATION OF SGTs

The first scenario suggests a vertically integrated market structure with enablers for the penetration
of SGTs. Given that, the market would continue being vertically integrated and controlled by the sole service

provider, SEC.

2.4.1 BENEFITS

This scenario presents a stable transition to grid modernization as it falls within the purview of one
main market player, SEC. By being a vertically integrated market structure, the implementation of this
scenatio may be attainable in terms of policy drafting, and Smart Grid realization. Regulatory aspects in this
scenario would not highly deviate from the current ones, except for legislations regulating communication
means between consumers and SEC, i.e. DR, and real-time monitoring.

Saudi Arabia with its traditional deep-rooted bundled electricity market structure would highly
benefit from SGTs in reducing energy consumption, diversifying energy resources, and enhancing system
stability and efficiency. ECRA has proposed a conservation plan that is backed by the implementation of
demand side management (DSM). The plan will save 175 million oil barrels by 2021, and reduce both
electricity consumption and peak demand by 8% and 14%, respectively [72]. The realization of a of Smart
Grid-like modernization philosophy holds the potential for the optimal the use of transmission capacities and
maintenance of the security of electricity supply. Proper penetration of SGTs would reduce network losses
and power outages, control reactive power, and increase system reliability and stability. In addition, using
advanced monitoring and control energy management systems can enhance the conservation and the
efficiency of energy consumed by buildings.

DR is another application that is aimed at reducing electricity consumption, especially at peak hours
of system use. In [27], a simulation of variable price structure and incentive-based methods for possible DR

in the Riyadh region of the Saudi grid is performed. TOU rate and emergency demand response program
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(EDRP) are simulated corresponding to the demand curve of Riyadh region. The simulation shows that the
DR model alters the demand favorably for peak hours of electricity consumption.

Meeting peak demand is one of the main challenges facing the grid. Due to the severe-climate
conditions and the increasing population, peak demand creates an unbalanced load structure that reaches its
highest level for only a couple of hours per day and few days per year. In some events, peak demand increases
to twice the average demand level [28]. SGTs would reduce peak demand and improve asset optimization
[18].

RE resources possess high potential to provide Saudi Arabia with additional generation capacity to
help meet the demand and reduce oil consumption. Moreover, the country is projected to export excess
production of electricity from RE to the neighboring countries [18]. Although the potential of RE in Saudi
Arabia is enormous, most of these resources are scattered in remote areas. Besides that, there is no policy set
in-place to mandate the electric utility to produce a specific percentage of its installed capacity from RE
resources such as the regulation of the renewable portfolio standards (RPS) in the U.S. [116]. Smart Grid
enablers are viewed as crucial tools to facilitate such a plan. Implementing SGT's would boost RE integration
to the grid as well as the integration of distributed generation units (DGs) that serve remote areas [18]. With
the challenges brought by RE integration, the Smart Grid would reduce power intermittency, and improve
power quality and reliability.

SEC has developed a plan to roll-out digital meters to all customers. More than 12,000 automated
meter reading (AMR) units were installed for some key industrial or commercial consumers to set the stage
for variable-tariff implementation. The plan will expand to install 40,000 meters for the future [181].
Automated meters increase the efficiency of meter readings, enable energy balance management in DG,

create dynamic electricity pricing structure, and enable the implementation of DSM.

2.42 COST

Implementing SGTs require a considerable amount of investment. Given the fact that the electricity
market is regulated, investments allocated for SGT's might be questioned. Without feasible justification for

such technologies, the implementation of Smart Grid would be unforeseeable. For example, how far would
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SEC be willing to provide its customers with instantaneous monitoring and active control for their electricity
consumption? The absence of market competition reduces the likelihood of the realization of these
technologies.

Moreover, funding projects associated with SGT's would be a challenge. SEC has no control over
tariff stipulation. Therefore, it might not be able to allocate the proper amount of investment for these

projects.

2.4.3 RISKS

By being a market dominator, SEC might not acquire the motivation to undergo Smart Grid
implementation projects, which might lead to underestimating plans for grid modernization, or at least to
partially implementing SGTs. Partial implementation might lead to system instability and increase in electricity
prices.

Within the bundled structure, even with SGT's being enabled, the overall market mechanism might
not help SEC meet the increasing demand and improving system efficiency and stability. Although SGTs
would facilitate RE integration, the cost of the kW produced by these resources is yet not comparable with
the subsidized price of the domestically produced oil. In fact, SEC is granted provision of oil for electricity
generation in which the marginal cost of the barrel of oil provided is less than or equal to the actual marginal

cost of US $5 per barrel [25].

2.5 SECOND SCENARIO: DEREGULATING THE MARKET WITHOUT THE

PENETRATION OF SGTs

This scenario presents a deregulated matket, however, without the penetration of SGTs. The
scenario depicts the idea of market reform without advancing the infrastructure with SGTs.

2.5.1 BENEFITS

Unbundled market structure would create a deregulated market where distribution companies and
producers discover an equilibrium price and quantity of production. Deregulated structure improves market

efficiency as every entity in the market would optimize its operations for the sake of profit maximization. By

37



implementing this scenario, the market regulator would apply a balanced tariff setting structure in which the
service providers can attain a reasonable profit. One of the main advantages of market deregulation is that a
wholesale market for electricity will be structured, which would encourage RE producers as well as relatively

small DGs to enter this market.

2.5.2 COST

Deregulating the market would create dynamic pricing mechanism leading to fluctuation in electricity
prices in which the price is impacted by economic market conditions and market mechanisms. Improper
exploitation of market power by one or more market players could arise leading to price manipulation.

Another cost associated with this scenario is that incurred by system operators to maintain system stability.

2.5.3 RISKS

This scenario would create a market without a modernized grid. SGTs are crucial to improve grid
stability and facilitate market deregulation. Improper deregulation may collapse the grid. An example of that is
when the state of California unsuccessfully deregulated electricity market in 1998 leading to the energy crisis
of 2000-2001 [93]. In a deregulated market, profit margin should be high enough for market players to
compensate their costs and justify the risks associated with their investments. Enabling Smart Grid
applications would assist these players to reduce their costs and optimize operations [93]. The absence of real-
time monitoring, control, and communication would hurdle information transfer, load balancing, and DSM
among market players and system operators. In a fully deregulated market structure, DGs like microturbines,
solar cells, and wind turbines may be allowed to participate in the retail market. Therefore, meeting demand-
supply balance would be a challenge requiring real-time monitoring and DSM. Partial deregulation of
electricity market is yet another risk.

On the transmission system, SGTs such as phasor measurement units (PMUs) and wide area
management system (WAMS), along with flexible AC transmission systems (FACTS), are major tools used to
maintain the system stability and security of supply [93]. However, their ownership, location, deployment, and

compensation for use needs to be handled equitably in a market scenario.
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In general, this scenario presents a contradicting case in which market structure heads in one
direction, while grid modermization heads in another direction. This scenario would create conflicts and
complexity and may eventually compromise system reliability and stability. If the Saudi grid infrastructure is
to follow this scenario, a smooth and continuous transition is required to maintain system reliability and

stability.

2.6 THIRD SCENARIO: DEREGULATING THE MARKET AND ENABLING THE

PENETRATION OF SGTs

This scenario presents a fully modernized structure in terms of market deregulation and grid

advancement. It considers a deregulated market that enables the penetration of SGTs.

2.6.1 BENEFITS

As discussed in the previous scenario, a deregulated market structure would improve energy
conservation, and reduce consumption. Transforming the market from being served by a government-owned
entity to a deregulated market would increase market efficiency. In addition, enabling SGTs, as mentioned in
the first scenario, holds the potential for enhancing information transfer, improving DSM, and increasing
system reliability and stability.

Electric utility deregulation has been successful in some markets like PJM in the United States.
Because of the proper deregulation along with the proper penetration of Smart Grid, the electric rates in
Pennsylvania dropped from 15% above the U.S. average to 4.4% below the average [93].

DGs possess a high potential for the Saudi grid to meet the growing demand so long as enabling
technologies for the Smart Grid are deployed concomitantly with the penetration of DGs. Microgrid is a
concept evolved from the notion of integrating DGs so that the collection of DGs, end-user loads, and other
assets can act as a single controllable unit in either the islanded or grid-paralleled mode [102, 103, 120], for
performing special functions such as in disaster recovery or coordinated DR. Microgrids also possess the
potential to supply electricity to loads in remote areas where the transmission network may not be readily

available. The benefits of RE sources may also be highly exploited with the concept of microgrids. Microgrids
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can also provide different types of ancillary services to the grid like voltage supportt, frequency regulation, and
harmonic cancellation [116]. For microgrids to be fully compatible with the wide-area grid, many enabling

technologies (e.g., distributed control and protection systems, and advanced power electronics) must be

deployed [116].

2.6.2 COST

Cost associated with the implementation of this scenario could be enormous. This cost includes the
deployment of the infrastructure for SGTs, the cost incurred by various market entities due to the
fluctuations in electricity prices, and the premiums (hedges against risks) handled by a system operator in
order to maintain system stability. If such a scenario were to be implemented, there would be tremendous
amount of efforts toward enacting regulatory frameworks and setting Smart Grid protocols and standards.

The transition to this scenario should not take place at once but through multiple planned steps.

2.6.3 RISKS

Past practices undertaken by some electric grid markets, such as the state of California, show that
deregulating electricity market without implementing advanced technologies capable of modernizing the grid
to fit such a deregulated structure may cause crisis and may collapse the system [93]. Subsidies in oil price are
yet another challenge that might turn down the opportunities for RE sources and DGs to enter the market.
Other factors associated with market deregulations, like exploitation of market power by one or more players,

partial deregulation, and improper deregulation, are potential risks when applying this scenario.

2.7 PATH FORWARD

Modernizing the grid infrastructure in Saudi Arabia with SGT's and/or matket deregulation should be
justified by the needs of the grid. Multiple sources in the literature have analyzed different practices
performed in some regions with regard to Smart Grid implementation. The U.S. and Europe, for example,
followed different approaches to develop and improve smart technologies in electric grid systems. The Smart
Grid initiative in the U.S. is backed by national needs to secure energy provisions, meet demand, and reach

energy independence. In Europe, on the other hand, there has been a need to improve the interconnected
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network that is comprised of 34 countries. The Smart Grid initiatives in Europe have been motivated by the
environmental impacts of greenhouse gas (GHG) emissions caused by energy production [104].

Real-time monitoring, RE deployment, energy storage, and DR would help the Saudi grid meet the
increasing demand. In the transmission system, PMUs and WAMS can enhance system communication and
detection capability of service interruption [77].

Modernizing the Saudi grid requires initiatives and policies to propel the inclusion of SGTs and allow
a deeper penetration [104]. These policies must be motivated by concepts of innovation, energy conservation,
sustainability, market efficiency, and security of energy supply [104]. To grasp the benefits of SGTs, the Saudi
grid must first acquire the enabling tools for successful implementation and deployment like DGs, energy
storage systems, DSM, distribution automation and protection, and communication systems.

This chapter serves as groundwork for future econometric analysis exploiting the scenarios presented
earlier. The econometric analysis helps identify the proper model for the future Saudi grid infrastructure that
achieves targeted outcomes in terms of security of energy supply, energy conservation, reliability, stability, and
grid modernization. The proposed econometric analysis will provide a platform for the decision-making
process towards specifying the future Saudi grid with respect to the two dimensions: market deregulation and

the penetration of SGTs.

2.8 CONCLUSION

The electric grid system in Saudi Arabia is undergoing a national plan to reduce the growing demand
in electricity, improve energy conservation, diversify energy resources, and enhance grid reliability and
stability. Different prospect scenarios for the Saudi grid are examined with respect to market deregulation and
the penetration of SGTs. The chapter draws insights about proper future path towards grid modernization.

The chapter shall serve future econometric modeling and cost-benefit analysis.
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CHAPTER 3

EX ANTE COST-BENEFIT ANALYSIS FOR OPTIMAL DEREGULATION OF
ELECTRICITY MARKETS?

3.1 INTRODUCTION

Several electricity markets around the world have undergone a deregulation plan to modernize the
infrastructure of the grid. Deregulation in electricity markets is unbundling the generation sector from the
delivery sectors of the electric power industry, and directly implies a reform action [3]. In several countries,
electricity generation assets and matrkets are owned and operated by government entities; such an
infrastructure is termed vertically integrated [94].

Government ownership of electricity markets has emerged from the notion that vertically integrated
matrkets produce suboptimal supply-demand balance. This notion rests on some bounds: firstly, electric grid
projects require large investments that only governments can afford; secondly, the cost of electricity
production is characterized by economies of scale, creating a natural monopoly in the market; and, finally, it is
perceived that the reliability of supply increases when the coordination of investment planning, stand-by
capacity, operations, and maintenance is performed by one entity [94].

Advocates for the deregulation of electricity markets, however, believe that deregulation creates a
competitive market, improves efficiency, and reduces cost. It also improves incentives by reallocating
property rights from public to private sectors. It may also change the objective functions of operators faced
with private sector initiatives. The presumed gain depends on the quality of regulatory framework set in place
[85, 95].

Electricity market restructuring process is often accompanied with some adversities such as: (a) the

shift of ownership from government to private sector may impacts technology, the economy, and the society;

2 This chapter is extracted verbatim from “Ex ante cost benefit analysis for optimal deregulation of electricity markets,” proceedings of IEEE
Power and Energy Society General Meeting, Boston, MA, 2016.
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(b) new entities may emerge in the market and change the market’s technical and financial characteristics; and,
(c) the operational procedure might change as private ownership demands a more competitive practice. As a
result of these changes, new regulatory policies, standards, and practices arise [85, 96].

In the U.S., the philosophy of deregulated markets started on the 1970s when the economist, Milton
Friedman, advocated government interventions. This led to increasing consolidation among companies.
Number of industries were deregulated including aitlines, telecommunications, energy, and transportation.
Before that, financial and banking systems encountered certain level of deregulation. The idea of deregulation
was promoted by improving competitiveness of the matket, which would result in economic growth, better
service, and lower costs. Ultimately, the deregulation caused some companies to flourish and other to fade.

It is argued that deregulation of electricity markets would increase prices on consumers. Before
deregulation, utilities, or electricity generators, set their prices by estimating the weighted average cost of
production. Therefore, they receive their costs plus an allowed return on capital. After deregulation, electricity
generators set the price based off the most expensive generator whose input is necessary to meet the demand,
which is the marginal cost of production. It is argued that during regulation the price of electrical energy is
relatively low during shortages, and relatively high during relative abundance.

From consumers’ perceptive, electricity prices during deregulation may be lower than prices during
regulation. The reason behind that is that during regulation, consumers are paid for capital cost of power
plants during high-peak and off-peak periods, which means consumers pay for power plants that are idle
during off-peak demand [101].

The chapter proposes an optimization model aimed at improving the decision-making process of
deregulating an electricity market. GW, which is defined as the sum of the net consumers surplus and of the
producers profits, is chosen as the criterion on which the decision of deregulating a market is based. The
contribution of the chapter is embodied in employing electricity network efficiency as a parameter to model
an ex ante setup. Non-ideal price elasticity of demand is also considered for the same purpose. We assume that
the price elasticity of demand is constant. A formulation of the optimization problem serves as a ground for

conducting a CBA. This analysis helps decide whether the deregulation is worthwhile or not.
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The rest of the chapter is organized as follows: section 3.2 provides a literature review on measuring
the impact of deregulating electricity markets; Section 3.3 introduces the concept of CBA; Section 3.4
discusses the proposed model; Section 3.5 discusses the formulation of the optimization model; Section 3.6
discusses the application of the model to the Saudi electricity market; Sections 3.7 and 3.8 present the results

and a sensitivity analysis, respectively; and, Section 3.9 concludes.

3.2 IMPACT OF DEREGULATING ELECTRICITY MARKETS

Techniques used to measute the impact of the deregulation of electricity markets assume that
deregulation will result in positive and negative impacts on either one or all facets, ie., technical, economic,
and societal. Reference [87] identifies two methods to analyze that impact. The first method assesses the
impact from actual occurrences, or the so called ex post. The second method tries to predict the potential
impact based on some historic trends. The latter method is called ex ante. Both methods require a wide range
of variables at the initial stage of analysis. Reference [97] compares electricity prices and costs to assess the
impact of market deregulation. However, this method faces a strong criticism; it does not address social
benefits, i.e., surplus of producers, and consumers.

Some studies have examined the financial performance of deregulated market entities including net
income and the performance of the share prices. This approach is discussed in [88, 98]. Other studies used
return on assets (ROA) and a country’s GDP as indices to track the changes [89]. However, these approaches
do not consider GW. Profitability does not necessarily imply that an electricity market becomes better.
Moteover, a country’s GDP might increase or decrease because of several factors, none of which may relate
to electricity market deregulation.

Some other studies have examined the productivity impact of deregulation using either labor
productivity or total factor productivity [88, 91, 92, 159, 183]. This approach has also some shortcomings. In
essence, it is hard to measure capital inputs accurately considering frequent changes in environmental
regulations, technology, and services. It is also hard to untangle cause and effect. Therefore, this approach

does not appropriately consider GW [84].
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Other studies, like [90], measure the effect of deregulation on productive efficiency using frontier
methodologies, suggesting that privatization either moves market entities closer to the efficiency frontier
(efficiency change) or moves the frontier quickly (technical change). This approach distinguishes between
technical changes and changes in efficiency as opposed to the previous approach. However, it still suffers the
same drawbacks of the previous approach [84].

Finally, other studies apply CBA for market deregulation with valuable outcomes. CBA does not only
consider real variable of interest, but also social cost and benefits. Several researchers adapt this approach in
an ex post framework. Therefore, these studies leverage abundant data available after the deregulation.

However, these studies are incapable of measuring CBA for market deregulation in ex ante basis.

3.3 CBA

This chapter presents an approach to create an ex ante model serving to examine the CBA for the
deregulation of a vertically integrated electricity market. The proposed approach constructs a CBA model
assuming that there would be no change in policy or market environment. It also assumes data related to such
a market before deregulation is available. The proposed approach would eventually result in a counterfactual
model of a deregulated electricity market.

CBA is an applied economic tool that considers benefits and costs associated with the application of
a program, a project, or a setup. CBA serves as a tool to compare multiple alternative setups and to choose
the one that maximizes GW. CBA weights costs and benefits against economic values [57].

CBA is considered to calculate the change in GW after market deregulation. GW, a metric used to
determine the worthiness of market deregulation, quantifies the overall benefits obtained from the
deregulation [44]. The metric is represented as an annual change in GW considering 7 (the discount rate) and

a shadow multiplier as shown in (3.1) [99].

AW = Z pt[AS(t) + A,41(D)] 3.1)
t=0
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The change in global welfare (AW) determines whether the market should undergo a deregulation or not. 4,
is used to adjust the effect of money “worthiness” in GW calculations, and to adjust commodity prices in the
cost-benefit calculation. Electricity prices under government operations may be regulated, subsidized, or
price-capped. A, links the price to governmental intervention. A8 () and AII(}) represent the change for year
(9 in consumers surplus and producers surplus (before tax), respectively. Equation (3.1) provides an estimate
of how much a society would gain from market deregulation. Market deregulation is not considered unless
AW > 0. Further, the equation is used to choose among multiple alternative prospect setups.

The value, o, equals to (1 + )71, where ris the discount rate (i.e., the interest rate that determines
the present value of future cash flow). A low interest rate indicates governments, through centralized banks,
try to promote economic growth, and a high interest rate shows that governments try to reduce the amount
of money in the economy in order to reduce inflation pressure. Discount rate indicates how risky and
uncertain a proposed project or plan is. The greater the discount rate, the riskier and more uncertain the
project would be and vice versa. Discount rate represents how much a society is willing to give up now, from
its current consumption, in order to receive a given increase in future consumption [140].

Equation (3.1) is used to calculate AWV considering the present value of the sum of the changes in
consumers surplus and producers surplus evaluated at 4, We assume that changes in wholesale prices are
translated into equal changes in final consumer prices, since we are interested in measuring the impact of
competition on performance. The assumption ignores any tariff structure or efficiency gains set in the
distribution sector. We also assume tax revenue collected by government and tax exposed on private sectors
are ignored.

Since the estimation of future variables is not always easy, some assumptions are necessatily
considered. Reference [99] assumes that AS5() and AII(?) are constant over time and accrue in perpetuity.

Therefore, equation (3.1) is simplified to

1
AW = = (AS + Ag AIT) (3.2)

46



In general, the theoretical approach for CBA is to calculate the present discounted sum for the consumption
stream. However, this theoretical method is not easy to implement in practical applications because it requires
a construction of a general equilibrium model that calculates an entire future stream of consumption for every
policy [99]. Therefore, for practical applications, a partial equilibrium approach that identifies two different

net benefits (consumers benefits and producers benefits) is adopted.

3.4 MODEL PARAMETERS

The two key values that determine costs and benefits associated with markets deregulation are ¢, and

P,. We can derive AL collected at government and private operations such that;

All =11, — 1 (3.3)
where;
My = Qq4(Py — Cg) (3.4)
and
M, = Qp(P, — Cy) 3.5)

In the previous two equations, producers surplus is calculated by multiplying the quantity sold by the
difference between selling price and average cost of production. The values, P, C, and Q, pertain to the status
quo; therefore, I'l, can be calculated before market deregulation. The change in consumers surplus, AS, is
represented as S, — S;. Similar to I, S, can be calculated before market deregulation as it pertains to the
status quo.

In order to calculate S}, the demand curve is represented as a linear demand curve as shown in

Fig. 3.1. 5, is simply the area under curve limited by P,, or;

1
Sp = E Qp (Peo — PP) (3.0)
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where P, is the choke off price at which the quantity sold, {,, is zero. The choke off price helps determine

the intercept of the linear demand curve. The inverse demand function is represented as,

pP=

S Q

(3.7)

S Q

where « is the intercept, and 4 is the slope.

Pl:!}

}and Curve

Qp

Fig. 3.1 Linearized Demand Curve of the Market after Deregulation

The price elastcity of demand, &, links the price offered to the quantity sold. It is the ratio of the
change in quantity consumed that results from a change in price, or vice versa. This relationship is a valuable
tool to measure the change in electricity markets in terms of price and demand in the short-run and the long-
run periods. For the purpose of this study, only the value of € in the short run is considered because this
study focuses on only the change in market behavior in terms of the price of electricity and the quantity sold
right after market deregulation. In [46], 25 different studies of residential electricity demand are compared
across deregulated electricity markets. In these studies, the short run & varies in [0.03, 0.54], with the
consensus measure around 0.2. In commercial sectors, & for the short run varies in [0.17, 1.18] across multiple
studies. In the industrial demand, there is an agreement on a consensus estimate of 1.3 even though it is

difficult to place much confidence on this value since it is subject to aggregation and location biases [40].
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In [160], the relationship between price elasticity of demand, demand curve, and choke off price is

determined as

AP Q (3.8)

¢=-b3 (3.9)
From the demand curve equation,
Q=a-—bpP (3.10)
if the quantity sold is zero, the selling price is the value of P, which is
a
P, = 5 (3.11)
The term a is obtained as
Ql—2) (3.12)
After substituting the values of a and b into (3.11),
_—(-¢P
Foo =—"7— (3.13)
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According to the previous equation, the value, 4, can be calculated as

P (3.14)

The value, P,, will be replaced by C, because, in regulated markets, P,, does not accurately represent
the real selling price in the demand curve in perfectly competitive market. Considering P, leads to accounting
for subsidies twice in the model; first when considering the subsidized P, and second through A, Therefore,
replacing P, by C, brings the model closer to reality. However, there is a limitation to this assumption. In a
perfect market, the selling price equals the marginal cost of production. In our case, C, is the average cost.
For the sake of simplicity, and since obtaining the marginal cost of production in a regulated market is
challenging, average cost may suffice in this analysis. In fact, in a regulated market, where normally a sole
operator runs the market, the main aim of the operator is to satisfy demand, regardless of the cost of
production since the selling price is either fixed or capped. This mechanism of pricing may justify our
assumption of considering average cost instead of marginal cost. By finding the value of P,, one can calculate

5. Hence, we can substitute the values obtained for P,, G, 05, and §,in (3.2) to calculate the change in GW.

3.5 FORMULATING THE OPTIMIZATION MODEL

An optimization model is proposed to obtain the optimal values of the parameters mentioned in
section 3.4. The optimization problem aims at maximizing AW. If AWV yields a value greater than zero, the
deregulation of the market may be feasible. If we consider a perfect market competition, a drop in GW from
its optimal value must be zero. This drop, called deadweight loss, is defined as the result of the reduction in
the amount traded caused by price distortion [44]. This value is used to determine the competitive perfectness
of a market.

The objective function of the optimization problem is to maximize AW of the electricity market after
deregulation. Equation (3.2) is considered as the objective function as shown in (3.15). The input values of

the model are 7, A,, and the parameters pertained to the market before deregulation. The value, 7, is proposed
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based on the expected cash flow generated by the assets. 4, is calculated as it pertains to the status quo to
represent government subsidies.

From the objective function, the known parameters are S, I'l,, 7, and A,. The unknown parameters are
S5, and I'l,. The latter is represented by three unknown parameters: P,, C,, and @,. Producers will be profit-
seckers in the deregulated market, therefore, P, is assumed to be bounded by P, and G, as shown in (3.16).
Moreover, we assume that the deregulated market is more efficient than the regulated market. Therefore, C,
would be bounded by efficiency improvement limit as shown in (3.17). Efficiency improvement is assumed
based on forecasted modernization in the electric grid after market deregulation. Such modernization is
represented by the introduction of SGTs, which will be discussed in a subsequent research. For the purpose
of the optimization model discussed in this chapter, efficiency improvement level is assumed. Equation (3.18)
states a theoretical inequality constraint where ¢, should not exceed a, which is the quantity sold when the
selling price is zero (See Fig. 3.1). Equation (3.19) states an equality constraint which is the demand curve

equation. The objective function and constraints of the NLP algorithm are given by (3.15) and (3.16)-(3.19),

respectively.
1 (3.15)
J:max (;(AS + AgAl'[))
s.t. Cp <P, <P, (3.106)
1-mCy;<C, <Gy (3-17)
Qp=<a (3.18)
Qp=a—b.P, (3.19)

The value, 7, refers to the electricity network efficiency from technical perspective. The value, S, is

determined by the optimal values of P and (), in which the market-clearing price is achieved. The model
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serves as a basis for the decision-making process of deregulated a regulated electricity market. The following

section presents a case study applying the model on the vertically integrated Saudi market.

3.6 CASE STUDY

The electricity market in Saudi electricity market is encountering a restructuring plan to modernize
the grid. In [48], the authors examined some prospect scenatrios for modernization the electric grid with
respect to two dimensions : the deregulation of the electricity market and the penetration of SGTs. The first
dimension is discussed in this chapter. The second dimension will be discussed in subsequent research. The
data presented in [48] are used to demonstrate the model. The values used are shown in Table 3-1.

Table 3-1. Parameters of the Status Quo Market

Parameters Values
P, (US$) 0.037
C, (US$) 0.213
Q. (TWh) 256.68
I1, (US $ billion) -45.175
Sy (US § billion) 45.108
£ 0.2
Ao 5.71

The proposed (assumed) values of 7and 7 are 10% and 20%, respectively. The optimization problem
is conducted in two setups. The first setup assumes that the initial values of the variables P,, ¢, and ), are
similar to the values of the status quo. The second setup assumes that the initial values of these variables are

all zero.

3.7 RESULTS

3.7.1 INITIAL VALUES EQUAL THE STATUS QUO (SETUP 1)

We notice that producers would make profit as the selling price is higher than the cost of production
after the government subsidies are cut (See Table 3-2). Quantity sold remains unchanged since we consider a

short-run timeframe that does not allow consumers relatively much time to switch to another source of
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energy or adapt new conservation program. AW tums out positive, meaning the deregulation is

recommended under the current conditions and assumptions.

3.7.2 INITIAL VALUES EQUAL ZERO (SETUP 2)

In this setup, we run the model considering the value zero for all three variables. As a result, the
selling price increases, quantity sold decreases, change in producers surplus increases, and change in
consumers surplus decreases (See Table 3-2). This setup is expected to take place in the long run as the initial
values imply. It represents the counterfactual market if it starts from scratch as a deregulated market. Hence,
producers would aim at supplying the minimum possible quantity that fulfills demand. Consumers are more
willing to accept relatively higher prices. The P, in setup 2 is almost three times the value of P, in setup 1. O,
is only 60% of that of setup 1. AW has shrunk 20.2% compared to setup 1. The results of both setups are
shown in Table 3-2.

Observing how the model inputs affect AW, we find that it increases as ¢ and r decrease. This is
expected since when ¢ increases, the lost demand from supply-demand mismatch increases, therefore, GW
decreases. r represents how risky a setup is. As r increases, the forecast outcomes decrease. On the other
hand, AW increases as A, and 7 increase. When government subsidies increase, there would be a greater room
to optimize the market. Increasing n would also expand the limit to which C, improves, which consequently
increases AW.

The relatively large value of AW is justified by the assumptions made eatlier. In reality, in a
deregulated market environment, certain costs are imposed on some market players. Such costs include the
fees of independent system operators, the cost of transmission capacity constraints, taxes, and market price
fluctuations. All these costs are ignored in our model. Therefore, we would recommend the value of AW to
be much larger than zero in order to accommodate for expected extra costs that would account for the

deadweight loss and consequently reduce the value of AW.
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Table 3-2. Optimization Results

Parameters Values (Setup 1) Values (Setup 2)
P, (US$) 0.21 0.64
C, (US$) 0.1706 0.171
Q, (TWh) 256.68 154
P., (US$) 1.28 128
a (TWh) 308 308
IT, (US $ billion) 10.95 72.28
S, (US § billion) 136.89 49.28
AIT (US $ billion) 56.12 117.45
AS (US § billion) 91.78 4.17
AW (US § billion) 1,512.39 1,205.75

3.8 SENSITIVITY ANALYSIS

The sensitivity analysis shows the values of reduced gradients for the variables P, G, and 0, in both
setups equal zero (See Table 3-3). A reduced gradient value shows how the objective function would change
if the variable value increases by 1. This means that the variable value may not be changed. The repozt also
shows the values of the Lagrange multiplier which indicates how the objective function would change if the
constraint increased by 1 (See Table 3-4). The Lagrange multiplier equals zero if a constraint is not binding. In
our case, there are two binding constraints.

When looking at variables limits, we notice that the lower and upper limits equal the optimal limit for
P, and @, which means these variables cannot be changed without affecting the optimal solution or violating
constraints. C, is driven to the lower limit. However, one might think this finding contradicts the finding
obtained by the reduced gradient of C,, which is zero. This is because G, is included in one of the constraints.
Therefore, the value of C, does not only affect the variable value, but also the constraint. This finding shows

that the value of 7 plays an important role in increasing AW.
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Table 3-3. Sensitivity Analysis of Variables

Setup 1
Parameters Original Final value Redu.ced Lower limit | Upper limit
value gradient
P, (US) 0.04 0.21 0 0.21 0.21
G, (US) 0.213 0.171 0 0.171 0.213
Q, (T'Wh) 256 256 0 256 256
Setup 2
P, (US) 0 0.64 0 0.64 0.64
G, (US) 0 0.171 0 0.171 0.213
Q, (TWh) 0 154 0 154 154
Table 3-4. Sensitivity Analysis of Constraints
Setup 1
Constraints Constraint no. Status Slack Lagrange multiplier
P, = P, 1 Not binding 1.0666 0
C= P, 1 Not binding 0.04266 0
C=GC, 2 Not binding 0.04266 0
(1-n)Ce= C, 2 Binding 0 1,466 x 10°
Q=4 3 Not binding 51.3 x 10° 0
Qp = a-b.P, 4 Binding 0 6.09523
Setup 2
P, = P., 1 Not binding 0.64 0
C= D, 1 Not binding 0.5693 0
C=GC, 2 Not binding 0.04266 0
(1-nCe= C, 2 binding 0 880 x 107
Qp=a 3 Not binding 154 x 10° 0
Qp = a-b.P, 4 Binding 0 3.6571

3.9 CONCLUSION

The chapter presents a non-linear programming model that optimizes the change in GW as a metric
to evaluate the worthiness of deregulating electricity markets. The model is based on CBA. A case study of
the Saudi electricity market is used for demonstration of the approach. The results show how AW is impacted
by the initial values and the model parameters. Sensitivity analysis is performed to examine how the reduced

gradients and the Lagrange multiplier are impacted by the variables and the constraints.
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CHAPTER 4

A FUZZY ANALYTIC HIERARCHY PROCESS ALGORITHM TO
PRIORITIZE SMART GRID TECHNOLOGIES FOR THE SAUDI
ELECTRICITY INFRASTRUCTURE?

4.1 INTRODUCTION

The modernization of electricity grid infrastructure occurs in several stages of improvement and
upgrades as evidenced in multiple electricity infrastructures across the wotld. In some grid systems, the focus
has been on upgrading the infrastructure of assets and renewing the devices and machines, which are the
backbone of the grid. In some other grid systems, the focus has been on improving the level and depth of
inter-communication and control among grid sectors, namely generation, transmission, distribution, and
consumers. In other electricity infrastructures, electricity markets were given much more attention by
liberalizing the market and enabling two-way communication means between service providers and
consumers.

Grid modernization is an essential goal towards an efficient, reliable, economic, and stable grid.
Smart Grid plays an important role in grid modernization. Smart Grid, differing from the traditional grid,
establishes an infrastructure that makes the grid capable of achieving certain goals such as increased
observability and controllability of assets for enhanced performance and security. Smart Grid also holds the
potential for reduced costs of operations, maintenance, and system planning. Ultimately, the grid will acquire
the capabilities of self-correction, reconfiguration and restoration, and handling randomness of loads and
uncertainty of renewable sourced generators, and real-time market participants [117].

This chapter addresses the penetration of SGT's for improving the performance of the electric grid.

Many studies conducted to measure the benefit-to-cost ratio of technical aspects of the Smart Grid concluded

3 This chapter is extracted verbatim from “A fuzzy analytic hierarchy process algorithm to priotitize Smart Grid technologies for the Saudi electricity
infrastructure,” under review for publication with journal, May 2017.
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that the ratio is about 4:1 to 6:1 [119]. However, the concern is which technologies should be given the priority for
implementation considering the current status and challenges facing an electricity infrastructure.

From a planning perspective, designing policies that establish a pathway for transitional
modernization for the electricity infrastructure is not straightforward. Decision making in electric power
systems is faced with multiple quantitative and qualitative elements. In such environments, decision makers
deal with several policies that should be examined and investigated using multiple attributes. This chapter
proposes an MCDM framework using fuzzy AHP to prioritize the relative importance of candidate SGTs for
clectricity infrastructures. The framework is demonstrated on the Saudi Arabian electricity infrastructure
through a case study presented in this chapter. One reason for choosing the Saudi electricity infrastructure is
that the energy sector in the country is expected to encounter major reforms. The Saudi Council of Economic
and Development Affairs has introduced the Saudi Vision 2030 [74]. It is an ambitious and comprehensive
blueprint that expresses the country’s long-term goals and expectations until the year 2030 for reinforcing and
diversifying the capabilities of the country’s economy. To achieve these aspirations, the Council has already
launched many transformative programs that have paved the way for the Saudi Vision 2030. One of these
programs is the National Transformation Program [74], introduced in April 2016, which is established to
examine the role of the government agencies in implementing the policies required for delivering on national
priorities. The National Transformation Program aims at establishing initiatives that have clear performance
indicators to track the implementation of the Vision 2030. This program outlines the policies required for
electricity infrastructure modernization, addresses challenges, and sets the targets to transform the grid from
its status quo to a modernized version. In line with the implementation of the National Transformation
Program, this chapter aims to provide policy makers with an econometric framework and analysis for a future
transitional modernization of the Saudi electricity infrastructure.

Another reason for choosing the Saudi electricity infrastructure as a case study is that the
infrastructure is facing several challenges in delivering reliable, continuous, and economic electricity to its

consumers. Further details about these challenges are discussed in section 4.5 of this chapter. The chapter
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proposes a prioritized penetration of SGTs to enhance the reliability and stability of the electricity
infrastructure, and mitigates the impact of the technical and economic challenges.

Initially, we introduced a framework to modernize the Saudi electricity grid. The framework proposes
that grid modernization is to be achieved through two dimensions. The first dimension is to deregulate the
clectricity market. The second dimension is to allow the penetration of SGTs. A complete overview of the
framework proposed by the authors can be found in [48]. The framework takes into consideration technical,
societal, and economic aspects related to such a modernization effort. The approach offers a comparison
between different scenarios by employing cost-benefit analysis and risk assessment. The framework
introduces a tool to chart a roadmap for transitional modernization of the grid for policy makers. While the
case study presented in this chapter is on the Saudi Arabian electricity grid, we believe the framework and
analysis are generic enough for use by policy makers of other infrastructures, albeit with appropriately
changed inputs.

The first dimension is modeled by building a NLP algorithm. The algorithm models the mechanism
of deregulating the electricity market and estimating GW. The efficiency of the electric network is considered
in an ex ante setup. The study shows that deregulating the market is expected to increase producers profits
because the selling price is expected to be higher than the cost of production after the government subsidies
are cut. Level of electricity output sold is expected to remain unchanged since we consider a short-run
timeframe that does not allow consumers relatively much time to switch to another source of energy or adapt
new conservation program. GW is expected to turn out positive, meaning that the deregulation is
recommended under the certain conditions and assumptions. The complete work relating to the first
dimension can be found in [177]. This chapter analyzes the second dimension. The rest of the chapter is
organized as follows: Section 4.2 defines grid modernization. Section 4.3 discusses the implications of the
term, Smart Grid. Section 4.4 provides a literature review about previous studies addressing electric grid
modernization in Saudi Arabia. Section 4.5 provides an overview about the current status of the electricity
infrastructure in Saudi Arabia. Sections 4.6 and 4.7 provide overviews of AHP, and fuzzy set theory and its

use with AHP, respectively. Section 4.8 presents the problem framework, and discusses the application of the

58



model through a case study for the Saudi electricity grid. Section 4.9 shows the analysis. Section 4.10 presents

the results. And, Section 4.11 concludes and discusses the policy implications of the study findings.

4.2 GRID MODERNIZATION

The power grid infrastructure in many countries across the wozld suffers several challenges such as
ageravated grid congestion driven by uncertainty in supply, especially after the introduction of RE sources [1].
Power transfer over interconnected regions can lead to propagating events of service interruptions. The
increasing trend for grid interconnection creates a large footprint with a more complex system that gives rise
to the importance of grid control and monitoring. From the physical and economic perspectives, power grid
infrastructure suffers investment insufficiency and limitations of rights-of-way for expansion projects. These
reasons ate expected to potentially limit or prevent power grid infrastructures from meeting the increasing
demand of energy. Aging infrastructure is yet another challenge facing power grids. The increasingly frequent
regional bulk power system outages and fuel supply constraints are yet other challenges that lead to complex
operating conditions. Grid modernization is expected to enhance the ability of power grids to adapt to
emerging technologies and applications, like RE sources, DR programs, storage devices, and electric vehicles
1, 2].

Grid modernization implies improving electric grid operability, reliability, and security. It means
different things to different grid systems. Reference [78] defines grid modernization as: increasing automation
and seamlessly integrating data, models, protection, optimization and control of the power grid. In its report
defining modern grid initiatives, the NETL in the U.S. describes the implementation steps required to
transform the current grid to a smarter grid. The smarter grid is characterized by the capability of motivating
and including consumers, providing power quality for the 215t century needs, enabling markets, resisting
attack, accommodating generation and storage options, optimizing assets, self-healing and operating
efficiently. These characteristics are expected to, ultimately, make the grid more agile and intelligent. Also,
these are expected to establish the basis for a reliable, secure, economic, efficient, environmentally friendly,

and safe grid infrastructure [12].
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Technology integration is yet another important aspect of grid modernization that boosts grid
reliability, self-sufficiency, awareness, and decreases carbon footprint. Advanced grid technologies are
comprised of integrated communications along with sensing and measuring equipment and advanced
components such as power electronics, energy storage, microelectronics, and superconducting devices.
Advanced control methods are another facet of technology insertion that enable rapid diagnosis and
appropriate response to events, support market pricing, and enhance asset management [79].

Grid modemization extends to improve the efficiency of electricity market mechanisms.
Modernization calls for creating uniform marginal pricing with no structural bottlenecks in transmission
networks. Moreover, grid modernization aims for removing technical and structural barriers to cross-border
retailers operations [4]. From power substations standpoint, grid modernization implies autonomy,
coordination, digitalization, flexibility, intelligence, resiliency, self-healing, and sustainability [163].

SGTs play an important role in electric grid modernization. Thus, the following section discusses the

definitions and aspects of Smart Grid in more detail.

4.3 SMART GRID

According to the U.S. DOE, Smart Grid is defined as the, “...clctric delivery network, from generation to
the consumer integrated with the latest adpances in digital and information technology to improve the electric system reliability,
efficiency, security, and resiliency” |5]. The U.S. DOE established a federal Smart Grid task force under that
identified objectives to establish an electricity infrastructure for the 21st century capable of providing ample,
cheap, clean, efficient, and reliable electricity supply [9]. In addition to enhancing the reliability, efficiency, and
security of the electric grid, the objectives of the Smart Grid are also expected to reduce of carbon emissions
[80]. The Institute of Electrical and Electronics Engineers (IEEE), using the conceptual model of Smart Grid
developed by the National Institute of Standards and Technologies (NIST), defines seven key domains,
namely bulk generation, transmission, distribution, customers, operations, markets and service providers.
Reference [5] conducted a survey study that examines the definition of Smart Grid undertaken by multiple
government authorities, independent organizations, manufacturers, consultants, and utilities. While the

definition of Smart Grid differs among these entities, there are common technologies encompassed in these
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definitions. These technologies are real-time communications, HVDC systems, FACTS, WAMS and PMUs
infrastructures, improved protection technologies, advanced sensors, various automation and control
software packages, and common communication methods among grid entities.

Smart Grid, differing from the traditional grid, establishes an infrastructure that makes the grid
capable of achieving certain goals such as increased observability and controllability of assets for enhanced
performance and security. Smart Grid also holds the potential for reduced costs of operations, maintenance,
and system planning. Ultimately, the grid will acquire the capabilities of self-correction, reconfiguration and
restoration, and handling randomness of loads and uncertainty of renewable sourced generators, and real-time
market participants [117]. The following section highlights some findings from literature around SGTs

insertion and grid modernization for the Saudi electricity infrastructure.

4.4 LITERATURE REVIEW

While literature research addressing SGT's insertion from technical and economic perspectives in
Saudi Arabia are limited, several studies discuss the challenges facing the Saudi electric grid and the proposed
solutions of introducing SGT's and addressing policy implications. References [18, 65] discuss the importance
of SGTs in hamessing the benefits of untapped RE resources, and optimally integrating them into the grid.
They also describe the attributes of a Smart Grid and how these attributes act as a driving force to modernize
the electric grid. In [45], the authors propose an MCDM model using AHP to prioritize the importance of RE
resources to the energy mix in Saudi Arabia. The assessment was carried out considering technical, economic,
socio-political, and environmental criteria.

Reference [66] discusses the need for SGT's to the Saudi electricity infrastructure. Such technologies
are the ones that deal with (1) the issues and solutions for RE integration, (2) optimization of load
management and DR, (3) energy efficiency, and (4) power quality issues. It also suggests developing Smart
Grid roadmap for SGT's penetration in Saudi Arabia. In [67], some applications of SGTs were demonstrated
to mitigate the accelerating consumption of electrical energy, and improve energy efficiency. The study
suggests that SGT's penetration draws substantial challenges in cyber security, two-way protection, financial

funding, standards, and policies. Reference [38] identifies challenges facing the Saudi electric grid with SGT's
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implementation, and defines functional requirements for SGTs in Saudi Arabia. It also develops a deployment
strategy, and advises in a gradual and timely rolling out of this strategy.

n [62], the author uses an engineering-based residential electricity demand model to analyze the
outcomes of increasing the efficiency in the residential sector in Saudi Arabia. The study further addresses the
issues with the current policies. In [68], a study was conducted in Saudi Arabia to measure the public’s
willingness to use solar energy as the main energy resource in their residences. The results show that high
government subsidies and current policies are the main obstacles to public adaptation to green energy.
Reforming the subsidies and crafting proper policies would enable SGT's and facilitate the introduction of
green energy.

The following section discusses the challenges faced by the Saudi electricity infrastructure. It
highlights the current status of the electricity grid in terms of demand, efficiency, reliability, and market

structure.

4.5 CURRENT STATUS OF THE SAUDI ELECTRICITY INFRASTRUCTURE

The electricity infrastructure in Saudi Arabia is faced with several challenges result from the
impressive growth of the national economy since the 1980s. The country is a high consumer for oil. Saudi
Arabia is the largest oil-consuming nation in the Middle East and, was the world's 12t largest consumer of
total primary energy in 2013 at 9 quadrillion Btu [13]. Domestic consumption represented 2.9 million barrels
per day of oil in 2013, almost double its consumption in 2000. The majority of petroleum consumed
domestically is allocated for transportation fuels and direct power generation by burning [14]. Domestic
energy consumption rose by 4.8% per year on average. If this level of consumption continues in the next
decade, the level of export is expected to reduce significantly and the country will import oil [15]. The primary
energy consumption per capita was 6.8 tonne of oil equivalent in 2009, which is four times higher than the
wortld average [22, 23]. In 2015, electricity consumption per capita in 2015 reached 9,346 kWh. Average
clectrical energy gross rate for the same period is 6.55% [17]. This gross rate is considerably high if compared

to the average gross rate in developed countries, which ranges between 1-2% [18]. This high gross rate
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implies a sharp growth in electrical energy demand, which requires expanding the installed capacity of the
electric grid. The growth in consumption is driven by population growth and improvement in standards of
living, The growth is also driven by strong economic and industrial development. Harsh weather conditions
and economic policies calling for diversifying energy-intensive industries, and highly subsidizing energy prices
are yet major drivers for the growth [19].

As a result of rapid increase in demand, the network is encountered with service interruptions, low
generation capacity reserves, depletion of resources, high peak demand, and capital investment. In some
events in summer seasons, peak demand increases to twice the average demand level [17, 28]. Peak demand
has been growing at an average rate of 6.5% per year for the period of 1990 to 2015 [17]. If the current trend
of electricity consumption continues, domestic consumption of oil is expected reach more than eight million
barrels by 2030 [14].

Electricity production in Saudi Arabia depends only on fossil fuels. Such a scenario impacts the
national security of the country. One reason is that fossil fuels are depleted resources. Another reason is that
output generated is not commensurate with energy used. Additional consumption of fossil fuel builds a
significant opportunity cost against the potential sale of oil in the international market [25, 38, 39]. RE
production is absent so far. The country needs to diversify energy production and exploit its RE resources.
Saudi Arabia has the potential to exploit RE resources specially concentrated solar power, solar photovoltaic,
wind energy, geothermal energy, and waste-to-energy for electricity generation |25, 40].

The sharp increase in energy consumption backed by fossil fuels has led cumulative carbon dioxide
level to increase in recent years [47]. Saudi Arabia's share of carbon emissions worldwide in 2008 was at the
14t place, or a 1.54% share of worldwide emissions, with 118 million metric tons of carbon emissions [23].
Saudi Arabia is ranked the 21 among countries with the highest CO, emissions per capita in 2006, and the
16t by total CO; emission at 438.25 million metric tons of CO;. The level of CO; intensity has risen by 2%
per year since 2000 [23].

As mentioned eatlier, high government subsidies placed for electrical energy prices are ones of the

main drivers of the sharp increase in demand. The electricity market in Saudi Arabia is vertically integrated.
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Such an organization has led to a fixed price structure [44]. Government subsidies for electricity generation
were US $40 billion in 2014 [16]. In other words, government subsidies account for 82% of the cost of
electricity production, which makes the rate of electricity prices in Saudi Arabia one of the lowest rates in the
wortld. Saudi Arabia is ranked second worldwide in government subsidies provided for domestic energy prices
[45]. Average cost of kWh paid by consumers is US $0.037, while it costs US $0.213 [28]. Low market prices
driven by high subsidies discourage consumers to conserve energy and engage in DR programs. Thus, price
clasticity of demand is low. Based off empirical studies, non-ideal price elasticity of demand in the Saudi
electricity market is found to be 0.04 which means that the demand for electricity is inelastic in the short run
[24].

Another challenge facing the Saudi electric grid is the considerable percentage of losses driven by
power quality issues. Demand for air conditioning load has grown significantly over the last years especially in
summer seasons when air conditioning represents about 80% of the total system load. Such a growth has
posed a serious issue in the network. Delay in voltage recovery following fault events has increased due to
highly inductive loads, which is represented by air conditioning motors. This leads air conditioning motors to
stall during voltage recovery periods after fault occurrence [30]. As a result of these events, the network
suffers network losses in energy delivered ranging between 8 and 9% ecach year [17, 38]. Aside from air
conditioning load, the network is facing several outages and interruptions due to unplanned outages,
overload, and generation failure. Fig. 4.1 shows three reliability indices for SEC, the main electricity provider
in the country, netwotk for the period of 2010-2015 [17, 43]. All three reliability indices show network

reliability is detetiorating over the last years.
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Fig. 4.1 Reliability Indices for SEC Network

Equipment aging is yet another challenge facing the Saudi electric grid. The economic life of several
generation units has reached its end. The retiring units have to be replaced by new ones in order to maintain
system efficiency, meet increasing demand, and reduce losses [41, 42]. The following section introduces AHP,
one of the MCDM methods, which is applied along with fuzzy sets to prioritize the importance of SGT's to
the Saudi electricity infrastructure.

Decision making in electric power systems, faced with multiple quantitative and qualitative elements,
is a vital aspect in grid modernization. In such environments, decision makers deal with several scenarios that
should be examined and investigated using multiple attributes. The following section introduces AHP, one of
the MCDM methods, which is applied along with fuzzy sets to prioritize the importance of SGTs to the Saudi

electricity infrastructure.

4.6 AHP

AHP is a popular MCDM method that can handle unstructured or semi-structured decisions with
multi-criteria inputs. AHP is used in making decisions that involve ranking, selection, evaluation,
optimization, and prediction. AHP can organize objectives, criteria, and alternatives into a hierarchal
structure. AHP derives ratio scales from deductive and inductive inputs through multiple pairwise

comparisons. Moreover, AHP is one of the few methods that can assess the consistency of the judgment of

decision makers [53, 54, 172, 173].
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The first step of AHP is to model the problem as a hierarchy, as shown in Fig. 4.2, containing the

decision objective, attributes (i.e., criteria), and alternatives used to evaluate the alternatives.

[Grid Modernization] (Objective)

(Alternatives)

Fig. 4.2 Hierarchical Structure of the Problem

The second step is to construct a judgment matrix containing priority weights among the elements
(i.e., criteria and alternatives) based on pairwise comparisons among the elements. The resulting judgment

matrix is a reciprocal matrix of the following structure:

1 Qi 0 Qin
T @)
an1  Qn2 1

where, A is the judgment matrix of the criteria (or alternatives), and a; equals x;/x;. The values x; and x; are
the weight values of elements 7 and j, respectively. 4 and /=1, 2...#, where, 7 is the number of elements. The
third step is to compute a weight vector, x, which represents the relative weights of the elements of the

hierarchy such that,

Ax = ApaxX (4.2)

where, A, is the largest eigenvalue of A. The vector, x, can be obtained by normalizing the principle

eigenvector of A.
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The next step is to assess judgment consistency. Small changes in the reciprocal matrix element might imply a

small change in A,... The deviation of the element from 7 can be used as a measure of consistency as follows,

Cl = Amax — 1 (4.3)
n—1

The matrix is to be consistent if CI=0, where CI is the consistency index. The value of CI can be
compared with a random index (RI) in order to determine if there is any inconsistency in the matrix. RI
generates random values between 0 and 1 that are used to determine if there is inconsistency in the judgment

matrix. Reference [53] derived an equation that determines a fixed value of RI as follows:
n—2

Determining the acceptance of inconsistency, if there is any, can be obtained by calculating consistency ratio,

which is represented by the following equation:

Cl

Consistency Ratio = Rl (4.5)

A comparison matrix is said to be consistent if consistency ratio is below 10% [53]. Otherwise, further
analysis has to be taken to improve matrix consistency, which is out of the scope of this chapter. The
interested reader is directed to the classical references on AHP, [53] and [54], for detailed descriptions.
Notwithstanding its usefulness, AHP is unable to sufficiently account for uncertainty and imprecision
arising from subjectivity that is inherent to the decision makers’ qualitative inputs. Moreover, AHP is mainly
used in applications that are aigp, i.e., cases where the decisions are of the yes-or-70 type rather than of the more-
or-less type [175]. Human assessment of qualitative attributes is innately subjective and imprecise. The

imprecision emerges from decision makers when considering the pairwise relative importance of elements
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[164]. Reference [163] investigates the impact of framing and time pressure on human judgment performance
in a complex multi-attribute judgment task. These limitations in AHP lead to the use of fuzzy logic method,
or fuzzy AHP, that employs fuzzy set theory as an extension to the conventional AHP to capture the
subjective requirements in the problem [165]. The following section presents the fuzzy set theory and fuzzy

AHP.

4.7 FUZZY SET THEORY

As mentioned earlier, judgments of decision makers involve uncertainty and imprecision. Fuzzy set
theory is introduced to AHP to deal with the uncertainty and imprecision. These uncertainties are
transformed into fuzzy sets and integrated into the AHP model. Fuzzy set theory postulates that an element
has a degree of membership in a fuzzy set, which is represented by a membership function. The membership
values of an element vary in the interval [0, 1]. The variation in the linguistic variable values is mapped into
different linguistic classes by the membership function [58, 59].

A membership function for any linguistic variable may be conceived by apriori knowledge of the
linguistic variable, by developing functions with slopes, or by trial and error methods of experimentation [164,
166]. In this study, a triangular fuzzy set is adapted.

Fuzzy numbers are special fuzzy sets. Let us assume a special fuzzy set, A, such that

A= {Cour())]x € X3 (4-6)

where, X is a collection of objects denoted generically by x. The value of x ranges on the real line, B: -0 < x
< +00, The membership function, fi, maps X to the membership space from B to T, where T is a triangular
fuzzy number. T is denoted as T:(/, m, #) where, /is the lower bound, » is the mean bound, and # is the

upper bound of the membership function [167, 175]. The membership function of T is as follows:
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Then, the interval of confidence level, a-cut, is defined. The triangular fuzzy number can be represented as:

Va € [01] T, = [I%u*] = [(m— Da+ 1, —(u—m)a +u] (4.8)

a-cut is a factor that incorporates the confidence of the decision makers over their preference or judgment. It
is determined by experts based on experience and external factors impacting decision-making process [164,
168, 174].

In the conventional AHP, qualitative measurements are transformed into numeric scale to construct
the comparison matrix. Table 4.1 shows the linguistic variables scale proposed by Saaty and used for
conventional AHP [54]. Although the pairwise comparison in the conventional AHP is simple to apply, it
inadequately represents subjective inputs with uncertainty and imprecision. Thus, a fuzzy ratio scale is used
instead, as shown in Table 4.1, to incorporate fuzzy set theory idea to the conventional AHP scale [166].

Fig. 4.3 shows the membership function of triangular fuzzy numbers [164, 169].
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Table 4-1. Numeric Scales for Conventional AHP and Fuzzy AHP

Conventional AHP scale Definition Fuzzy AHP scale | Membership function
1 Equal importance 1 1,1,1)
2 Weakly more importance 2 1,2,3)
3 Moderate importance 3 (2,3,4)
4 Moderate plus importance 4 (3,4,5)
5 Strong importance 5 4,5, 0)
6 Strong plus importance 6 (5,6,7)
7 Very strong importance 7 6,7,8)
8 Very very strong importance 8 (7,8,9)
9 Extreme importance 9 8,9,9)

i (x)
[
ol__L_2 3 % 5 & 7 % 9
0= === = — - A - - 1 - -
» Intensity of
. 1 5 3 i 5 o 7 i 9 importance

The procedure of fuzzy AHP approach starts with comparing elements, as explained in section 4.6 in

the conventional AHP. Equation (4.1) is modified to contain fuzzy numbers as follows:

Fig. 4.3 Membership Function for Triangular Fuzzy Numbers

1 ady ain
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I : 1
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Then, the fuzzy eigenvalue is solved using the fuzzy version of equation (4.2):

Az = AmaxX (4.10)

After that, a-cut is assigned with a value. The fuzzy numbers are then represented by their upper and lower
limits using equation (4.8), for 0 < a < 1, and all 4 and /. For example, if the value of a is 0.5, and the fuzzy

number is 3 , the operation of obtaining the upper and lower limits with respect to a is shown in Fig. 4.4.

tr(x)
A

- Intensity of
importance

Fig. 4.4 a-cut Operation on Triangular Number

After that, the triangular fuzzy numbers are defuzzified. There are multiple ways to defuzzify fuzzy
numbers. However, there is no systematic procedure for defuzzification [170, 171]. In this study, the
geometric mean of the upper and lower limits of each T is computed to defuzzify the numbers. The
geometric mean is less affected by skewed data, which might be present in the triangular representation of
fuzzy numbers. After defuzzification, the consistency ratio is calculated for each judgment matrix, as
explained in section 4.6 with the conventional AHP. An application of the fuzzy AHP to determine the most

important aspects of SGTs that lead to the modernization of the Saudi electricity infrastructure follows.
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4.8 PROBLEM FRAMEWORK

The authors propose an econometric analysis that examines prospect scenarios for a modernized
Saudi electricity infrastructure with regards to two dimensions. The first dimension is the deregulation of the
electricity market. The second dimension is the penetration of SGTs. While the model framework of the
econometric analysis is described in [48], the first dimension is described and analyzed in [177]. This chapter
analyzes the second dimension. Allowing the penetration of SGTs and applications is, undoubtedly, an
important driver for grid modernization. Thus, the aim of analyzing the second dimension is offering a
framework that prioritizes candidate SGT's based on their importance considering the current characteristics
and future targets of the Saudi electricity infrastructure. Moreover, the framework examines the implications
on the policies designed for electricity infrastructure modernization.

To achieve such a goal, there is a need for computational tools having the capacity to frame decision-
making process, to involve socio-economic factors, and to include objective and subjective inputs. Therefore,
an MCDM method is implemented to carry out both deductive and inductive thinking and make numerical
tradeoffs [118]. The authors believe that fuzzy AHP is an approach for addressing this problem. Fig, 4.2
shows the hierarchical structure of the problem.

The decision objective of this analysis is to modernize the Saudi electricity infrastructure by the
allowing the penetration of SGTs. The criteria, which are the attributes used to evaluate the alternatives, are
derived from the Saudi National Transformation Program [74]. Table 4.2 shows the criteria adapted from [74]

and used for the analysis of this chapter. Table 4.2 also shows the KPIs used to measure each criterion.
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Table 4-2. Problem Criteria and KPIs

Criteria KPIs
CR1 Increase fuel utilization efficiency Efficient utilization of fuel in power generation
CR2 Enhance primary sources Percentage of generation capacity reserve
CR3 Enhance supply security Average number of ou':rg;safrcl); Eﬁ;e than 5 minutes in the
CR4 | Improve quality of electricity service Average time of electricity outage
CR5 Increase service coverage Percentage of population covered by electricity service
CR6 Privatization of electricity sector Percentage of power plants through strategic partners
CR7 Reduce fuel consumption emissions Percentage of reduction in CO; emission nationwide
CRS Enable RE to contribute to national Petcentage of RE to total energy used

energy mix

As mentioned earlier, the alternatives of the problem are the candidate SGTs. These technologies can

be identified from technological, application, or infrastructural standpoints. The authors decide to identify

candidate SGTs from the infrastructural perspective because it offers a broader view of the technologies.

Moreover, this view allows infrastructure components to be clustered in groups of integrated technologies.

This approach is adapted from the NETL model that defines four infrastructures for a modern Grid, where

each infrastructure includes integrated technologies [12, 81, 82]. The description of the infrastructures

(alternatives) and their technologies are shown in Table 4.3.

73



Table 4-3. Identification of the Alternatives, i.e., candidate SGT's

Infrastructure Technologies

Smart meters

Home area networks (HAN)

AMI - —
Wide area communication infrastructure

Meter data management system (MDMS)

Distribution automation

Complex systems (microgrid, premium power parks)

Distribution geographic information system (GIS)

Outage management system (OMS)

Distributed energy resources

ADO Advanced protection and control

DMS

Advanced grid components (high speed transfer switches, backup power supplies, Fault
current limiter (FCL)

Plug-in hybrid electric vehicle (PHEVs)

Distributed storage devices

Substation automation

WAMS

ATO Electricity markets

Modeling, simulation, and visualization tools

Advanced regional operational applications

Advanced grid components (FACTS, HVDC, unified power flow controller (UPFC))

Asset health information

T&D planning

Condition-based maintenance

AAM System operating information

Asset utilization operation optimization

Engineering design and construction

Modeling and simulation

The first alternative is AMI. This alternative targets the measurement and data collection systems like
communications infrastructures, support systems and MDMS, and end-user meters. This alternative aims at
enabling the measurement of detailed time-based usage of electricity flowing bi-directionally between the
utilities and end-users. The second alternative is ADO, which refers to improving the reliability of
distribution systems. It also enables self-healing functionality, and includes several various applications to
support two-way power flow and microgrid operations. A microgrid is a collection of small generators, end-

user loads, and other resources that can be controlled as a single unit in either the islanded or grid-connected
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mode. This self-sustaining concept of the electric grid is used in disaster recovery or coordinated DR.
Microgrids also deliver electricity to loads in remote areas where access to the transmission network may be
scarce. Microgrids also deliver ancillary services like voltage support, frequency regulation, and harmonic
cancellation [103, 116]. The third alternative is ATO, which refers to integrating distribution systems with
regional transmission organizations to boost system loadability and operability. Risk assessment system
monitoring is provided by the technologies falling in ATO. The fourth alternative is AAM, which refers to
the integration of grid technologies targeting existing and new assets. Such technologies provide intelligent
applications for asset management, maintenance management, cost reduction, and asset utilization
improvement. Moreover, AAM technologies provide applications for capacity planning performance,

resource management , and engineering and facility design [82]. The next section presents the analysis.

4.9 ANALYSIS

Considering the criteria and alternatives identified in the previous section, a pairwise comparison
process is followed to construct the judgment matrix for the criteria using objective data available in the
National Transformational Program [74]. According to the program, the baseline, i.e., the status quo, and the
2020 targeted values for all KPIs are stated. These values are used to obtain the pairwise comparisons. For
cach criterion, its KPI targeted value is subtracted from its baseline value then divided by the targeted value in
order to obtain a normalized value for each KPI. The resultant values imply how far each criterion is from
the desired value (i.e., the targeted value in 2020). After that, each normalized value is divided by the others in

order to obtain the pairwise comparisons. Table 4-4 shows the input data and the normalized values
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Table 4-4. Input Data and Normalized Values for Criteria

Criteria (unit) | Baseline | 2020 target | Normalized values
CR1 (%) 33 40 17.50%
CR2 (%) 10 12 16.67%
CR3 (Outage) |  6.36 3 52.83%
CR4 (Minute) 262 120 54.20%
CR5 (%) 99 99.5 00.50%
CRG6 (%) 27 100 73.00%
CR7 (BSCFD) 28 26 7.14%
CR8 (%) 0 4 100.00%

Since the input used to construct the pairwise comparison between criteria is objective, uncertainty

or imprecision is not an issue. Thus, a conventional AHP approach is used. A scale of 1-100 is chosen for

this comparison. This wide scale represents the absolute values of data, which reduces comparison

inaccuracy. Thus, it is used instead of the conventional AHP scale shown in Table 4.1. The judgment matrix

is, then, constructed as shown in Table 4-5. After that, local priority is calculated for each criterion after

averaging the normalized values for each criterion as shown in Table 4-5. An example of obtaining pairwise

compatrisons is shown using CR1 and CR2. The normalized values for CR1 and CR2 are 17.5 and 16.667,

respectively (from Table 4-4). The pairwise compatison for CR1 against CR2 is 17.5/16.667 or 1.05. This

value implies that CR1 is 5% more important than CR2. This approach is considered reasonable as CR1 is

17.5% away from reaching the targeted values, whereas CR2 is only 16.667% from reaching its targeted value.

Table 4-5. Judgment Matrix and Local Priority for Criteria

CR1 CR2 CR3 CR4 CR5 CRo6 CR7 CRS8 Priority
CR1 1.00 1.05 0.33 0.32 34.82 0.24 245 0.17 0.054
CR2 0.95 1.00 0.31 0.30 33.16 0.22 2.33 0.16 0.052
CR3 3.01 3.17 1.00 0.97 105.1 0.72 7.39 0.52 0.164
CR4 3.09 3.25 1.02 1.00 107.8 0.74 7.58 0.54 0.168
CR5 0.02 0.03 0.01 0.00 1.00 0.00 0.07 0.00 0.002
CR6 4.17 4.38 1.38 1.34 145.2 1.00 10.22 0.73 0.227
CR7 0.40 0.42 0.13 0.13 14.21 0.09 1.00 0.07 0.022
CRS8 5.71 6.00 1.89 1.84 199.0 1.37 14.00 1.00 0.311

After that, the judgment matrix for the alternatives is constructed. For this purpose, alternatives are

examined against each criterion. This step is conducted by seeking subjective inputs. The subjective
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judgments are transformed into quantitative values by using a measurable index in order to construct pairwise
comparisons between alternatives. In contrast to the judgment matrix of the criteria, the judgment matrix of
the alternatives is constructed by applying fuzzy AHP for reducing uncertainty and imprecision. An
experiment is designed to evaluate the importance of each alternative. In the experiment, each technology
within an alternative is examined against each criterion by answering the following question: Wil this criterion

be improved after the introduction of this technology? The answer, a, is represented as follows:

1, if the answer is yes

a €B; B(a) = {0, if the answer is no

(4.11)

where, B is a binary set. Considering the criterion KPI in answering helps in arriving at a relatively
accurate decision. After that, the same procedure is applied to the next technology and then to the following
alternative until each altemative should have a summed value of all values marked to each one of its
technologies. The summed value is then divided by the number of technologies clustered within that
alternative as depicted in Table 4.3. The resultant normalized number shows the criticality level of that
alternative to the criterion.

Although answering the previously mentioned question requires subjective input by the participant or
decision maker, the question is framed in such a way that the participant’s judgment (subjectivity) is not
dominant. This would increase judgment consistency and accuracy. In fact, examining whether a technology
will improve a criterion or not can be performed with a moderate level of understanding of electric power
system engineering. An example of that is when answering the question with regard to the first technology
under AMI, “smart meter”, and CR1, “increase the efficiency of fuel utilization”. From a basic conceptual
understanding of power system engineering, the answer to this question is 0. In this study, the authors
provided their judgments gleaned from experience. The summed weight for each alternative with respect to
each criterion is shown in Table 4-6. For example, the number of ADO technologies are ten. Only three of

which have the potential to improve CR1, which are distributed energy resources, PHEVs, and distributed
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storage devices. This means only 3/10 of ADO technologies ate important to CR1. Therefore, the value 0.3

is assigned in ADO-CRI1 cell.

Table 4-6. Summed Weight for each Alternative

CR1 CR2 CR3 CR4 CR5 CRo6 CR7 CR8
AMI 0.000 0.750 0.500 0.750 0.000 0.500 0.000 0.750
ADO 0.300 0.500 0.900 0.900 0.400 0.100 0.200 0.300
ATO 0.000 0.429 0.857 0.857 0.571 0.429 0.143 0.714
AAM 0.857 0.571 1.000 1.000 0.429 0.143 0.857 0.143
Sum 1.157 2.250 3.257 3.507 1.400 1.171 1.200 1.907

From Table 4-6, the weights are normalized with respect to the summed values shown in the last
row. The results are shown in Table 4-7. Then, from Table 4-7, the difference between each two alternatives
with respect to each criterion is computed. For example, with respect to CR1, ADO and AAM have the
values 0.259 and 0.741, respectively. This means AAM is greater than ADO by 0.482, which is shown in the
ADO-AAM cells in Table 4-8. Applying this calculation between each two alternatives with respect to CR1

results in values shown in Table 4-8.

Table 4-7. Normalized Weight for each Alternative
CR1 | CR2 | CR3 | CR4 | CR5 | CR6 | CR7 | CRS8
AMI | 0.000 | 0.333 | 0.154 | 0.214 | 0.000 | 0.427 | 0.000 | 0.393
ADO | 0.259 | 0.222 | 0.276 | 0.257 | 0.286 | 0.085 | 0.167 | 0.157
ATO | 0.000 | 0.190 | 0.263 | 0.244 | 0.408 | 0.366 | 0.119 | 0.375
AAM | 0.741 | 0.254 | 0.307 | 0.285 | 0.306 | 0.122 | 0.714 | 0.075
Sum | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.00 | 1.000

Table 4-8. Reciprocal Difference of Alternatives Weights w.r.t. CR1

CR1 AMI ADO ATO AAM
AMI 0.000 -0.259 0.000 -0.741
ADO 0.259 0.000 0.259 -0.481
ATO 0.000 -0.259 0.000 -0.741
AAM 0.741 0.481 0.741 0.000

After that, the difference between alternatives weights, from Table 4-8, is transformed into fuzzy set
by using the fuzzy numeric scale shown in Table 4-9. The reciprocal difference of alternatives weights, from
Table 4-8, is segmented into nine equal portions. Fach portion corresponds to a fuzzy scale number (as

shown in Table 4-9). As all positive weights, from Table 4-8, are transformed into fuzzy numbers, negative
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weights are simply transformed into the inverted fuzzy numbers of their reciprocal cells. Table 4-10 shows
the fuzzified values of the subjective inputs.

Table 4-9. Transformation Scale of Subjective Inputs

Reciprocal difference of alternatives weights | Fuzzy scale | Membership function

0 1 1,1,1)
0.010 - 0.134 2 1,2,3)
0.135-0.258 3 2,3,4)
0.259 - 0.381 4 (3,4,5)
0.382 - 0.505 5 4,5, 06)
0.506 - 0.629 6 (5,6,7)
0.630 - 0.753 7 6,7,8)
0.754 - 0.876 8 (7,8,9)
0.877 - 1.00 9 8,9,9)

Table 4-10. Fuzzified Numbers of Subjective Inputs w.r.t. CR1

CRI | AMI | ADO | ATO | AAM
AMI i s i s
ADO | i i 7! Ye
ATO | 1 i i 15
AAM | 7 5 7 1

The fuzzified numbers are then represented as triangular fuzzy numbers as shown in Table 4-11.
After that, and from equation (4.8), the upper and lower limits of the triangular fuzzy numbers are computed
with respect to a-cut as shown in Table 4-12. The value of a-cut reflects the confidence of the participants or
decision makers in the subjective judgment they provided to the experiment. In this study, a value of 0.8 is
assumed.

Table 4-11. Triangular Fuzzy Numbers for Judgment Matrix of Alternatives w.r.t. CR1

CR1 AMI ADO TO AAM
AMI | (1,1,1) e 14 Y9 LYy | MY e
ADO | (3,4,5) 1,1,1) 3,45 | M Vsl p
ATO | (1,1,1) e Y4 Y 1,1,1) g Y71
AAM | (6,7,8) 4,5, 06) 6,7,8) 1,1,1)
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Table 4-12. Upper and Lower Limits of Triangular Fuzzy Numbers

CR1 AMI ADO ATO AAM
AMI | [1.00,1.00] | [0.24,0.26] | [1.00,1.00] | [0.139,0.147]
ADO | [3.80,4,20] | [1.00,1.00] | [3.80,4,20] | [0.193,0.210]
ATO | [1.00,1.00] | [0.24,0.26] | [1.00,1.00] | [0.139,0.147]
AAM | [6.80,7.20] | [4.80,5.20] | [6.80,7.20] | [1.00,1.00]

After that, the fuzzified numbers are defuzzified to obtain the ctisp value. This is performed by

computing the geometric mean of each fuzzified number. Table 4-13 shows the geometric mean value for

each fuzzified number which represents the pairwise comparison weight between each two alternatives with

respect to CR1.

Table 4-13. Judgment Matrix for Alternatives w.r.t. CR1

Geometric mean of triangular fuzzy numbers Priorities
CR1 AMI | ADO | ATO | AAM | Local | Global
AMI 1.00 | 0.253 1.00 0.143 | 0.07 | 0.004

ADO | 3.99 1.00 3.99 021 | 023 | 0.012
ATO | 1.00 | 0.253 1.00 0.143 | 0.07 | 0.004
AAM | 6.99 4.99 6.99 1.00 | 0.63 | 0.034

Local and global priorities are also calculated for each alternative as shown in Table 4-13. Local

priority is calculated according to the method explained earlier for the judgment matrix of the criteria in the

conventional AHP. Global priority of an altemative is its local priority multiplied by the priority of the

respective criterion shown in Table 4-5.

While the algorithm of the approach in this chapter is explained using analysis related to CR1, the

same steps are applied to all alternatives with respect to the rest of the criteria. After applying the algorithm to

all elements, the consistency ratio is calculated for the criteria matrix and all alternative-criterion matrices.

Table 4-14 shows the values. As mentioned in section 4.6, a judgment matrix is considered consistent if

consistency ratio is below 10.0%. Table 4-14 shows that the consistency ratio for all matrices are below

10.0%, indicating consistency in forming the judgment matrices.
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Table 4-14. Consistency Ratios for all Judgment Matrices

Judgment matrix Amax n CR
Criteria 8 8 0.00%
Alternatives-CR1 4.285 4 9.60 %
Alternatives-CR2 4.1407 4 4.74 %
Alternatives-CR3 4.1407 4 4.74 %
Alternatives-CR4 4.2042 4 6.88 %
Alternatives-CR5 4.142 4 4.79 %
Alternatives-CR6 4.139 4 4.67 %
Alternatives-CR7 4232 4 7.80 %
Alternatives-CR8 4.140 4 4.72 %

The last step is to compute the overall rank of the alternatives. Global priorities for each alternative
are summed to give the weight of the respected alternative. The alternative with the greatest weight is the
most important alternative, and so forth. Table 4-15 shows the weight calculations for each alternative, which

shows the overall rank. The following section presents and discusses the results.

Table 4-15. Overall Rank of the Alternatives

Alternatives | Weight | Overall rank
AMI 0.3168 1
ADO 0.1810 4
ATO 0.2507 3
AAM 0.2515 2

4.10 RESULTS

In this study, the alternative, AMI, is the most important alternative followed by AAM, ATO, and
ADO. It is noticed that the second and third alternatives in the rank are very close with regard to their weight
value. Policy makers may consider AMI as the one with the highest priority with regards to the electricity
infrastructure modernization program in Saudi Arabia considering the attributes (criteria) discussed earlier.

To examine the performance of fuzzy AHP approach, a comparison is conducted between fuzzy
AHP and conventional AHP. For this purpose, the case study is repeatedly conducted by implementing only
conventional AHP for both criteria and alternative analysis. The results show that AMI and ATO are in the
first rank, followed by AAM, and ADO. The weight of alternative AMI decreased by 17.61%. The weight of

alternative AAM decreased by 2.98%. The weight of alternative ATO increased by 3.70%. the weight of
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alternative ADO increased by 30.38%. the variation of alternatives weights in the two approaches shows that
the inaccuracy and imprecision embedded in conventional AHP approach tends to overestimate the
importance of ADO and ATO. This finding shows that fuzzy AHP provides policy makers with more
realistic results because it addresses uncertainty and imprecision. Fig. 4.5 shows the weights obtained by

applying fuzzy AHP and the conventional AHP in a radar chart.

0.236 ADO

ATO
===-Weight (Fuzzy AHP) ——Weight (AHP)

Fig. 4.5 Radar Chart for Alternatives Weights

Furthermore, the fuzzy AHP procedure is repeated considering a-cut as not a fixed value but
assigned to a Likert scale to address participants’ level of confidence over their judgment. This step aims at
examining the impact of considering a fixed value of a-cut (as it is assumed in the chapter) on the precision of
the results. Table 4-16 shows the weights and ranks of the alternatives of the fuzzy AHP approach after
considering the value of a-cut as assigned to a Likert scale. The table also shows the weights and ranks of the
alternatives resulted from conducting the conventional AHP approach. The original values resulted from
fuzzy AHP approach (with a fixed value of a-cut) are also shown in Table 4-16 to facilitate the comparison
among the three approaches. From Table 4-16, we notice that assigning a-cut to a Likert scale does not highly
impact the weights of the alternatives. This suggests that considering a fixed value of a-cut may save time and

effort while analyzing policy makers’ preferences and judgments.
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Table 4-16. Comparisons of the Weights and Ranks Resulting from Three Approaches

) Fuzzy AHP Fuzzy AHP
Alternatives Conventional AHP (x-cut Values:f Likert scale) | (a-cut Valuz tixed value)
Weight | Overall rank | Weight | Owerall rank | Weight Opverall rank
AMI 0.261 1 0.303 1 0.3168 1
ADO 0.236 4 0.218 4 0.1810 4
ATO 0.260 2 0.234 3 0.2507 3
AAM 0.244 3 0.245 2 0.2515 2

4.11 CONCLUSION AND POLICY IMPLICATIONS

The chapter presents a framework for MCDM method to analyze and prioritize the importance of
SGTs to the Saudi electricity infrastructure. A fuzzy AHP model is built to construct pairwise comparisons
among attributes and alternatives. The results suggest that AMI technologies are the most important in order
to achieve the 2020 targets stated in the National Transformation Program and the Saudi Vision 2030. The
framework offers a tool to chart a roadmap for transitional modernization. The roadmap is intended to serve
policy makers with prioritized progression of SGTs insertion to the electric grid.

The authors suggest that policies designed for electricity infrastructure modernization in Saudi Arabia
should address the penetration of SGTs in a prioritized fashion. According to this study, AMI technologies
are the most important SGT's for the Saudi electric grid considering the current status and the planned targets
stated in the Saudi Vision 2030, followed by AAM technologies, ATO technologies, and ADO technologies.
Modernizing the Saudi electricity infrastructure in a transitional progression is recommended considering the
fact that electric grid modernization is a highly capital-intensive plan requiring a relatively long timeframe for
construction and operation. According to [27], the investment required for electricity infrastructure
modernization in Saudi Arabia has been estimated at US $140 billion. Based on expected demand growth, the
country is required to boost supply capacity with 70,000 MW. As far as the current investment plan, only
10,000 MW is already committed [38]. Thus, modernizing the electric grid in Saudi Arabia is faced with
financial challenges specially after the plummeting and fluctuating prices of oil revenue since 2014 [24].

In addition to the financial challenges, modernizing the electric grid should not come at the cost of

compromising the grid reliability and stability. Introducing a new technology to an electricity infrastructure
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may impact the functionality and operability of the existing systems. Thus, a reasonable level of SGTs
penetration is required to maintain system reliability and to adjust the existing system to the new changes.
System engineers, operators, and planners are also required to adapt to the new technologies. Policy makers
are recommended to consider a rollout penetration plan of SGTs by allowing only the technologies of the
first choice, i.e., AMI. These technologies, then, will establish an infrastructure of integrated SGT's. Then, the
second choice of infrastructure SGTs, i.e., AAM, follows, and so on.

Accordingly, and based off the discussion above, a transitional penetration of SGTs is required to
establish a feasible plan for electricity infrastructure modernization. Policy makers in Saudi Arabia are
recommended to consider the progressive modernization plan for the Saudi electricity infrastructure, which is
expected to achieve a reliable transition that meets the Saudi Vision 2030 and the 2020 National

Transformation Program.
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CHAPTER 5

A COMPREHENSIVE COST-BENEFIT ECONOMIC ANALYSIS OF THE
PENETRATION OF SMART GRID TECHNOLOGIES IN THE SAUDI
ARABIAN ELECTRICITY INFRASTRUCTURE*

5.1 INTRODUCTION

The main objective of modernizing electricity infrastructures is to enhance the stability of the
network, increase the reliability of supply, and to offer energy at reasonable and competitive prices to the
consumers. Modernization calls for an economically feasible plan that transforms the electricity grid from its
status quo to a smarter form by enabling the penetration of SGTs. Globally, electricity grid infrastructures are
faced with several challenges including an increasing demand and worsening network congestions [1]. The
Smart Grid is conceived to address these challenges and meet the needs of a sustainable, efficient, reliable,
optimal, interactive, and economic electric system. This notion highlights the importance of developing a
framework to evaluate SGTs. However, such a framework is faced with some challenges. Firstly, reliability,
which is one of the most important benefits resulting from SGTs, has “public-goods” characteristics that are
hardly translated into revenue. Secondly, the length of the obsolescence cycle of SGTs is yet unknown.
Thirdly, some SGT's may be in the interest of some but not all parties in the electricity infrastructure [106].
Fourthly, SGTs incur high initial capital cost and, uncertainly, generate benefits across a long term. Fifthly,
there is complexity in relating SGTs benefits to each technology and identifying the impact of each
technology to each benefit. Some technologies provide multiple types of functions to result in multiple
benefits. In other cases, multiple technologies provide one benefit. Lastly, considering the fact that active
consumer participation is essential to capture the benefits of some of the SGTs, identifying the response of

customers to participate in SGT's is uncertain, unclear and relevant to behavioral data specially at the eatly

4 This chapter is extracted verbatim from “A comprehensive cost-benefit economic analysis of the penetration of Smart Grid technologies in the Saudi
Arabian electricity infrastructure,” under review for publication with journal, May 2017.
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stage of SGTs development [121, 122]. In additional to these challenges, other challenges related to SGT's
integration to the grid are discussed in [107, 123].

Considering these challenges, there is a need for a thorough analysis to assess the outcomes of SGTs.
In literature, some studies focus on the definition of SGT's benefits [124, 141, 142]. In [119], an economic
framework is built to evaluate SGT's that achieves the U.S. DOE metrics and benefits. The framework maps
Smart Grid assets to their functions, and maps benefits to functions and energy resources. Reference [125]
introduces Smart Grid maturity model (SGMM), a business tool used by utilities to analyze curtent status of
Smart Grid deployment and capability. It also proposes metrics to evaluate progress towards identified
objectives. References [83, 126] consider a set of SGT's outcomes and estimate their benefits under different
scenatios. Asset valuation is yet another tool used to calculate the profits realized after the utilization of
certain assets [143, 144, 158, 176]. However, such a tool does not consider non-asset related valuations like
system stability, supply reliability, and efficiency. Some studies offer a vision for smart power systems and
identify technologies gaps [7, 105, 108-110]. Others, like [76, 111, 127], present a business case for network
expansion by leveraging the potential of SGTs.

The original contribution of the work presented in this chapter is the development of an economic
analysis framework that evaluates the benefits and costs of SGTs when inserted in an electricity
infrastructure. The framework considers economic, reliability, environmental, and security benefits generated
by the SGTs assessed in monetary values. The framework measures the outcomes and impacts of SGTs by
computing the NPV, benefit/cost ratio, and minimum total cost. This study is demonstrated on the Saudi
electricity infrastructure; however, the framework is generic enough for application to other electricity
infrastructures. The framework is a comprehensive approach for economic analysis adapted from EPRI
Smart Grid model, NETL modern grid initiative, and a study conducted by CESI and A.T. Kearney to
estimate the impact of smart meters and smart equipment on the Saudi electric grid.

This work is part of a multi-dimensional economic framework developed to modernize electricity

infrastructures. The first dimension addresses the deregulating of electricity markets. The second dimension
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addresses the prioritization and economic feasibility of SGTs. Interested readers can refer to [48, 177-179] for
the abovementioned dimensions.

The rest of the chapter is organized as follows: section 5.2 discusses previous work conduced on
applying CBA to SGTs. Section 5.3 discusses previous work conducted on the application of economic
analysis of Smart Grid in the Saudi Arabian perspective. Section 5.4 presents the framework for economic
analysis. Section 5.5 presents data and assumptions considered for the framework analysis. Section 5.6 shows
the financial outcomes and costs associated with SGT's insertion. Section 5.7 discusses the results. Section 5.8

presents sensitivity analysis and implications. Section 5.9 concludes.

5.2 CBA FOR SGTs

The insertion of SGTs impacts all sectors of the electric power system, namely generation,
transmission, and distribution. It also affects the two main players in electricity markets: producers and
consumers. The level of impact varies based on the technology type inserted to the system and the level of
penetration, which results in different values of costs and benefits for each player. One of the practical tools
used to analyze projects or plans is the CBA, which is defined as an economic tool for identification,
measurement, and comparison of costs and benefits of a scenatio, project, investment, or program [57, 145].
Conducting CBA on a project or plan requires significant amounts of data, which are not always available.
Instead, most econometric analyses focus on technology, application, or solutions evaluation. CBA seeks
whether the benefits of a project, scenario, or policy, outweighs its costs. It analyzes costs and benefits from
technical, economic, and societal perspectives. CBA surpasses other financial analyses that focus on only
returns to investors.

Some studies propose frameworks for the insertion of SGTs. The authors in [104] discuss historical
and technical events in the U.S. and FEurope that aimed at modernizing the electric grid and ratifying Smart
Grid policies. They also discuss enabling technologies that transform current electric structure. In [77], the
authors present a comparison between the U.S. and Brazil in electricity infrastructure modernization trends
and efforts. Reference [66] reviews initiatives taken by various electricity infrastructures planners across the

wortld to benefit from implementing SGTs. Reference [112] presents an overview of the current Smart Grid
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policies and key regulatory trends in the European Union. It also presents risks and difficulties of
implementation. Reference [128] reviews SGTs implementation in various electricity infrastructures, namely
the U.S., Europe, China, and India, and their impact on power distribution efficiency and catbon footprint.
Other studies propose approaches to quantify costs and benefits of SGTs. Reference [146] provides
an overview of some methodologies used in literature for assessing costs and benefits. Some literature focuses
on computational general equilibrium (CGE) models and the level of investment allocated for SGTs [100,
122, 147, 148]. Other studies focus on the scalability, transferability, and replicability of Smart Grid projects
[113, 114, 129, 130]. Reference [131] proposes a dynamic model for Smart Grid value composition where the
model is built from the perspective of the theory of marginal opportunity cost and the concept of sustainable
development. However, the model falls short of accounting for the social impact of SGTs. In [132], the U.S.
DOE presents an analysis to estimate the benefits of energy conservation and carbon impact reduction
obtained from SGTs. In [133], the authors introduce an approach to measure the smartness of electricity
distribution grid by defining some metrics. Reference [149] conducts CBA for distribution management
system (DMS) implementation on distribution networks as a Smart Grid solution. Reference [150] provides
an AHP framework for Smart Grid pilot project evaluation. The framework adapts the SMART rule to build
evaluation indicators. SMAKT rule evaluates whether a project is specific, measurable, achievable, relevant,
and traceable. While the framework is credited for building a wide range of evaluation indicators, it considers
only the present monetary values of costs and benefits. Moreover, the framework is project-based, not
infrastructure-based as our work aims to be. In [134], the authors use the /Grid model to quantify the
customer-side benefits of SGTs and estimate the benefits for the producers. In [151], the authors propose an
approach to estimate costs and benefits associated with Smart Grid reliability investments for T&D planning
by assessing reliability indices before and after SGT's deployment. However, this approach is focused on only
the economic benefits generated by the reliability improvement. Some studies focus of conducting CBA for
specific regional electric systems [138, 139, 152, 153]. Other studies suggest implementing agent-based
simulation instead of equilibrium model. The agent-based simulation is, then, translated into benefit

evaluation area [115, 122]. However, multi-agent approaches address SGTs needs from operational
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standpoint, while our work in this chapter is focused on comprehensively assessing costs and benefits from a
system planning standpoint. Some other studies examine costs and benefits for utilities, albeit using a utility-
centric approach [1206, 135, 136, 154, 155].

Our work contributes to fill a gap in the existing literature by developing a generic and
comprehensive framewotk to assess costs and benefits of SGTs insertion to an electricity infrastructure from
the system planning perceptive. The analysis accounts for technical, economic, reliability, environmental, and
security benefits. We demonstrate the effectiveness of our framework on the Saudi electricity infrastructure as
it is poised to undergo a transformational modernization in the coming years. For completeness of the
chapter, the following section discusses previous work on economic analysis of SGT's in the Saudi electric

grid.
5.3 ECONOMIC ANALYSIS OF SMART GRID IN THE SAUDI ARABIAN
PERSPECTIVE

As part of the Saudi Vision 2030 introduced in 2016 by the Saudi Council of Economy and
Development Affairs, the Saudi Arabia is undergoing a plan to modernize the electricity infrastructure [74].
SGTs are crucial elements in any electric grid modernization program. Previous studies on electricity grid
modernization in various locations around the wotld show that the benefit-to-cost ratio is about 4:1 to 6:1 [6,
79, 126, 137]. Our study aims to provide a generic and comprehensive framework for measuring the
economic feasibility of SGTs in Saudi Arabia.

While research addressing the implementation of SGT's in Saudi Arabia from technical and economic
perspective is limited, some studies discuss the opportunities and challenges of the insertion of SGTs to the
Saudi electricity infrastructure. Reference [66] proposes critical areas for which SGTs are required in the Saudi
electric grid. It also suggests using the SGMM to build a roadmap and investment model for SGT's insertion.
Reference [38] estimates the costs and financial outcomes of smart meters and smart equipment to the Saudi
electric grid. In [67], an application of some SGTs is demonstrated in the Saudi electric grid to study their

outcomes after addressing the increasing level of consumption and improving energy efficiency. The study
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suggests that successful penetration of SGTs requires addressing challenges related to bi-directional
protection, cyber security, financial funding, standards, and policies.

Other studies focus on the potential of RE sources in the Saudi electricity infrastructure. References
[18, 65] discuss RE sources integration to the Saudi electric grid, and the importance of SGT's to enable such
an integration. RE sources can help reduce oil consumption and diversify generation mix. In [45], an MCDM
model using AHP is proposed to prioritize the importance of RE sources to the energy mix. Reference [62]
applies an engineering-based residential electric demand model to analyze the outcomes of energy efficiency
improvement. It also discusses the impact on policies and technologies beyond the scope of economic
methods. In [68], a study conducted to examine the impact of installing solar energy for residential loads. The
result calls for reducing government subsidies and updating current policies to facilitate the adoption of RE

sources as well as SGTs. The following section presents the economic framework proposed in this chapter.

5.4 THE PROPOSED FRAMEWORK

This section introduces the framework and defines its scope, i.e. the boundaries within which the
economic analysis is performed. The framework identifies SGTs, Smart Grid functions, and Smart Grid
benefits and estimates the overall costs and benefits of the SGTs. Firstly, SGT's, or Smart Grid assets, are
categorized into four main infrastructures adapted from the NETL model discussed in [12, 81, 82]. The four
infrastructures and their technologies are listed in Table 5-1.

Secondly, Smart Grid functions are identified based on the electric grid sectors; hence, the functions
are transmission, distribution, substation, and customer related. Transmission network functions include flow
control and wide area monitoring and visualization. Distribution network functions include adaptive
protection, automated feeder switching, automated islanding and reconnection, automated volt/var control,
enhanced fault protection, and real-time load transfer. Substation-related functions include diagnosis and
notification of equipment conditions, dynamic capability rating, and fault-current limiting capability.
Customer-related functions include customer electricity use optimization and real-time load measurement and
management. These functions are adapted from the EPRI Smart Grid model [156]. In the model, the

functions are linked to some of Smart Grid assets.
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Table 5-1. Smart Grid Infrastructures and Technologies (adapted from [12])

Infrastructure | Technologies Infrastructure | Technologies
Smart meters Substation automation
HAN WAMS
AMI Wlde area communication Electricity markets

infrastructure

MDMS ATO Mode.hng., simulation, and
visualization tools

Distribution automation Adv?mc.ed regional operational
applications

Complex systems (microgrid, Advanced grid components (FACTS,

premium power parks) HVDC, UPFC)

Distribution GIS Asset health information

OMS T&D planning

Distributed energy resources Condition-based maintenance

ADO | Advanced protection and control System operating information
DMS AAM Asset utilization operation

Advanced grid components (high
speed transfer switches, backup
power supplies, FCL)

PHEVs

optimization

Engineering design and construction

Modeling and simulation

Distributed storage devices

Thirdly, Smart Grid benefits are classified into economic, reliability, environmental, and security

benefits. The classification is adapted from the EPRI Smart Grid model [156]. Under each benefit category, a

list of benefits is defined. The model links these benefits to the related functions performed by Smart Grid

assets.

The contribution of our chapter is to create a comprehensive linkage between the Smart Grid assets

and their benefits. The linkage maps all assets to their functions to the benefits. Table 5-2 shows the asset-

benefit mapping. When linking benefits to assets, we consider only the direct benefits generated by the assets

and the not indirect ones. While some assets generate investment and operations benefits, some others

generate only investment or operations benefits. For example, engineering design and construction and T&D

planning assets, under AAM, generate only investment
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Table 5-2. Smart Grid Asset-Benefit Mapping

Benefits
Economic Reliability Environmental Security
Improving assets T&D capital T&D O&M Theft Energy Electricity . . Power . . Energy
o R . . o - Power interruption . Air emissions o)
utilization savings savings reduction efficiency cost savings quality security
=] . o I = =1 i " o n
gl £ gl o| T RS gl g .S z - « kS o g = 5
Ele | Sl E || 5E|EC i 8 z o5l B £ 2| ¢ z k:
Smart Grid assets g2 & ol ¢ 8 § E| 3.4 2 o = 8 o 3 & o 3 z 2 g & &
© bt gl E o =| 8 & e = = = o 35 g b 4 2 < &’ 3
5| s 3| g Sz S8 § 9 ¢ g E k= 3 9 5 -2 e 2| g S ] o
gl 28 2| 8 Z5| 285 E| £y &, @ E g B gl B g £ S 8 = E
S| SE S| | E|£8 512529 8 3 g E CHINE- o I I ) B 23 5| ¢
Sl 25 T S| £3| Esl 3 EE Y B 3 o gl 5] & g 2| ¢ S8 R
ol B2l S| o £ 2| 2 9 2 g 2 € &n &0 &0 @ o o0 ] &0 o g 5] 5
w| w& g & SE| LE o £ £ o g z & w| & 2 o g £ 2z 2 zZ
S| | & 2| & | g | 8| 28 2| % 2 g 2 S| 2| B| & 2| 2 £ 2| £
E| S | 3| 3| B |5 |85 |82 5 E 2 02| 3| 2| 2| 2 E g
g3 S S| 2| £ =1 S| 3 3 51 ~ & ~ 51 ~ ~ et [~ ~ g b=l
& A 5] 3] 33 | o '8 I~ ~ ;“Z 52 ﬁ:u
© = /R 2 | &
AMI
Smart meters X X X X X X X X X X X X X X
HANs X X X X X X X
Wide area communication infrastructure X X | X X X X X X X X X X X X X X X
MDMS X X X X X X X X X X X X X X
ADO
Distribution automation X X X X X X X X X X X X
Complex systems X X
Distribution GIS X X X X X
OMS X X X X X X X X X
Distributed energy resources operations X X | X X X X X X X X X
Advanced Protection and Control X X X X X X
DMS X| X X X X X X X X X X X X X X X X
Advanced grid components X X
PHEVs X X X | X X X X X X X
Distributed storage devices X X X | X X X X X X X X X X
ATO
Substation automation X X | X X X X
WAMS X X | X X X X
Electricity markets applications X X | X X X X X X
Modeling, simulation and visualization tools X X | X X X X
Advanced protection and control X X X X
Advanced regional operational applications X X | X X X X X X
Advanced grid components X X X X
AAM
Asset health information X X X X | X X X X
T&D P]anning X X X| X X X X X X X
Condition-based maintenance X X X| X X X X X X X X X X X
System operating information X X X X| X X X X
Asset utilization operation optimization X X X| X X X X X X X X X X X X X X X
Engineering design and construction X X X X| X X X X X X X X
Modeling and simulation X X X| X X X X X X X X X X
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benefits, i.e., savings in investments allocated for grid modernization. The asset, modeling and simulations,
under AAM also, generates only operations benefits, i.e., cost reduction in operations costs.

In this framework, the DCF model is applied to compute the present value of future cash flows
resulting from SGT's for every year of the analyzed period. The DCF model is a basic valuation model for an
asset that is expected to generate cash payment in the form cash earnings, interest and principal payment, or

dividends. The mathematical representation of the DCF model is:

. CF, N CF, oy CE,
T 1+t (1+71)? (1+r)"

(.1)

where, 17, is the present value of the anticipated cash flows from the asset, CFy. ., , are the cash flows
expected to be received up to # periods in the future, and 7 is the discount rate, which is the required rate of
return per period [161].

After computing the DCF for every year, the NPV for each benefit is computed. The NPV of a
capital budging project is the dollar amount of the change in the value of the firms because of undertaking
the project. In our case, the NPV shows the dollar amount of the change in the value of the electricity
infrastructure because of selecting one or more of SGTs. A positive NPV indicates that the value of the
infrastructure will increase if the new SGT is inserted. Similarly, a negative NPV means the infrastructure’s

value will decrease if the new SGT is inserted. The formula for NPV is:

CF, CF, (5.2)

n iy
NPV = m 4o m — Initial Investment

where, CF;, ., ,is the cash flow at the indicated times, r is the discount rate, and 7 is the life of the
technology measured in number of years [161].
The discount rate, 7, is the interest rate that determines the present value of future cash flow. A low

interest rate indicates a promoting trend of development created by central banks. Conversely, a high interest
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rate shows inflationary, risker and uncertain trends [140]. Multiple studies adopt a discount rate of 5% to
5.5% in their evaluation of electricity economics in Saudi Arabia [42, 71]. In other studies, a discount rate of
7.5% 1s considered [38]. In our study, we apply a conservative approach, thus, a discount rate of 7.5% is
adopted.

It is important to define the time horizon within which the benefits and costs of SGT's are analyzed.
The time horizon varies per the nature of the investment, structure of the electricity infrastructure, and types
of SGTs. Generally, time horizon for SGTs is between 20-30 years [155]. In our study, and according to some
estimates related to the Saudi electricity infrastructure, we assume a conservative time horizon of 15 years
(38].

The schedule of implementation is assumed to be seven years for ATO and ADO technologies. For
AMI technologies, we assume a schedule of 12 years [38]. Technology maturity is defined for some
applications. Some economic factors are defined such as carbon cost, and FTE. Electric grid characteristics,
such as peak load, demand, and consumptions are defined. These boundaries are discussed in the subsequent
section.

The following sections discuss the framework application on the Saudi electricity infrastructure as a
case study. Although the case study presented in this chapter is on the Saudi electricity infrastructure, the
framework and analysis are generic enough for use by policy makers of other infrastructures, albeit with
appropriate changed inputs. In section 5.5, the data used and the assumptions made for this analysis are

presented.

5.5 DATA AND ASSUMPTIONS

Data about the electricity grid in Saudi Arabia are taken from publicly available sources. According to
[17], annual growth rate in T&D networks are 7.6% and 6.3%, respectively. Average technical losses in the
grid netwotk is 7%. Residential, industrial, governmental, commercial, and other consumptions sectors are
114.5,51.8, 39.6, 47. 2, and 11.4 TWh, respectively. Other consumptions include the desalination, agriculture,
and health sectors. Consumption growth rates for the sectors are 6.3%, 3.7%, 9.2%, 11.8%, and 1%,

respectively. Peak demand in 2016 was 60,800 MW, of which the residential peak demand represents 57.4%,
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industrial peak demand represents 17%, governmental peak demand represents 12.7%, commercial peak
demand represents 10.6%, and other peak demands account for 2%. The growth rate for peak demands in
the aforementioned sectors are 5%, 8%, 3%, 7%, and 3%, respectively [17].

The current policy to introduce RE sources to the generation mix in Saudi Arabia aims at supplying
9,500 MW from RE soutces to the energy generation mix as part of the Saudi Vision 2030 [74]. Annual
installation of RE sources capacity in the next six years is planned to be 700, 1,200, 1,700, 1,800, 2,100, and
2,100 MW [69]. After that, we assume an annual addition of 1,600 MW to the generation mix. This
assumption is made since there is no information about how future capacity of RE sources will be added to
the grid. The assumed value of 1,600 MW is the average value of the six MW capacities for the first six years.

The levelized cost of electricity (LCOE) is used to compare the cost of electricity generated by
different resources, which follows from the standard DCEF model. LCOE corresponds to the cost of
generating electricity including the cost of operations and fuel at domestic market prices. Levelized cost is the
ratio of the total cost to the benefits [63, 162]. The LCOE in Saudi Arabia for electricity produced by fossil
fuel resources is estimated to be 39 US $§/MWh, and an average of 110 US $/MWh for electricity produced
by RES. Considering expected technology maturity, LCOE produced from RE sources is excepted to
decrease 7% yeatly. On the other hand, LCOE produced from fossil fuel resources is expected to increase
8% yeatly due to oil price increase and fluctuations and an increase in operations costs [63]. Domestic cost of
oil barrel is US $5 [25]. Load factor for RE sources is assumed to be 0.2 [38].

Utilization factor for power plants is assumed to be 85%. The amount of fuel needed to produce one
MWh of energy is estimated to be 7.94 million British thermal units (MBTU). Based on industry average, we
make a conservative assumption for the price of an oil barrel of US $50 for the next 15 years. The MBTU per
barrel of oil is 5.5, based on industry average. The price of COy; is estimated to be US $9.86 per tonne,
growing at an annual rate of 16% till 2020, and then onwards at 5% [38]. The introduction of RE sources is
expected to reduce emissions by 0.635 tonne of CO; per each MWh produced by RE sources, compared to

the same capacity generated by fossil fuel sources otherwise [17, 38].
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The penetration of SGTs to the T&D networks is expected to reduce operations cost by 8%. This
reflects a saving of US $6,000, and US $2,000 for each circular kilometer (CKM) in T&D networks,
respectively. The savings are realized in seven years, and after the introduction of ATO and ADO
technologies. Moreover, it is estimated that US $400 million can be saved in T&D networks for each 1,000
MW saved from new generation capacity [17, 38].

SGTs are expected to improve the reduction of system losses by 10% by which SAIDI improves by
10% and, ultimately, energy consumption is saved by 0.7%. SAIDI is a reliability index defined as the ratio of
the total interrupted customer minutes and the number of customers [43]. In 2015 in the Saudi electric grid,
SAIDI was 254 minute/customer [17]. In addition to SAIDI improvement, SAIFI is expected to improve by
50%. SAIFT is a reliability index defined as the ratio of the total number of customer interruptions and the
total number of customers served from the system [43]. In 2015, the SAIFI in the Saudi electric grid was 6.24
[17]. SAIFI is expected to take three years to reach the 50% improvement because of the time needed for
technology maturity. Since this assumption does not state how technology maturity is expected to progress
over the three year period, we assume an equal (linear) progression of technology maturity, therefore, a yield
of 33.3% of total benefit is realized each year [17, 38].

DR programs are expected to be enabled after the introduction of SGTs. It is assumed that 5%
reduction in the new generation capacity will be realized after peak shaving programs. Savings in new installed
capacity are estimated to be US $1.06 billion for each 1,000 MW saved. In additional to new capacity savings,
DR programs will generate savings in operations and maintenance (O&M) such that a reduction of US $4.5
will be realized for each one MWh saved [17, 38].

The average cost of meter reading per meter per year is assumed to equal US $0.8. Total number of
meter reading employees required in Saudi Arabia is 3,200 and the average labor cost is US $1,333 per month.
Average productivity is assumed to be 85 meters per day. Current annual number of manual meter
connections and/or disconnections is 350,000. The number of manual connections and/or disconnections
that can be solved by a Full Time Equivalent (FTEO is 10 per day. Expected improvement in the reduction of

non-technical losses is 40% after SGTs is introduced. Increasing billing accuracy is expected to yield US $21
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million each year. Avoided replacement of traditional meters is expected to generate US $32 million savings
each year [17, 38]. This concludes the section on data and assumption which will be used further. The
following section discusses the outcomes and impacts of SGT's insertion and assigns monetary values to each

outcome and impact.

5.6 ESTIMATING THE OUTCOMES AND COSTS

This section discusses the outcomes and costs of SGTs penetration to the Saudi electricity
infrastructure. The outcomes and costs are represented in monetary values and analyzed based on their effect
on the electric grid and the national economy. The report [38] discusses such impacts of considering direct
and indirect financial outcomes. In our study, we adapt and integrate the outcomes mentioned in [38] to the
rest of the framework. Financial outcomes are then translated into benefits. Then, the DCF model for annual
outcomes is computed, followed by the computation of NPV for the total period.

The first outcome expected from introducing SGTs to the Saudi electricity infrastructure is
reductions in operating costs. This outcome is realized after reducing and optimizing the resources required
to operate and maintain the grid system. Manual network resources are replaced with automation solutions.
The reduction in operation costs targets the T&D sector, which would improve system reliability. The second
outcome is realized after improving the quality of service and minimizing technical losses. The third outcome
is realized after increasing the continuity of service. SGTs are expected to improve system reliability by
enhancing automated responses to outages and reducing outage duration, and hence, improving SAIFI.

The fourth outcome is realized after reducing meter reading costs because of SGTs. The fifth
outcome is realized by reducing reading management cost and optimizing resources used in reading
management. The sixth outcome is realized after reducing the restoration time associated with system faults
and failures. Improving the restoration time is expected to reduce resources needed to resolve faults and
failures. Ultimately, SAIDI will be improved by 10%. The seventh outcome is realized by reducing non-
technical losses including theft and the non-invoiced energy delivered to end users. The eighth outcome is

realized by improving the billing accuracy. Smart meters provide higher threshold for the minimum energy
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that can be metered than traditional meters which would increase accuracy. The ninth outcome is realized by
the savings on the avoided replacement of traditional meters due to damage or shorter life duration.

The tenth outcome is realized after optimizing the energy generation resources mix and increasing
RE sources capacity. SGTs enable DR programs for peak shaving, which are expected to reduce investments
allocated for new installed capacity to meet the increasing peak demand. RE sources acquire the advantage of
low operation costs compared to fossil fuel resources. The outcomes resulting from optimizing the energy
mix are realized by reducing the cost of electricity production. The LCOE for annual load supplied by RE
sources is less than that supplied by fossil fuel resources. The analysis shows that a positive DCF will be
realized in the eighth year. The eleventh outcome is realized after increasing the fuel availability. High
consumption of energy in Saudi Arabia is driven be the low cost of domestic fossil fuel. This outcome results
from reducing the fuel consumption and selling fuel surplus in the international market. Reduction in fuel
consumption occurs after the RE sources takes part in the energy mix. The twelfth outcome is realized after
reducing the GHG emissions. Introducing SGTs is expected to reduce GHG, such as CO», after reducing
fuel consumption from fossil fuel resources. Profit is realized from CO; certificates. The thirteenth outcome
is realized after reducing the generation costs. SGTs help reduce CAPEX and operation costs of electricity
generation. The fourteenth outcome is realized after reducing T&D capital costs. SGTs help reduce peak
demand. Thus, cost savings in capital and operating expenditure in T&D networks will be realized. Table 5-3
shows NPV for each outcome over the analyzed period of 15 years and the associated total NPV,

Table 5-3. NPV of SGTs Financial Outcomes (adapted from [38])

SGTs outcomes | NPV (US § billion) | SGTs outcomes | NPV (US $ billion)
1 1.84 8 0.12
2 1.10 9 0.18
3 0.06 10 2.06
4 0.45 11 521
5 0.001 12 1.08
6 0.005 13 1.70
7 1.41 14 0.62
Total NPV 15.87
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The costs of SGTs are divided into three categories: ATO costs, ADO costs, and AMI costs. The
costs of AAM infrastructure applications are not estimated separately. However, they are included in ATO,
ADO, and AMI cost estimations. The cost estimation is adapted from a study conducted by [38]. ATO costs
include transmission network capital expenditure (CAPEX) and operating expenses (OPEX). OPEX includes
the costs of O&M of capital equipment. CAPEX is divided into three expenditures. The first one is the
installation costs of network equipment, automated systems, intelligent electronic devices (IEDs), and
advanced grid components such as FACTS, HVDC, sensors, and PMUs. The second expenditure is the cost
of enterprise back-office systems and equipment including GIS, OMS, and DMS. The third one is the cost of
supporting IT/cyber secutity and communication infrastructure. This includes transmission line support, and
fiber optics communication infrastructure.

ADO costs include distribution network CAPEX and OPEX. OPEX includes the cost of O&M of
capital equipment. CAPEX includes the installation costs of network equipment for substation automation,
distribution automation systems such as intelligent reclosers, relays, switches, sensors, capacitor banks, direct
load and generator control, voltage and power flow control equipment. It also includes the cost of supporting
IT and communication infrastructure among digitized devices in the distribution systems.

AMI costs include the CAPEX and OPEX of the procurement of equipment and systems of the
three AMI layers: meter, intermediate, and application layers. AMI OPEX includes the cost of O&M. It also
includes projects costs, communication/connectivity costs, consumed energy costs which are the cost of
energy consumed by the measuring systems, and costs of services. AMI CAPEX includes the meter layer
costs, which include modular meters, communication modules, new meters, and HAN. CAPEX also includes
intermediate layer costs including the cost of concentrators and balancing meters, and the costs of modems
and couplers. Lastly, CAPEX includes the application layer costs, which include the costs of development,
testing and implementation of the AMI, integration and interfacing, computer equipment, and licensing. Total

estimated costs for each category are shown in Table 5-4.
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Table 5-4: Cost of SGT's

SGTs cost categories | Cost (US § billion)
ATO costs
CAPEX: equipment (0.50)
CAPEX: enterprise back-office system (0.01)
CAPEX: IT/cyber secutity (0.05)
Total ATO CAPEX (0.56)
OPEX (0.03)
Total ATO (0.59)
ADO costs
CAPEX 0.96)
OPEX 0.12)
Total ADO (1.08)
AMI costs
CAPEX: meter layer (0.99)
CAPEX: intermediate layer (0.20)
CAPEX: application layer (0.05)
Total CAPEX cost (1.24)
OPEX (0.45)
Total AMI cost (1.69)
Total SGT's cost (3.36)

After estimating the outcomes and costs, an egalitarian distribution is performed for each outcome
value among the related benefits presented in Table 5-2. Likewise, an egalitarian distribution is performed for
each cost value among the related assets shown in Table 5-1. The following section discusses the results of

the analysis.

5.7 RESULTS

After performing the analysis described in the previous sections, the results indicate that the total
benefits resulting from the insertion of SGT's in the Saudi grid are estimated as US $15.87 billion. The total
costs of these SGT's are estimated as US $3.36 billion, thus resulting in a total profit of US $12.51 billion. This
indicates SGT's are profitable to the Saudi electricity infrastructure subject to the assumptions in this study.

Moreover, this study performs three methods to evaluate the economic feasibility of SGTs. The first
one is computing NPV for each technology. The results show that assets utilization optimization is the most
profitable application of the SGTs to the Saudi electricity infrastructure. The second one is DMS, followed by
engineering design and management, and condition-based maintenance operations. The rest of the results are

shown in Table 5-5. Further discussion on these findings are presented in the subsequent section. The same
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analysis is performed considering NPVs for each Smart Grid infrastructure, namely AAM, ADO, AMI, and
ATO. The results show that AAM technologies are ranked first, followed by ADO, AMI, and ATO.
Table 5-6 shows the benefits, costs, and profits for each infrastructure.

The second method is computing benefit/cost ratio (B/C ratio) for each infrastructure. The results
show that AAM is ranked first, followed by ADO, ATO, and AMI as shown in Table 5-6. The third method
is computing the minimum total cost of each infrastructure. Minimum total cost is the investment cost and
the O&M cost [157]. The results show ATO is the lowest infrastructure cost, followed by AAM, ADO, and
AMLI. The results are shown in Table 5-6. We, then, average the three ranking values for each infrastructure to
obtain the overall ranking. The results show that AAM is the first, followed by ADO, ATO, and AMI, as
shown in Table 5-6.

Aside from Smart Grid assets, the analysis shows total outcomes related to each benefit. The most
profitable benefits are the reduction in domestic oil usage for electricity and deferring T&D capacity
investments as shown in Table 5-7. Total benefits realized for each year are also computed. In addition, the
benefits growth rate for each year is computed, ie., difference in benefits values between two consecutive
years. Table 5-8 shows benefits realized and benefits growth rate for each year of the analyzed period. The
results show that high growth in benefits occurs in the second years because, firstly, SGTs will start
generating benefits, and, secondly, there is yet a room for improvement in the infrastructure from which
SGTs can leverage their benefits. Some other years encounter negative growth rate because some benefits

have not been realized yet.

5.8 SENSITIVITY ANALYSIS AND IMPLICATIONS

After obtaining the results, sensitivity analysis is performed to examine the impact of the change in
values of some parameters to the SGTs total benefits. To test the dependence on framework assumptions, we
use 10% in the sensitivity analysis as advised by [100]. Table 5-9 shows the impact of 10% change in the initial
values of some parameters on the total SGTs benefits. It shows that discount rate, followed by annual
installation of RE sources and oil prices are the most sensitive parameters in the framework. The large impact

of discount rate on total benefits implies that selecting a proper discount rate is crucial to arrive at an accurate
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estimation. Discount rates are set by central banks and determined by the economic cycle and economic
conditions of a country.

The results also show that “assets utilization optimization” is the most profitable application,
followed by DMS, engineering design and management, and condition-based maintenance operations as
mentioned in section 5.7. This indicates an urgent need to optimize grid sectors and minimize losses by
improving efficiency and enabling advanced and automated equipment. Low asset utilization is explained by
high level of aging equipment and increasing level of losses in the Saudi electric grid. In [179], we identify
equipment aging and system losses are of the main challenges facing the electric grid.

The findings of this work are intended to serve decision makers when planning for SGTs insertion to
the electricity infrastructure. The findings imply the need to weight certain criteria when computing CBA of
SGTs. The sensitivity analysis shows the criticality of oil prices on impacting the net benefits of SGTs.
Considering the fluctuating oil prices in intemational markets, planners may take a conservative approach for
cost-benefit estimation.

From the sensitivity analysis, we notice that the level of RE sources penetration to the generation
mix plays an important role in increasing SGTs benefits. This shows that the deferred capacity from fossil
fuel resources and supplied instead by RE sources have large financial benefits. This finding may propone to
increase RE sources penetration.

Another implication derived from the results is the benefits of SGTs realized by reducing GHG
emission. The electricity infrastructure in Saudi Arabia emits a considerable amount of CO; due to its high
dependence on fossil fuel resources for electricity generation. This work may call for policies to reduce

electricity generation emissions and increase RE sources penetration to the generation mix.
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Table 5-5: Benefits, Costs, and Profits of each Technology

Smart Grid assets Benbeiflllti(s)r(lgjs $ Cokfjtﬁigjl)s $ Pr%ﬁ]tjgi)s $ Ranking
AMI
Smart meters 1.209 (0.35) 0.863 6
HANs 0.463 (0.35) 0.117 22
Wide area communication infrastructure 1.109 (0.48) 0.626 10
MDMS 1.024 (0.35) 0.678 9
ADO
Distribution automation 0.872 0.12) 0.752 7
Complex systems 0.033 0.12) (0.087) 28
Distribution geographic Information system 0.166 (0.01) 0.151 20
OMS 0.306 (0.001) 0.304 16
Distributed energy resoutces operations 0.537 (0.12) 0.417 15
Advanced Protection and Control 0.169 (0.12) 0.049 23
DMS with PQ data 1.114 (0.12) 0.992 2
Advanced grid components for distribution 0.078 (0.12) (0.042) 27
PHEVs 0.865 (0.12) 0.745 8
Distributed storage devices 0.655 (0.12) 0.535 13
ATO
Substation automation 0.129 (0.12) 0.005 25
WAMS 0.129 0.14) (0.008) 26
Electricity markets applications 0.234 (0.001) 0.232 17
Modeling, simulation and visualization tools 0.129 (0.001) 0.128 21
Advanced protection and control 0.166 (0.013) 0.153 19
Advanced regional operational applications 0.234 (0.001) 0.232 17
Advanced grid components for transmission 0.166 (0.12) 0.042 24
AAM
Asset health information 0.688 (0.07) 0.616 11
T&D Planning 0.507 (0.08) 0.428 14
Condition-based maintenance 1.021 (0.07) 0.950 4
System operating information 0.688 (0.07) 0.616 11
Asset utilization operation optimization 1.218 (0.08) 1.140 1
Engineering design and construction 1.014 (0.05) 0.965 3
Modeling and simulation 0.953 (0.04) 0911 5
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Table 5-6. SGTs Infrastructures Ranking

Min. K
Benefits | Costs | Profit Rank | B/C Rank | total Rag A
Infrastructure | (USS | (USS | (USS | ~ | B/C | cost (mml' o
billion) | billion) | billion) | T ¥ | P90 ey | s | | 0
. cost)
billion)
AMI 3.805 (1.52) 228 3 2.50 4 (1.52) 4 3.66
ADO 4.795 (0.98) 3.82 2 4.91 2 (0.98) 3 2.33
ATO 1.186 (0.40) 0.78 4 295 3 (0.40) 1 2.66
AAM 6.089 (0.40) 5.63 1 13.17 1 (0.406) 2 1.33
Table 5-7. Financial Outcomes from each Benefit
Outcomes
Benefits (US$ Ranking
billion)
Optimizing generator operation 0.207 17
Improving assct Deferring generation capacity 0.850 5
oS investments
utilization Reducing ancillary service cost 0.491 10
Reducing congestion cost 0.207 17
Deferringi;rj:sstrfni;s’litosn capacity 1210 5
Tiiﬁgtﬁl Deferring distribution capacity 1210 5
. investments
Economic Reducing equipment failure 0.364 14
Reducing distribution equipment 0.207 19
T&D O&M maintenance cost '
savings Reducing distribution operations cost 0.559 8
Reducing meter reading cost 0.429 11
Theft reduction Reducing electricity theft 0.384 12
Energy efficiency Reducing electricity losses 0.551 9
Electrlgty cost Reducing electricity cost 0.667 7
savings
Reducing sustained outages 0.368 13
Power : -
o interruption Redugmg major outages 0.161 21
Reliability Reducing restoration cost 0.166 20
. Reducing momentary outages 0.319 15
Power quality Reducgigng Sags anfiy Swellf 0.319 15
Reducing Co, emissions 0.748 6
Environmental Air emissions Reducing SO,f NOX and PM10 1.031 4
emissions
Security Fnergy security Reducing oil usage 5.421 1
Reducing wide scale blackouts 0.007 22
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Table 5-8. Benefits and Growth Rate for each Year

Year Total DCF Growth rate

1 0.494 -

2 0.676 36.8%
3 0.688 1.8%
4 0.687 -0.1%
5 0.704 2.4%
6 0.707 0.5%
7 0.795 12.5%
8 0.791 -0.6%
9 0.915 15.7%
10 1.041 13.8%
11 1.179 13.2%
12 1.320 11.9%
13 1.457 10.4%
14 1.600 9.8%
15 1.741 8.9%

Table 5-9. Sensitivity Analysis

Change on parameters

Change on total SGT's

Parameters initial values benefits

r (discount rate) 10% -6.45%

Annual installation of RE sources 10% 5.27%

Oil price 10% 3.65%

Peak shaving by DR 10% 1.46%

Improvement in the reduction of non-technical losses 10% 0.89%
Improvement in the reduction of technical losses 10% 0.70%
Price of 1 tonne of CO; 10% 0.68%

5.9 CONCLUSION

The chapter proposes an economic framework based on detailed cost-benefit analysis of the
insertion of SGTs for electricity infrastructure modernization. The framework is built based on a
comprehensive approach adapted from EPRI Smart Grid model, NETL modern grid initiative, and a study
conducted by CESI and A.T. Kearney to estimate the impact of smart meters and smart equipment. The
framework maps Smart Grid assets to their functions and benefits to estimate the feasibility of each Smart
Grid technology and infrastructure. The framework is applied on the Saudi electricity infrastructure as a case

study. The findings of this work show that AAM infrastructure technologies are the most profitable
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technologies of Smart Grid to the Saudi electricity infrastructure, followed by ADO technologies, ATO

technologies, and AMI technologies.
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CHAPTER 6

POLICY, PLANNING, AND SOCIETAL IMPLICATIONS

This chapter discusses the findings and implications obtained from Chapters 2, 3, 4, and 5. Initially,
this research examines prospect scenarios for electricity infrastructure modernization in Saudi Arabia. The
modernization is characterized by a multi-dimensional economic analysis. The first dimension addresses
electricity market deregulation. The second dimension addresses the insertion of SGTs. The findings of the
research conducted on the first dimension, in Chapter 3, show that a positive value of AW is expected after
the deregulation of the Saudi electricity market. This implies that electricity market deregulation is
recommended. The results also show that the selling price of energy increases five times the current price in
the short run, and 17t% times the current prices in the long run. This increase in energy prices would increase
producers surplus, and reduce consumers surplus. The quantity of electricity sold is expected to remain
unchanged in the short run, and reduce by 40% in the long run. These results imply that electricity market
deregulation would encourage investors to access the market since the producers surplus is expected to
increase.

On the other hand, market deregulation is expected to decrease consumers surplus after the increase
in electricity prices, which might create a negative social impact. Hence, consumers’ acceptance to energy
conservation and DR programs is expected to improve in order to help reduce the monthly electricity bill.
This scenario is expected to help reduce total energy consumption and, therefore, reduce total peak demand.

The model proposed in Chapter 3 shows that A} increases as ¢ increases, and as rdecreases. When ¢
increases, the lost demand from supply-demand mismatch increases, therefore, GW decreases. Moreover, 7
represents how risky a setup is. As rincreases, the forecasted outcomes decrease. These findings show that
low price elasticity of demand affects GW value, a notion leads us to recommend considering ¢ as an
indicator for the level of market efficiency. Moreover, the value of AW increases as A, and 7 increase. When

government subsidies increase, there would be a greater room to optimize the market. Increasing v would
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also expand the limit to which C, improves, which consequently increases AW. This implies that government
subsidies to electricity prices play a major role in limiting market efficiency.

With regards to the second dimension, the research, in Chapter 4, proposes a MCDM model using
fuzzy AHP to prioritize SGT's to the Saudi electricity infrastructure. The prioritization considers technical,
economic, societal, and environmental factors. The results show that AMI technologies are ranked first, then
AAM technologies with 19.1% less importance weight than AMI technologies weight. ATO technologies
come in the third rank with 22.7% less weight than AMI technologies weight. The fourth rank goes to ADO
technologies with 28% less weight than AMI technologies weight. This implies the importance of AMI
technologies over other technologies to meet the Saudi 2020 targets stated in the National Transformation
Program and the Saudi Vision 2030. Additionally, the results offer a tool to chart a roadmap for transitional
modernization. The roadmap is intended to serve policy makers with prioritized progression of SGT's
insertion to the electric grid. The results suggest that policies designed for electricity infrastructure
modernization in Saudi Arabia should address the penetration of SGTs in a prioritized fashion. Modernizing
the Saudi electricity infrastructure in a transitional progression is recommended considering the fact that
electric grid modernization is a highly capital-intensive plan requiring a relatively long timeframe for
construction and operation.

In addition to the financial challenges, modernizing the electric grid should not come at the cost of
compromising the grid reliability and stability. Introducing a new technology to an electricity infrastructure
may impact the functionality and operability of the existing systems. Thus, a reasonable level of SGT's
penetration is required to maintain system reliability and to adjust the existing system to the new changes.
System engineers, operators, and planners are also required to adapt to the new technologies. Policy makers
are recommended to consider a rollout penetration plan of SGTs by allowing only the technologies of the
first choice, i.e., AMI. These technologies, then, will establish an infrastructure of integrated SGTs. Then, the
second choice of infrastructure SGTs, i.e., AAM, follows, and so on.

Accordingly, and based off the discussion above, a transitional penetration of SGTs is required to

establish a feasible plan for electricity infrastructure modernization. Policy makers in Saudi Arabia are
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recommended to consider the progressive modernization plan for the Saudi electricity infrastructure, which is
expected to achieve a reliable transition that meets the Saudi Vision 2030 and the 2020 National
Transformation Program.

In the second part of the analysis pertaining to the second dimension, in Chapter 5, a comprehensive
economic CBA is conducted to assess the economic feasibility of SGTs to the Saudi electricity infrastructure.
The economic analysis comprises three methods: NPV, benefit/cost ratio, and minimum total cost. The
average ranking of SGTs infrastructures places AAM technologies at the first rank, followed by ADO
technologies in the second rank with 43% less weight than AAM technologies weight. ATO technologies are
placed at the third rank with 50% less weight than AAM technologies weight. AAM technologies are ranked
fourth with 63.3% less weight than AAM technologies weight.

In order to draw a comparison between infrastructures’ rankings resulted from fuzzy AHP analysis
and the other ranking resulted from the economic analysis, Table 6-1 shows the weight of each infrastructure
obtained from each analysis. The results show that AAM technologies are ranked first in the overall ranking.
This finding is justified by the fact that the electricity infrastructure in Saudi Arabia is facing challenges
represented in aging equipment, technical and non-technical losses, and high carbon emissions. Additionally,
the characteristics of the Saudi electric grid and some other factors have a major impact on exacerbating these
challenges. Such factors include the fact that 80% of total load in Saudi Arabia is air conditioning, which leads
to frequent and cascading events of motor stalling. Other factors include the climatic conditions, and building
codes currently in place. Drafting proper policies that encourage a conservative level of consumption and
enabling DR program, along with the integration of AAM technologies, the high consumption of energy and
peak demand will decrease considerably. AAM technologies can help improving assets utilization, enhancing
condition-based maintenance, and advancing T&D design and planning.

AMI technologies are ranked second. Considering the current metering system in Saudi Arabia, the
electric grid requires advanced metering system to reduce losses and costs associated with meter reading and
management, enable other SGTs and bi-directional communication. ADO technologies and ATO

technologies are ranked third and fourth, respectively. While T&D networks in Saudi Arabia are of less
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priority than AAM and AMI for electricity infrastructure modernization plan, they yet are important parts of
it. Enabling ADO and ATO technologies has a huge impact on system reliably and stability. It also allows the
integration of other infrastructures’ technologies, i.e. AAM, and AMIL From the analysis presented in Chapter
5, some ADO and ATO technologies are of high benefit/cost ratio such as DMS, distribution automation,
and PHEVs. Electricity market applications, and advanced regional operational applications are yet important
applications that enable further phases of the modernization, ie. electricity market deregulation, and market

efficiency improvement.

Table 6-1. Overall Ranking of SGTs Infrastructures

Fuzzy AHP Economic analysis . Overall
Infrastructure . . Total weight .
weight weight ranking
AMI 1.000 0.367 1.367 2
ADO 0.720 0.570 1.290 3
ATO 0.773 0.500 1.273 4
AAM 0.809 1.000 1.809 1

From the economic analysis presented in Chapter 5, the financial outcomes resulting from each
benefit, in Table 5-7, the most beneficial outcome is resulted from reducing oil usage. This finding is justified
by the fact that relatively high percentage of domestic oil is consumed locally. This notion leads to increasing
the level of energy consumption and building a significant opportunity cost against the potential sale of oil in
the international market. SGTs are expected to enable RE sources and reduce technical and non-technical
losses, which would reduce domestic oil consumption. Another benefit from SGT insertion is deferring
investments allocated for T&D expansion. Considering the vast trend of energy consumption and the
number of consumers in Saudi Arabia, as discussed in Chapter 1, SGT's can help optimize assets and enable
other efficient means for energy generation, transmission, and distribution such as distributed energy
resources, RE sources, and PHEVs. Another outcome expected from enabling SGTs is reducing CO», SOx,
NOx, and PM10 emissions. High oil dependency for energy generation in Saudi Arabia is a major cause for
the high level of these emissions. SGT's are expected to reduce air emissions and generate financial benefits.

Lastly, and from the discussion presented in this chapter, this research is intended to address the

challenges facing the electricity infrastructure in Saudi Arabia. It also proposes a framework for
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modernization. The framework presents an econometric analysis for the modernization. The analysis
accounts for technical, economic, societal, and environmental perspectives. The analysis targets scholars,
researchers, policy makers, and planners interested in econometric analysis of electric grids, Saudi electricity
grid, and electricity infrastructure modernization. It also proposes a roadmap for the modernization of
clectricity markets and enabling SGTs. The analysis shall serve as a tool for planners, policy and decision
makers in drafting strategies and visions for modernizing electricity infrastructures and electric grids.
Although the case study presented in this research is on the Saudi electricity infrastructure, the framework
and analysis are generic enough for use by policy makers of other infrastructures, albeit with appropriately

changed inputs.
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CHAPTER 7

FUTURE WORK

The scope of the future work will continue assessing the impact of SGTs penetration in the Saudi
clectricity infrastructure. From the analysis applied on the second dimension in Chapters 4 and 5, the results
obtained by the fuzzy AHP model that prioritized SGTs, and the economic analysis will be assessed to
estimate consumers and producers surplus resulting from SGTs insertions. Then, the GW will be estimated.
After that, the GW will be computed, compared to, and integrated with the GW resulting from deregulating
the Saudi electricity market (ie., the first dimension). The utility function will be applied to define demand
utility, from which the cost of producing electricity, quantity of electricity sold, and the selling price of
electricity are defined. Then, total GW is estimated, which is, Net Economic Benefit, of electricity
infrastructure modernization.

Another approach to estimate GW for the second dimension is to relate costs and benefits of each
SGT to the impacted side of the GW equation, i.e. consumers surplus, consumers costs, producers surplus,
and /or producers costs. The costs and benefits of each SGT are obtained from the results presented in
Chapter 5. A third approach is to examine the impact of SGT's insertion on the price elasticity of electricity
demand.

The following step is to assess probable risks associated with the application of each scenario. With
regards to the first dimension, risk assessment will be carried out to define technical and economic risks
might result from deregulating the Saudi electricity market. Then, the expected impact of each risk will be
quantified in monetary values. Moreover, this step includes developing a risk management plan that identifies
risk impacts and likelihood of each risk. Uncertainty associated with the first dimension will be considered.
Uncertainty is represented in the arising of new regulations formed in the market. Normally, the new

regulations are faced with unforeseen problems such as supply shortage, conflict among market players,
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monopoly, and price increase. Financial problems are also potential risks to the market during and after
deregulation. Price increase, volume risks, and high price volatility are examples of potential financial risks.

Trading electricity is unlike trading any other commodities because electricity is instantaneously
petishable and cannot be stored on grid-scale storages. These characteristics of the electricity markets, where
the supply-demand equilibrium must be maintained at all the time, might lead to compromise electricity
infrastructure security. This step will address such problems and quantify their losses.

The subsequent step will be applying risk assessment on the penetration of SGTs in the Saudi
clectricity infrastructure. Like in the previous step, probable risks and expected losses will be defined and
quantified in monetary values. Risk assessment will examine the impact and likelihood of each probable risk.
Uncertainties associated with SGTs penetration will be defined. Such risks include system complexity, cyber
security impacts, and impacts on system stability and reliability. Risks also include financial and societal
aspects that may be realized after the application of one or more of the SGT's in the Saudi grid.

Probabilistic economic analysis will be applied to assess the risk associated with the implantation of
the previously mentioned dimensions. The parameters used for the economic analysis, such as economic life
of a project, and the discount rate, are usually deterministic. However, a probabilistic method can be applied
to capture the uncertainty of the parameters.

The following step will be to combine the previously mentioned risk management plans and develop
a risk management framework for electricity grid modernization in Saudi Arabia. The framework addresses
probable risks, impacts, likelihood, and risk management plans. The framework will define a plan for
electricity infrastructure transition from the status quo to a modernized status considering probable risks and
mitigation plans.

A further step will be combining the first and second dimensions into one framework. An
optimization algorithm will be proposed in which GW computed from the application of each scenario is
integrated. The algorithm will optimize the parameters of each dimension. Such parameters include the
characteristics of the Saudi electricity market like demand, selling price, quantity, interest rate, time frame of

deregulation process. The parameters will also include SGTs insertion characteristics. The overall integrated
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framework will be geared toward optimizing the parameters considering costs, benefits, and risks associated
with each dimension. After the algorithm is built, the optimization problem will help identify the best

scenario, presented in Chapter 1, for the modernization of the Saudi electricity infrastructure.
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