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Abstract: A conventional electrical grid mostly depends on the electrical power generated from
fossil fuels. However, the pollutants from fossil fuels are the key factors for adverse climate change.
Most of the developed countries of the world have already recognized the fact that the energy
mix requires to be diversified by incorporating renewable energy. This is especially relevant for
many of the member countries of the Organization of Islamic Cooperation (OIC), consisting of 57
countries, whose abundance of fossil fuel reserve indicates that much of their electric power is still
generated from fossil fuels. In order to integrate renewable energy sources into the hybrid energy
mix, an existing conventional grid needs to undergo drastic changes. Alongside this, the population
boom in the OIC member countries has caused higher demand for a steady supply of electricity
that the conventional grids have long been struggling to cope with. With a view to solving this
multifaceted problem, incorporation of the smart power management schemes is indispensable
using a smart electrical grid, where information and communications technology is integrated
into its major building blocks. This allows advanced applications of a grid, such as the formation
of micro-grids, demand-side management, energy storage, high-tech power electronic converters,
etc. As the smart grids are being adopted by many developed countries, it is high time for the
OIC member countries to pay due attention to this development, if they have not already done
so. This paper explains, with special focus on the OIC member countries, the various smart power
management technologies, their operations and applications, and the benefits and challenges. Then it
goes on to carry out the Strength-Weakness-Opportunity-Threat with Analytical-Heuristic-Procedure
(SWOT-AHP) analysis to evaluate its feasibility of incorporation and the underlying strategies
appropriate for its implementation. Furthermore, a Hybrid Multi-Criteria-Decision-Making (MCDM)
analysis is performed to evaluate the sequence of the emphasis that should be given on each of the
technologies from those available for the smart power management initiative. Finally, the study
reinforces the stance by drawing parallels from the UN Sustainable Development Goals (SDG) and
highlights the importance of the smart grid in line with the global vision of SDG. This paper aims
at assisting the decision-makers in implementing smart power management schemes in the OIC
member countries, in particular, and other countries of the world, in general.

Keywords: Smart power management; smart grid; distributed energy resources; energy storage
systems; power electronic converters; micro-grids; renewable energy resources; smart meters; electric
vehicle infrastructures; SWOT-AHP; MCDM; AHP-WASPAS; AHP-TOPSIS; OIC countries.

1. Introduction

Electricity is the lifeblood of modern civilization. In today’s world, almost every form of
technology that defines personal and social life is in some form or other, dependent on electricity. In
fact, if there was a sudden interruption in the supply of electricity, the civilization would come to a
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halt. Therefore if electricity is the lifeblood of civilization, then an electrical grid is the heart, which
emphasizes the importance of efficient power management in a grid.

The electricity supply comes from the power plants that generate electricity. An electrical network,
consisting of transmission lines, transformers and substations which connects every consumer is
referred to as an electrical grid[1]. It is the intricate infrastructure that delivers electrical energy from
its sources of generation to its destination[2]. A conventional electrical grid that most countries depend
on is nearly a century old system, that relies on one way communication with the consumers. As
the number of consumers continue to grow exponentially and their demands continue to grow ever
more complex, it is clear that the conventional grid system is quickly becoming insufficient for modern
needs. Adding to this, a conventional grid is a centralized system that is poorly suited for integrating
renewable energy resources and is heavily dependent on the fossil fuel power stations. Generating
power from fossil fuels releases carbon dioxide as well as other pollutant gases, which leads to the
green house effect and global warming, aggravating the negative climate change which is a major
concern for the whole world recently. Also, the fossil fuel reserves are finite in supply and are expected
to reach critical limits within a foreseeable future [3] [4]. If we do not suitably integrate renewable
energy into its hybrid energy mix, global climate is going to face massive deterioration and a serious
energy crisis in the future. With that in mind, an electrical grid has to be remodeled or upgraded in a
way so that it can reliably support distributed renewable energy resources. It is but one of the many
limitations and drawbacks of a conventional electrical grid [5], which can be solved by incorporating
smart power management schemes using a smart grid.

Smart power management, in theory, is set to fill in the loopholes of a conventional grid and makes
it better adaptable for the future hybrid energy mix. It essentially facilitates a two way communication
system so that the utilities can know exactly how and when a consumer requires electricity. Its main
aim is to reduce the costs of both the consumers and the utilities as well as to distribute the electricity in
the most sustainable way. It does this by utilizing its two-way communication facility by implementing
demand side management and integrates renewable energy resources such as solar and wind with
the help of the energy storage systems and power electronic converters. The inclusion of distributed
energy resources allows micro-grids to be installed because of the smart power management features.
It also facilitates the efficient inclusion of electric vehicle charging infrastructure into a grid. The
inclusion of the smart power management schemes into a conventional grid transforms it into a ‘smart
grid’.

The focus of this paper is on the member states of the Organization of Islamic Cooperation (OIC),
consisting of 57 countries, who have rich reserves of fossil fuels at present. This is because most
of the OIC member countries are now going through a period of development, and thus, have an
urgent need to tackle the challenges of climate change, energy crisis and supplying to its growing
number of consumers. Therefore, it is expected that these countries are most likely to move towards
implementing the smart grid systems.

Fig. 1 illustrates and summarizes the structure of this paper using the concept mapping approach.

The goal of this paper is to explore the feasibility of and identify the appropriate procedures for
incorporation of the smart power management schemes into the electrical grids of the OIC member
countries. To this end in view, this paper has a threefold objectives.

The first objective is to give an overview on the importance of smart power management schemes
and to describe its various technological features and functions. This is approached by first giving a
brief overview, in Section 2, on the steps being taken by the developed as well as developing countries
within the Organization of Islamic Cooperation (OIC). This is followed by exploring the benefits for the
OIC member countries in adopting smart power management schemes in Section 3 and the underlying
challenges in Section 4. The relevant technologies are then covered in Section 5, followed by the
operations and applications of the technologies, in Sections 6 and 7, respectively.

The second objective is to evaluate the feasibility of upgrading to smart grids from
the conventional ones, in the OIC member countries, through some critical analyses
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Figure 1. Structure of this paper using the concept mapping approach.

which are described in Section 8. The analysis is first performed by carrying out a
qualitative Strength-Weakness-Opportunity-Threat test along with the Analytical-Heuristic-Procedure
(SWOT-AHP) analysis, which is discussed in Section 9.

The third objective, is to evaluate the various technologies of the smart power management
schemes on the basis of the importance of their applications, so as to suggest to the policy makers in
the OIC member countries, the relative emphasis that should be given to each technology for a smooth
transition into the smart power management initiative. This critical analysis is performed through
Hybrid Multi-Criteria-Decision-Making (MCDM) analysis in Section 10.

To reinforce the positive drive towards implementing the smart power management initiatives,
Section 11 covers the United Nations Sustainable Development Goals (SDG) and explains how they
align with the smart grids and smart power management initiatives.

Finally, Section XII concludes the findings of the Analyses and puts forward some suggestions for
incorporation of the smart grids in the OIC member countries, followed by the Reference section at the
end.

2. Advances of OIC countries in the implementation of Smart power management

In many of the world’s developed countries, much progress has been made in the process of
upgrading their traditional grid into a smart one. While much of this is in the form of ever-increasing
investments, there have also been efforts to implement it practically on a small scale.

Many of the non-OIC countries of the developed world are leading the way for smart grid
development; these include the USA, Canada, Australia, Denmark, Finland, Germany, Republic of
Korea, Japan and China [6]. Some of the non-OIC developing countries including India have also
made significant strides in this end.

Many OIC countries have already started the development and deployment of smart power
management schemes, although as of now, the scale of implementation in comparison to many
non-OIC countries is lower.
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Fig. 2 shows the OIC member countries on the world map, including those that are taking part in
the smart grid implementation.

1=

Developed non-0IC countries undertaking steps in 0IC Countries undertaking steps in Development and

Development and Deployment of Smart Power Management. Depl of Smart Power . Other OIC Countries.

Figure 2. Map of the countries investing in implementing the smart power management initiatives..

Table 1 summarizes the advances made by the OIC countries in implementing the smart power
management schemes which are discussed as follows.

2.1. Developed OIC countries

Some of the developed countries within the OIC have already started taking steps towards the
development of smart power management schemes.

2.1.1. Saudi Arabia

The implementation of smart power management in Saudi Arabia, which is one of the few
developed countries within the OIC, has only just begun, with the increasing peak demand pushing
the need for an efficient smart electrical grid. The Electricity and Co-Generation Regulatory Authority
(ECRA) and the Saudi Electricity Company (SEC) both have strategies relating to smart grid
implementation. These include the developments in Information and Communication Technology
(ICT), Wide Area Network and smart meters or Advanced Metering Infrastructure (AMI) in the grid

[6].
2.1.2. UAE

The smart grid market of the UAE, another developed country in the OIC, is expected to have a
growth rate of 2.5 percent between 2020 and 2025 [7]. This is because in the UAE, the electrical power
consumption is increasing rapidly and the present electrical grid would soon prove inadequate to
support the huge networks of power consumption. Besides this, the Vision 2030 of the country aims
at making the country more cleaner, sustainable and well connected [35]. Having an intelligent grid
that can cut losses and manage complex loads is therefore a big part of the solution. Various steps are
already being taken in that direction; for example, over a million slated smart meter installations have
taken place across Dubai from 2016. The smart meter market is set to see a significant rise in the near
future due to increasing government support and investments [7].
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Table 1. Summary of advancements of the OIC member countries with smart power management
initiatives.

Countries Advancement with smart power management initiatives

Developed countries (8 countries)
In KSA, the Electricity and Co-Generation Regulatory Authority (ECRA) and the Saudi

KsA Electricity Company (SEC) both have strategies relating to smart grid implementation [6].
UAE In UAE, over a million smart meter installations have been completed since 2016 [7].
Turke Turkey is the biggest renewable energy user of the OIC [8]; It has set a roadmap to
y implement smart grid by 2035 [9]
Kuwait has deployed over 1 million smart meters [10]; partnering up with EU and private
Kuwait corporations in deploying Advanced Metering Infrastructure (AMI) and Information and

Communications Technology (ICT) [11],[12], and is also planning to incorporate renewable
energy [13].

In Bahrain, 20% households already have smart meters[14]; Bahrain Sustainable Energy
Bahrain Unit (SEU) has been tasked with the formulation of strategies and policies, and
cooperating with private corporations [15].

Qatar is planning a nationwide smart grid roll-out[16]. DSM and EV charging programs

Qatar have been initiated [17].
. Brunei is deploying 200 thousand smart meters to bring smart power management
Brunei
schemes to every household [18].
Oman In Oman, Smart meters are being installed at several key parts of the country [19].

Progressive developing countries (8 countries)

In Malaysia, Government plans to install almost 9.1 million smart meters in peninsular
Malaysia by 2026 [20].

Indonesia | Indonesia is slated to have 25 operational smart grid projects by 2024 [21].

Malaysia

In Pakistan, funds have been secured for Advanced Metering Infrastructure (AMI),
Distribution Automation (DA) and Distributed Energy Resources (DER) development;

Pakistan installed over 40 thousand smart meters in 3 cities and undertaking limited scale projects
[22].
Iran is focusing on Advanced Metering Infrastructure (AMI) development [23] and plans
Iran to fully incorporate smart power management by 2025 [23], and the share of renewable
energy is increasing [24].
Kazakhstan Kazakhstan launched a pilot project in 2017[25], and is developing its renewable energy
sector and incorporating Energy Storage Systems (ESS) [26].
Eovpt Egypt has signed a contract with Schneider Electric to implement the first country-wide
sYP smart grid project in the middle east [27].
Baneladesh Massive implementation of individual solar home system in rural areas has led to it being
& the global leader in Solar Home System (SHS) implementation [28].
. Uzbekistan is investing in smart power management, and have established a control center
Uzbekistan

for smart meters present in the country [29].

Prospective OIC countries (24 countries)

Nigeria[30], Cameroon[31], Morocco [32], Algeria[33] and Jordan[34] are investing in renewable energy
and are expected to adopt smart power management.

Suriname, Turkmenistan, Lebanon, Azerbaijan, Gabon, Maldives, Iraq, Guyana, Tunisia, Alabania,
Djibouti, Kyrgyz republic, Sudan, Mauritania, Cote d’lvoire, Senegal, Tajikistan are the other
prospective countries that are likely adopt renewable energy and smart power management in the
future.

Under-developed OIC countries (17 countries)

Comoros, Benin, Chad, Guinea, Burkina Faso, Afghanistan, Uganda, Mali, Togo, The Gambia, Niger,
Ivory Coast, Yemen, Somalia, Libya, West-Bank, Sierra Leone are either underdeveloped or in a state
of unrest and thus are still to go a long distance before implementing the renewable energy or smart
management initiatives.
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2.1.3. Turkey

Turkey is one of the developed countries within the OIC, which has already started its smart
grid implementation efforts. Its electricity distribution authority plans to replace 80% of its existing
conventional electric meters by smart meters by 2035[36]. Although any major implementation
project is yet to be planned, small scale projects that utilize distributed energy into the grid as well
as improvements in the distribution system are already in effect. It already has a head start in the
renewable energy implementation, as it is the biggest user of renewable energy among the OIC member
countries [8]. Turkey has already set a roadmap for its smart grid vision in 2035, and major smart grid
projects are planned to be undertaken from 2023 [9].

2.1.4. Kuwait

Kuwait has begun an ambitious drive to develop AMI in order to maximize the ease of control of
their citizens by enabling them greater interaction with the utilities. In line with New Kuwait Vision
2035 goals of effective governance, the utilities have deployed over 1 million smart meters [10]. It is
partnering up with private corporations to support its initiative [11], and is also collaborating with
the EU for the effective deployment of AMI and the associated ICT features [12]. It also has plans to
reduce dependence on fossil fuels, and renewable energy penetration into the energy mix is expected
to rise to 3% in 2020[13].

2.1.5. Bahrain

Bahrain has begun trying to reduce its dependence on oil and to focus on renewable energy.
To integrate renewable energy resources into the grid, it has recognized smart power management
initiative as an undeniable necessity. The AMI technology of Bahrain is already well developed,
with about 20% households in the country having installed smart meters [14]. However, the sensors,
customer side systems and renewable energy resources are still limited, and the government is
formulating national strategies to adopt smart power management schemes on a wider scale [14]. The
Bahrain Sustainable Energy Unit (SEU), has been set up by the government for the development of
policies and strategies to deploy the smart power management technologies. Cooperation with private
corporations is slated to be used to develop the final plan [15].

2.1.6. Qatar

Qatar is planning a nationwide rollout of smart grid technologies. Over 600 thousand smart meters
are to be set up complete with communication technologies and Internet of Things (IoT), in cooperation
with private corporations [16]. Smart grid implementation projects are being undertaken by the
universities, notably the Qatar Environment and Energy Research Institute (QUEERI) of Hamad Bin
Khalifa University, with the collaboration of the KAHRAMAA, Qatar Electricity and Water Company,
Qatar Petroleum, and Qatar Meteorological Department [37]. Qatar had a goal of setting up 1 GW solar
panels by 2020 [17]. It has launched a Demand Side Management (DSM) program called Tarsheed. It is
also installing charging stations to integrate electric vehicle charging infrastructure into the grid [17].

2.1.7. Brunei

Brunei has a very high GDP and low population, thus allowing them to spend on improving the
quality of life of its citizens. Implementation of smart power management is a step in that direction.
The country has already started initiatives to deploy smart meters in every residential household in
the country, which will be installed free of cost. Started in 2017, more than 200 thousand smart meters
are set to be deployed all over the country [18].
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2.1.8. Oman

It is investing on developing renewable energy integration. Large solar fields are being built. It
has already installed a large number of smart meters in select urban areas, undertaken by the Omani
Nama Group along with international corporations such as Cesi and Wipro [19].

2.2. Progressive developing OIC countries

While developing countries are expectedly behind the developed OIC countries in smart grid
development and implementation, many of them are exceptions to this. Some have even surpassed
other developed OIC countries in smart grid implementation, as may be seen below.

2.2.1. Malaysia

At present, Malaysia generates 6% of its energy from renewable sources. The country has targeted
to produce one fifth of its energy from renewable energy resources by 2025. Incorporation of smart
grid is indispensable in order to bring this plan to fruition. Tenaga Nasional Berhad (TNB), the largest
electricity utility in Malaysia, is rapidly installing AMI across peninsular Malaysia. By 2026, almost
9.1 million smart meters is planned to be installed in the residential areas of the peninsula. The
government is also taking measures to provide incentives to households for adopting renewable
energy [20].

2.2.2. Indonesia

Indonesia plans to include renewable energy into its electricity mix to about 23% by 2025. For this
to happen, the development of smart power management schemes is a necessity. Perusahaan Listrik
Negara (PLN), the state owned electricity distribution corporation, has carried out several pilot smart
grid projects to that end. Also, the National Medium Term Development Plan (RPJPM) has targeted to
develop five more smart grid systems from 2020 to 2024, raising the number of running smart grid
systems to 25 by 2024. The implementation is first supposed to focus on boosting reliability, system
efficiency, customer experience and grid productivity [21].

2.2.3. Pakistan

Pakistan has secured funds for the development in multiple areas of smart grid technologies.
This includes the development of AMI, distribution enhancement as well as sustainable technologies,
receiving 800 million USD, 400 million USD and 400 million USD, respectively. 40 thousand smart
meters have been installed in both the residential and industrial areas in 3 cities. Multan Electric Power
Company (Mepco) has completed another USAID backed project in Multan, and have already helped
enhance the efficiency, and the utility to save 18.9 million USD [22].

2.2.4. Iran

Iran began its smart grid deployment program with implementation of AMI pilot projects in
December 2011, with a plan to deploy 5 million smart meters with the goal of reducing network losses
in the grid [38]. At present, the government is focusing on the smart meter and AMI development,
spearheaded by the National Smart Metering System project (called FAHAM) [23]. The government of
Iran aims to transform its present conventional electrical grid into a smart grid by incorporating the
smart power management technologies by 2025 [23]. Renewable energy sources contributed to only
2% of the country’s energy mix in 2017 [39], but this has grown to 6% in 2019. The policy makers in
Iran are planning to increase the share of renewable energy markedly into the energy mix [24].

2.2.5. Kazakhstan

The Ministry of Energy of Kazakhstan is leading a campaign to implement smart power
management schemes into the grid. A pilot project was launched in 2017, with the aim to improve
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the power quality of parts of the grid [25]. It is also developing and expanding renewable energy
sector, and is also cooperating with private enterprises with the deployment of energy storage as a
complement to it [26].

2.2.6. Egypt

The Egyptian government corporation, the Egyptian Electricity Holding Company (EEHC), has
signed a contract of 287.5 million USD with the French industrial group Schneider Electric for the
implementation of a massive smart grid project. It entails the construction of four control centers, more
than 12 thousand smart ring units and upgrading 1000 distribution points. The aim is to improve
the grid efficiency and sustainability. Once completed, it would be the first country-wide smart grid
project in the region [27].

2.2.7. Bangladesh

Bangladesh is witnessing a rising demand for renewable energy, especially, in the rural areas,
solar panels are seeing massive implementation in individual houses, which has led to it being the
global leader in solar home system implementation [28]. It is already creating a demand for smart
power management initiatives.

2.2.8. Uzbekistan

Uzbekistan has also started investing in smart power management initiative. By 2021, 8 million
smart meters are set to be installed in fourteen different states. A control center for the millions of
smart meters has been established with the cooperation of South Korea [29].

2.3. Prospective OIC countries for smart power management

It has been shown in the previous subsections how many of the developed and developing
OIC countries are taking part in the drive to implement smart power management schemes in
their respective countries. While many OIC countries are still to take any significant move in this
direction, nonetheless they are strong candidates for the effective implementation of smart power
management schemes. These are referred here as prospective countries for incorporating the smart
power management initiatives. These include Nigeria[30], Cameroon[31], Afghanistan[40], Morocco
[32], Algeria[33], Somalia[41] and Jordan[34], who have already taken steps in renewable energy
integration, and are soon to face the demand to upgrade their grids with smart power management
schemes. Other countries that supposedly have potentials in renewable energy include Suriname,
Turkmenistan, Lebanon, Azerbaijan, Gabon, Maldives, Iraq, Guyana, Tunisia, Albania, Djibouti,
Kyrgyz republic, Sudan, Mauritania, Cote d’lvoire, Senegal and Tajikistan. The fact that most of the
OIC member countries lie around the equator or otherwise in warm climates gives them a distinct
advantage in renewable energy generation in the area of solar energy, as they get long sunshine hours
and intensity. As more and more OIC countries intensify efforts to adopt renewable energy, smart
power management initiatives come as the natural demand for them in order to develop their electrical
grids.

2.4. Underdeveloped countries or countries in war

Unfortunately, a good number of OIC countries are underdeveloped and hence unable to properly
invest in development. A few others are in a state of war or conflict. These are Comoros, Benin, Chad,
Guinea, Burkina Faso, Afghanistan, Uganda, Mali, Togo, the Gambia, Niger, Ivory Coast, Yemen,
Somalia, Libya, West Bank and Sierra Leone. Despite this, many of these countries have very good
potentials in renewable energy generation, such as Afghanistan and Somalia. Renewable energy and
smart power management initiatives are soon to become a viable option for these countries as they
slowly rise out of poverty and unrest.
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With the knowledge that many OIC countries are indeed taking the smart power management
initiative seriously, the reasons behind this drive can now be explored. In the next section, the benefits
that the smart power management initiative would bring about for all the OIC countries are explained,
especially, for those that have yet to work on it.

3. Benefits of smart power management initiatives for OIC countries

In the previous section, it has been shown how the developed countries are striving for upgrading
their conventional grids into the smart grids, and how the implementation of smart grids has already
started taking place in many of these countries. A few of the developed OIC countries are also
among the countries that are leading in this effort. However, most of the other countries of the OIC
are still lagging far behind in developing and implementing the smart grids. This section covers
the benefits that the OIC countries are sure to enjoy if the smart power management initiative is
indeed implemented in their respective countries. The summary of the benefits of the smart power
management schemes in the OIC countries are given in Table 2 and the details are enumerated as
follows.

Table 2. Summary of the benefits of smart power management schemes in the OIC countries.

Benefits

Description

Lower electricity cost for
consumers

Consumer cost is lowered as a result of Demand Side Management (DSM) and
Demand Response (DR) and home based Distributed Energy Resources (DERs).

Lower expenditures for

High energy efficiency and efficient management can reduce utility costs [42].

utility
Increased reliability for Load shifting by Demand Side Management (DSM) and Demand Response (DR)
electricity and efficient management.

Increased energy security

Allows distributed generation from renewable resources.

Preventing energy waste

Demand Side Management (DSM) and Demand Response (DR) help remove
unnecessary loads, transmission and distribution losses are also reduced due to

smart grid upgrades.

Reduced losses through

fraud detection Smart meters, sensors and Internet of Things (IoT) prevent theft and fraud.

Smart power management helps integrate renewable energy to the grid more
easily, reducing dependence on fossil fuels and helps reduce adverse climate
change.

Air pollution and adverse
climate change reduced

3.1. Lower electricity cost for consumers

The average per capita income in the OIC countries is a little over 10 thousand USD as reported
in 2019 [43]. It is behind many non-OIC countries, even in growth rate; which is 17% while the
non-OIC countries have a growth rate of 41.1% [43]. As the OIC countries veer towards development,
their cost of electricity per household presents a significant obstacle in the growth of the income per
person. The smart grid system allows the consumers to reduce costs themselves in a number of ways.
First, through Demand Response (DR), where they can connect non-essential loads at a time when
the price of electricity is lower. Second, through home-based electricity generation, such as rooftop
solar panels, that the smart grid can accommodate. Moreover, these solar and wind systems are
undergoing a major drop in price due to technological advancements and economies of scale and have
now become competitive with fossil fuels [8]. The smart power management (the case of smart meters
only) implementation projects today yield almost twice the benefits compared to the costs [42]. A
significant decrease in the electricity bills is sure to be a big boost to the net income per household and
would help raise the GDP of the country.
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3.2. Lower expenditures for the utility

Higher energy efficiency and a more effective management lead to increased cost savings in
the utility if smart power management scheme is implemented. According to a study in the US, the
Net Present Value (NPV) of the benefits to the utilities due to the investments on smart grids and
sustainable technologies is 20 to 25 billion USD [42]. It is projected that the future implementation
of smart grids are to have 1:4 or 1:5 overall cost to benefit ratio [44]. In the OIC countries, it is sure
to save significant expenditures of the country and allow the government to focus on other areas of
development. In the Middle East and North Africa (MENA) region, studies show that a Net Present
Value (NPV) of 300 million to 1 billion could be saved per year by implementing the smart grids [42].

3.3. Increased reliability of electricity

Many OIC countries struggle to supply electricity to all its citizens. The situation is worse,
especially in the Sub-Saharan Africa and South Asia, and this causes setbacks in the way of
development of the countries in these regions [8]. The implementation of smart grids lead to smart
management of the electrical power distribution. As a result of two-way communication, the loads
can be shifted to reduce the peak load consumption. This reduces excessive pressure on the grid by
reducing the peak demand, thereby resulting in lesser power outages. Not only does this increase the
comfort of individual citizens, but also results in an increase in the productivity of the country as a
whole. Thus, this complements the goals of the OIC countries on the path to development.

3.4. Increased Energy Security

The OIC countries hold almost two-thirds of the world’s fossil fuels (natural gas and crude oil)
[45]. Needless to say, at present, fossil fuels produce the majority of the energy that is consumed by
the OIC countries. However, fossil fuels are in limited supply. The smart power management feature
is able to integrate renewable energy sources through Distributed Generation (DG), thus reducing the
reliance on fossil fuels. This is sure to help increase energy security in the future. At present, the share
of the OIC countries in the global renewable energy capacity is very low, at about 2 % in 2017 [8]. With
most of the OIC countries, now realizing the importance of Renewable Energy Sources (RESs), the
situation has begun to change.

3.5. Preventing energy waste

Energy access efficiency is low in many of the developing countries of the OIC [46]. A lot of
energy is lost due to inefficiency of the conventional grids. The energy losses in the transmission and
distribution can be mitigated by Distribution Automation (DA) and Transmission Enhancement (TE)
strategies. Also, the introduction of Demand Side Management (DSM) means that the inessential loads
on the consumer side are switched off, mostly as chosen by the consumer. All these measures reduce
the waste of energy as well as the consumption.

3.6. Reduced losses through fraud detection

At present, a conventional grid is subjected to a lot of energy thefts. It is estimated that about
96 billion USD worth electricity is lost every year globally owing to theft [47]. This is expected to be
significantly higher in many of the OIC countries as they are more likely to lag behind others in security
measures. While this does not have any negative impact on the utilities, it results in an increase in the
price of electricity, thus increasing the cost of the customers. The smart grid on the other hand, makes
it very difficult to commit theft. This is because most of the equipment involved in a smart grid are
connected through Internet of Things (IoT) and are under constant monitoring. Smart meters are also
equipped to alert the security in case of physical tampering.
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3.7. Air pollution and adverse climate change reduced

The OIC countries lag behind the developed world in terms of their air quality, as the air quality
index of the OIC countries is 65.8 while that of the developed world is 87.7 [48]. This score of the
OIC countries is also behind that of the world average. In particular, the regions of South Asia and
Sub-Saharan Africa are doing particularly worse [48]. This problem is only going to be aggravated,
as these countries accelerate in the path of industrialization. The smart power management scheme
allows the incorporation of renewable energy resources into the grid. Not relying on fossil fuels means
that it greatly cuts down on the carbon emissions, as well as the other harmful gases that are produced
as a by-product of energy generation from fossil fuels. This then serves to reduce the greenhouse effect
and global warming. Given the fact that many of the OIC countries, especially, those on the coastline,
are at major risk of suffering the brunt of the calamities caused by climate change, adopting the smart
power management feature is going to help the OIC countries in the long run.

4. Challenges of adopting the smart power management initiative

So far, the various technological operational aspects of the smart grids have been elucidated, as
well as the general benefits this would bring to the OIC countries. However, the system, although
a major upgrade from the present grid, is far from perfect. Plenty of problems remain unsolved,
and as the technologies veer towards completion, newer problems are emerging. In order to have a
nuanced analysis of exactly how the smart power management initiative is going to be received in the
developing OIC countries, it is important to analyze the various challenges that it presents along with
its known benefits. The challenges are summarized in Table 3 and the details are enumerated next.

4.1. High investment cost

It should not come as a surprise that upgrading a conventional grid into a smart one is by no
means a financially easy task. The readers must keep in mind that this upgrade requires a lot of the
existing grid infrastructure to be replaced, as well as adding newer infrastructures. The cost estimated
for the US in 2011 ranged from about 338 to 476 billion USD [54]. Obviously this would vary country
to country depending on a wide variety of factors, but this should give us an idea of how hefty the
costs can be for the OIC countries. The high investment cost can be dealt with by utilizing proper
strategies, as discussed in the next section.

4.2. Upgrading the grid on the go

The developed countries have a distinct advantage over developing countries when it comes to
the ease of transition. This is because they have lower growth of energy demand because of their lower
population as well as strong reliable grids, allowing them to concentrate on upgrading the existing
grids. In contrast, many developing countries in the OIC have a high demand growth but a weaker
grid, such as Bangladesh. These countries must strengthen and expand their grid infrastructures to
meet the demands of their population, and at the same time, upgrade the existing grid by replacing
older infrastructures and include Information and Communications Technology (ICT) to make the grid
a smart one [49] [50].

The obvious choice for the lesser developed of the OIC countries, which have yet to develop the
grid completely, is to use smart grids for the newer parts of the grid that is to be developed. This
is called technological leapfrogging, meaning an area implements a smart grid from the very start
without implementing the conventional grid.

4.3. Technological shortcomings

Many of the upgrades to implement the smart grids require high levels of technological systems
or devices. These include advanced smart meters, communication infrastructures, High Voltage DC
(HVDC) transmission devices, Flexible AC Transmission System (FACTS), Energy Storage Devices
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Table 3. General challenges of adopting the smart power management initiative for the OIC countries.

Challenges | Likelihood Impact Effects Solutions
Hich Upgrading the entirety of the Plenty of strategies exist, such as
inves t%n ent Moderate Hioh existing grids and adding new inviting investors as it promises
& infrastructures is bound to have a | to have a high benefit to cost ratio
cost
hefty cost. [44].
The existing grids have to be
Upgrading upgraded and also the grids have . .
the grid on High Low to be expanded for many OIC ;l;iChll;?rlergl};Zl leapfrogging can be
the go countries with weak grids [49] P '
[50].
Many of the small technological
Technological . devices to be used have their Workarounds have to b.e found
; High Low L . for the problems or to find better
shortcomings limitations as well as unintended
replacements for them.
problems [51].
Workaround has to be found for
Two way energy flow causes ey
) the stability issues of two way
Difficulties i management complexity and fow. Al
ifficulties in : energy flow. Also, proper
generates harmonics [49][51]. .
renewable . placement of Distributed Energy
High Moderate | Also, the renewable energy
energy Resources (DERs) have to be done
. ) resources consume land area that - .
integration S accomplished by utilizing
causes land limitations for the . . .
. available options, such as placing
smaller OIC member countries. : .
Photovoltaic panels in rooftops.
Private information can be stolen .
. Security measures have to be
by perpetrators, also certain heiehtened. strone securi
Security Low Moderate | information can be hampered for & . & v
system and infrastructures have
the purpose of energy theft to be put in place
[52][53]. putin place.
N Awareness has to be raised and
Barriers in . .
. lucrative Demand Side
Demand Side
Management (DSM) offers have
Management
Consumer and producer based to be made to the consumers to
(DSM) and Low Moderate . . -
barriers [51]. motivate them; decisions must be
Demand . . .
made intelligibly by people with
Response . . .
authority to avoid any decision
(DR) . .
making conflicts.
Managing Security, identification and usage
huge . data of millions of consumers Big data and block-chain can be
High Low . 3.
volumes of have to be managed in a very utilized.
data short time.

(ESSs) and so on. Many of these expensive components have to be procured by the OIC countries from
overseas. This process not only adds to the costs, but also leaves the system vulnerable to outside
interference. Since many of these technologies have to be designed for remote operations, this leaves
the grid more vulnerable to foreign surveillance or even interference, as they were not developed
locally.

The aforementioned technologies have, despite their expense and sophistication, some significant
In the communications sector, there are unique problems to each of the main
communication techniques. Wired communication like the PLC has increased cost, wireless
communication, such as Zigbee, suffers from low data rates, while WiFi suffers from higher cost
and lower range. Both suffer from vulnerability to outside interference. Cellular communication
suffers from the vulnerability of failures due to reliance on cell towers and the control of information
by the cell companies. The use of power electronic devices, which are used in essential applications,

limitations.
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are also the sources of many vulnerabilities and even some inaccuracies, such as increased harmonics
in the voltage [51].

4.4. Difficulties in renewable energy integration

Integrating renewable energy for distributed generation of energy has its share of problems. The
Distributed Generation (DG) has to be controlled by the Smart Distribution Management System
(SDMS). However, the complexity of the system is increased by the two-way communication and the
interconnection of the Distributed Energy Resources (DERs). Further complication occurs when the
consumers also generate some energy on their own, using home based solar panels [51]. The increased
complexity can increase the chances of failure or accidents. The complex power electronics in the
Smart Distribution Management System (SDMS) can also generate harmonics, which can reduce the
power quality and damage sensitive equipment [49][51].

Along with these, another downside to using renewable energy sources is that they take up
more land area to produce the same amount of energy as other energy resources. This is a significant
problem for the smaller OIC countries like Bangladesh, Qatar and Bahrain, which have a low land
area. Since Distributed Energy Resources (DERs) are periodically turned on and off by the Smart
Distribution Management System (SDMS), it requires trained personnel to oversee the operation.

4.5. Security

Security is one of the main challenges of the smart grids. This is because a smart grid has a lot of
private information of the consumers. It is especially alarming as it consists of not only the consumers
energy usage, but also their presence or absence in their homes, their real-time activity and what
appliances they use. This information, if compromised, can be used by personal enemies or rival
businesses for criminal activities [52]. There are two types of security threats that can occur. First
is the passive security threat. This consists of the theft of private information, but no tampering of
the original information. This type of security breach is difficult to detect. The other type of security

7

threat is the active threat. This consists of capturing, tampering, delaying, redirecting or termination of
the information or messages [53]. While attacks can be carried out to acquire or tamper information
related to the consumers, they can also be directed towards tampering usage data, with the aim of
committing energy theft. There are vulnerabilities in the security measures, which can be especially
worsened when large smart grids are implemented on a large scale. Given the high populations and
low software infrastructure of the OIC countries, this calls for some serious concern.

4.6. Barriers in Demand Side Management (DSM) and Demand Response (DR)

Demand Side Management (DSM) and Demand Response (DR) use the two-way communication
system which is one of the determining features of the smart grids. It is easy to see however, that the
effectiveness of this two-way communication is largely dependent on how responsive the consumers
are and how dedicated the producers. On the consumer side, a lack of awareness about DR programs
or simply a lack of enthusiasm for keeping up with the price profile of the electricity all the time,
results in a lack of cooperation with the utility’s directives and thus a poor demand response. This can
be called a consumer-based barrier, and this can greatly reduce the effectiveness of the smart grids. On
the producer side, confusion or disagreement about whose responsibility it is to implement the DR,
may arise. This may result in the lack of a unified standard policy, which leads to inefficiencies and
even unfairness. This causes producer-based barriers [51]. Given how many developing countries,
including those in the OIC, often suffers from a lack of awareness and preexisting inefficiencies in the
government apparatus, these problems are not unlikely to occur.

4.7. Managing huge volumes of data

The smart power management schemes, when implemented on a large scale, require the system
to deal with huge amounts of data. These data include the consumption data, cost data, data of all the
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connected smart devices in the household, data of the presence of the people in the household, personal
security and identification information. These data have to be collected from each and every household
connected to a smart grid. For the OIC countries with large populations, this can be expected to be
over tens of millions. Along with the user data, a smart grid must also collect data from a number
of sensors and smart components connected all over a grid. All these data have to be processed in
real-time within seconds. Needless to say, the software infrastructure to support such data has to be
extremely capable and robust. Block-chain technology can be used to a great degree for handling the
huge amount of data transparently through an open distributed ledger.

5. Overview of the smart power management initiative, its features and associated technologies

In contrast to the unidirectional traditional grid system, a smart grid uses a two-way
communication, i.e, it collects information directly from the consumers using an assortment of sensors
and other Internet of Things (IoT) devices. Fig. 3 shows the overall architecture of the smart power
management technologies.
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Figure 3. The overall smart grid technology infrastructure.

Along with the other sensors placed throughout a grid, it is capable of accomplishing smart power
management, which would maximize energy efficiency, minimize pressure on the system as well as
costs, self-heal from accidents or faults. Most importantly, it is also capable of managing micro-grids
and distributed electricity generation, thus making a smart grid capable of adapting to renewable
energy generating sources [1],[55],[56],[57].

International Energy Association (IEA) has recognized 8 main technology standards, which
are Wide Area Monitoring and Control (WAMC), Information and Communication Technology
(ICT), Renewable and Distributed Energy, Transmission Enhancement, Distribution grid management,
Advanced Metering Infrastructure (AMI), Electric vehicle charging infrastructure and Customer-Side
Systems (CSSs) [58]. It is to be noted that these are not all independent entities. Particularly the ICT
and WAMC, cannot be taken out of the grid, else the other entities would become ineffective. These
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technologies that are evaluated in Section 10 of this paper, are analyzed using the hybrid MCDM
for finding which one to focus on. So the technologies should be such that they are able to function
mostly independent of each other if any country decides to implement some before others. For this
reason, Information and Communication Technology (ICT) and Wide Area Monitoring and Control
(WAMC) are not being considered as separate technologies, but it is assumed that they are part of other
technologies that are being classified. Since this paper is focusing on the initiatives that the government
officials or policy makers can implement, elaborating about the Customer-Side Systems (CSSs) has
also been avoided, since these consist of smart household devices and appliances and depends entirely
upon the customer demand and market forces.

Fig. 3 illustrates that at the heart of it all, is a “Control Center’, which monitors and manages
the affairs of all the systems of a smart grid. It consists of multiple management systems, e.g.,
Meter Data Management System (MDMS), Distributed Energy Resource Management System
(DERMS), Distributed Management System (DMS), Outage Management System (OMS), Demand
Side Management (DSM), etc. These help to control and coordinate the smart meters of the AMI,
Distribution Energy Resources (DERs), Distributed Automation (DA), Transmission Enhancement (TE),
etc. The Distribution Energy Resources (DERs) consists of Renewable Energy Sources (RESs), Energy
Storage Systems (ESSs), etc. It also consists of the solar home systems connected to the residential
areas. The AMI joins the smart meters to the smart homes, industrial plants, as well as to the smart
city. The wireless communication systems (shown above the smart cities) transfer power management
data to the control center.

Table 4 summarizes some of the technologies and features those would be used in the smart grids
and smart power management schemes. These are also explained in a greater detail next.

5.1. Advanced Metering Infrastructure (AMI)

The combination of the network of smart meters, devices connected to it and the communication
gateways is combinedly called the Advanced Metering Infrastructure (AMI) [65].

5.1.1. Smart Meter

Regarded as one of the most important devices in a smart grid, the smart meters collect real
time information about the consumers’ energy consumption, including information about the voltage,
frequency and phase angle, and send the information to the utilities. The utilities are then able to
generate more accurate billing data about each individual consumer [59] [60]. Having the exact energy
consumption data for all the consumers helps the utilities to get the overall picture of the system, and
hence they can manage the grid more efficiently.

5.1.2. Meter Data Management System (MDMS)

The data from the smart meters from every household is sent to the Meter Data Management
System (MDMS), the task of which is to process all these data to prepare the bills for each consumer,
and can be programmed to handle complex billing rates. It also checks for possible errors in the
readings. It operates alongside Customer Information System (CIS) to process the data related to the
personal information of the consumers [61]. This is an important part of the AMI infrastructure for the
smart power management schemes.

5.2. Distributed Energy Resources (DERSs)

Distributed Energy Resources (DERs) are one of the fundamental drivers behind the smart grid
initiative. They are the foundation stone for setting up micro-grids and distributed generation.
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Table 4. Smart Grid Technologies.

Technologies

Description

A. Advanced Metering Infrastructure (AMI)

Smart meter

Records the consumers’ electricity consumption data in real time, as well as the
power quality, and sends them to the utility. Can also be used by the utilities to
regulate or supervise other devices, allowing two way communications [59] [60].

Meter Data
Management System
(MDMS)

It operates alongside Customer Information System (CIS) to process the data
related to the personal information of the consumers [61].

B. Distributed Energy Res

ources (DERs)

Renewable Energy Allows distributed generation from renewable resources.

Sources (RESs)

Energy Storage Energy stored in batteries and similar systems that can be used to provide backup
Systems (ESSs) power during power outages or voltage irregularities due to RESs.

Distributed Energy Allow monitoring and controlling the network and assets, voltage and power
Resource quality control, forecasting and demand response [62].

Management System
(DERMS)

C. Transmission Enhancement (TE)

Power electronic

Flexible AC Transmission System (FACTS) and HVDC for increasing transmission

converters efficiency and conversion [58].
Dynamic Load Rating | Increasing transmission efficiency by gauging the current carrying capacity of each
(DLR) wire [58].

D. Distribution Automation (DA)

Fault Detection
Identification
Restoration (FDIR)

Sensors used to detect and quickly resolve faults [62].

Voltage and reactive
power management

Uses Integrated Volt/Volt-ampere reactive Controls (IVVC) and conservation
voltage reduction (CVC) to monitor and control voltage and reactive power [62].

Equipment health
monitoring

Uses sensors to monitor equipment so that they can be repaired before a major
fault develops [62].

Management systems

Uses Distributed Management System (DMS) for monitoring and controlling the
network and Outage Management System (OMS) for damage control [62].

E. EV infrastructure

Fast charging

Allows EVs to charge within a very short time [63].

Vehicle to Grid

Supplies power to the grid from the car battery, helps boost grid stability[64].

F. Communication technologies

Wireless technologies

Wireless technologies and infrastructure for Zigbee, cellular, WiFi, etc.

Power Line
Communication

Wired communication through the power line. Standard for the Advanced
Metering Infrastructure (AMI).

G. Software Defined Network (SDN)

Control Platform

The software layer that controls everything.

Data Platform

The layer of switches that supplies data to the control layer and which is

maintained by the control layer.
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5.2.1. Energy Storage Systems (ESSs)

The integration of renewable energy resources for distributed generation in a smart grid causes
significant instability in the supply of electric energy as these sources have variable output. This
problem is also amplified by the inclusion of energy hungry loads into a grid such as Electric Vehicle
(EV) charging, which can draw huge amounts of current very sporadically (if many Electric Vehicles
(EV) start charging at the same time). This can severely deteriorate the stability of the supply as well
as the power factor. To mitigate this problem, Energy Storage Systems (ESSs) are used [66]. ESSs can
provide support to the main supply during the peak load hours, provide power factor correction, help
with the self-healing and restoration when a fault develops, and provide supply in an islanded state
whenever the main supply is interrupted [67] [66]. There are many types of ESSs that can be used, such
as chemical storage like bio-fuels and hydrogen, electrochemical storage like fuel cells and batteries,
electrical storage such as super-capacitors, mechanical storage like flywheels and hydro-storage, and
thermal storage [68]. Pumped hydro storage make up 95% of the installed capacity of storage, while
electrochemical storage make up most of the ESSs projects [8]. Choosing which Energy Storage Systems
(ESSs) storage type to use depends on the how it is to be used. For example, CAES operates with
compressed air and works best with wind power generators [8].

5.2.2. Renewable Energy Sources (RESs)

Renewable energy sources refer to those that are abundant in nature. These include- solar, wind,
tidal, geothermal, biomass, etc. Distributed Generation (DG) means that the energy is generated in
small fields across a widely distributed area, as opposed to the centralized generation systems of
conventional coal power plants. When applied like this, each field of Renewable Energy Sources (RESs)
can be used to power only the small area surrounding it, forming a micro-grid. For this purpose, solar
and wind power generators are most suitable, as unlike the other Renewable Energy Sources (RES),
they are not dependent on geography or region and can be implemented everywhere. Renewable
energy generators such as solar panels can be run in residential homes. The consumers here can
produce their own energy, as well as feed surplus energy in a back-flow to a grid, as feed in tariffs.
Also, several of these generators can be set up in the fields, forming farms, like solar or wind farms.

5.2.3. Distributed Energy Management

One of the key features of a smart grid is that it should be able to efficiently circulate electricity from
distributed energy generation (from renewable energy sources) and storage systems, as opposed to the
centralized energy generation systems of today. For this there needs to be effective management of the
energy flow, which requires intelligent sensing as well as advanced network algorithm. One example
is the development of an algorithm of multi-agent based energy management [69]. Network models
are being developed in a similar way, such as the proposal of the user mode network[70]. Cooperation
with the distribution system can be used to coordinate the power flows from the Distributed Energy
Resources (DERs) in a way that would maintain stability in a grid. Distributive Energy Resource
Management Systems (DERMS) allow monitoring and controlling the network and assets, voltage and
power quality control, forecasting and demand response [62]. This management system allows the
isolated clusters of renewable energy generators, farms, as well as all the non-renewable power plants
in different places and connects to work in conjunction, forming a Virtual Power Plant (VPP).

5.3. Transmission Enhancement (TE)

The transmission of electricity from the power stations to the substations has its own set of
limitations and inefficiencies, which a smart grid is able to mitigate. To enhance the efficiency of
transmission, a number of smaller technologies are to be incorporated into the transmission system
[58].
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5.3.1. Power Electronic Converters

This incorporates two main technologies. The first is the flexible AC transmission system (FACTS),
which boosts the efficiency of transmission by maximizing the control and the power transfer capability.
The second is the High Voltage DC (HVDC) technologies, which are essential for the efficient energy
transmission from Renewable Energy Sources (RESs) to the main grid [58].

5.3.2. Dynamic Line Rating (DLR)

Dynamic Line Rating (DLR) is used to gauge the current carrying capability of a section of the
transmission wire at a given time and adjust the current flow so as not to cause overloads and also to
maximize the utilization [58].

5.4. Distribution Automation (DA)

The distribution system supplies current from the substations to the consumers, both residential
and industrial. Automation of this process consists of integrating sensors extensively into these
systems, for the purpose of detecting faults and allowing a rapid response and effective maintenance.
It also allows for automatic reconfiguration of feeders and the optimization of voltage and reactive
power [58].

5.4.1. Fault Detection Identification and Restoration (FDIR)

Using the strategically placed sensors throughout the distribution network, one of the primary
features of Distribution Automation (DA) is to identify faults in the distribution network, so that they
can be isolated and the network can be rerouted. Even if it does not fully prevent power outage, it
would at least ensure that the service can be restored as fast as possible. For this, the sensors work in
conjunction with smart relays, automated feeder switches or reclosers that act as switches for opening
or closing a section of the network. They also allow the utilities to identify the location of the faults, so
the repair crews can be sent accurately, and the maintenance cost is greatly reduced improving the
efficiency [62].

5.4.2. Voltage and reactive power management

The automation of voltage regulation and correction of power factor help utilities to reduce the
peak demands and raise the power quality. Using the Integrated Volt/Volt-ampere reactive Controls
(IVVCQ), the reactive power requirement can be reduced to a great extent and can take the power factor
close to unity. Another operation is the conservation voltage reduction (CVC), which monitors the
voltage levels in the feeders and prevents them from becoming too high, reducing the line losses and
improving the efficiency. This is done using the voltage regulators and load tap changing, while the
capacitor banks compensate for the reactive loads [62].

5.4.3. Equipment health monitoring

Many of the outages are a result of the failing of equipment such as transformer banks. Sensors
are placed on the equipment in order to constantly monitor their status. For the transformers, this
conveys information about temperatures, oil, water and pressure levels. The diagnostic software
analyzes these data to confirm the state of the transformers. In case the data points to deteriorating
health, preventive maintenance can be carried out, thus fixing the problems before they can cause an
outage, improving the efficiency [62].

5.4.4. Management systems

The Distributed Management System (DMS) is a software layer management system which
process the data from the sensors deployed in the distribution network, with the objective of monitoring
and controlling a grid. It helps visualize a grid to the operators, presenting real time information
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about the loads, maintenance and outage conditions. It also helps as a decision support tool that helps
the operators to implement the correct switching schemes in a given problem, as well as control the
voltage and VAR levels, improving the efficiency. This is done using the voltage regulators and load
tap changing, while the capacitor banks compensate for the reactive loads [62].

Outage Management System (OMS), on the other hand, is another visualization and information
management tool that helps the operators control and limits the damage in the event of an outage.
With the help of data from the sensors, Internet of Things (IoT) devices and the smart meters, it can
quickly pinpoint the location and nature of the fault(s), and can greatly increase the efficiency of the
repair crews in the restoration efforts [62].

5.5. Electric Vehicles (EV) infrastructure

Electric vehicles are on the rise at present, especially, in the developed world. In many developing
countries too, hybrid vehicles have already penetrated the market, and in the future, full or hybrid
electric vehicles are sure to completely replace vehicles running on oil and gas only. However, Electric
Vehicles (EV) have their own set of challenges. Charging electric vehicles consume a lot of current,
which increases the load on the system. This charging of vehicles is also very sporadic, and if a lot
of electric vehicles attempt to charge at the same time, it would greatly increase the load on a grid,
deteriorating the power quality and stability [71]. A grid therefore, has to become smart in order
to rise up to the challenge. A smart grid combines the Energy Storage Systems (ESSs) along with
the smart power management schemes from utilities, in order to keep the power supply stable and
maintain the power quality. The cost and life of batteries are also a critical factor in the EVs [8], and
their development is a crucial part in the advancement of the EV infrastructure.

5.5.1. Fast Charging station

While normal EV charging takes 7 or 8 hours to recharge a vehicle to 80 percent of battery, fast
charging stations are capable of recharging the EV to the same level in 30 minutes. This is of course, at
the cost of grid instability, as it can cause huge voltage drops and destabilize a grid. It has to operate
alongside the ESSs to mitigate its debilitating effects [64].

5.5.2. V2G

This Vehicle to grid or V2G is a new concept that utilizes the batteries of the EV as a makeshift
ESSs, that can supply power to the grid in the same way as traditional the ESSs. Motivating the car
owners through incentives, it greatly helps achieve grid stability [63].

5.6. Communication technologies

Smart meters communicate with a grid using Power Line Carrier (PLC) or Radio Frequency (RF)
[59]. They can also work in tandem with the IoT to remotely regulate the smart devices [60]. In a smart
grid, wireless communication links exist between the utilities and the smart meters in the form of
Wireless Automatic Meter Reading (WAMR) [72], and also between the smart devices in the consumers’
home, which in turn, connect to the smart meters. For this, a number of communication technologies
are strong candidates. The first is Zigbee, which is good for supporting the sensor network of a
smart grid due to their low cost and low power consumption in the field [73]. However, Wireless
Sensor Networks based on Wi-Fi are superior to Zigbee in many areas including bandwidth, non-LOS
transmission, coverage area and robustness [74]. Another strong contender is the cellular network,
particularly the Global System for Mobile (GSM) and the General Packet Radio Service (GPRS). Its
comparatively higher power consumption and cost compared to zigbee is mitigated by its higher data
rate and higher level of security. They are used in Smart meters, Home Area Networks (HAN) as
well as for monitoring nodes [75]. Modern cellular technologies are also strong candidates. The 4G
cellular communication standard Long Term Evolution (LTE) is already proven as very capable for
smart meters and remote control operations [76]. LoRA is another viable candidate for smart meter
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communications along with the IoT. Another important technology is the RF-based wireless mesh,
which is a flexible network composed of nodes that act as independent routers. This allows the easier
addition of new nodes as well as the removal of active nodes, which is an important property necessary
for the self healing property of a smart grid [77].

Communication is at the very heart of the smart power management initiative. It transforms an
ordinary grid into a smart grid. As a grid would continue to get smarter through the inclusion of more
and more sophisticated communication technology, it would eventually transform into its next stage,
where the electrical grid would become an Internet of Energy (IoE) [78].

5.7. Power Control System using Software Defined Network (SDN)

Software Defined Network (SDN) is a new concept which comprises of separating the data layer
from the control layer, meaning the control and coordination of the system would be done from a
centralized controller and the rest of the system are only going to provide the data for the controller
[79][2][80]. In simple words, data layer consists of all the hardware, switches and sensors, whose task
is to supply data to the control layer. The control layer is a software layer that processes the data
coming from the data layer and then controls the data layer by sending back instructions. This new
concept essentially separates the software and the hardware into separate layers or platforms, whereas
traditionally, layers are divided on the basis of functions, consisting of both hardware and embedded
software. The SDN controller would be responsible for handling the data coming from the sensors and
smart devices in the network, which act as switches [79]. SDN can be used in smart grid systems for a
wide range of applications, e.g., easing substation network management[2], enhancing data exchange,
connecting the distributed energy resources into a network[80], and managing and controlling the
transmission and distribution[79].

The above two technologies are fundamental for the smart power management initiatives to
the main smart grid technologies, which are discussed from this point onwards. All the smart grid
technologies have, in some form or another, a communication system for collecting data and a central
control system to process the data. Both communication and SDN are also involved in the above
technologies, even if they are not explicitly mentioned.

The main technologies of a smart grid are summarized in Table 4. Now that the various
technological features have been shown, in the next section, how these are used in various operations
of a smart grid is described next in Section 6.

6. Operations of the smart power management

Based on the technological faculties shown in the previous section, a smart grid must be able to
perform the advanced operations that a conventional grid is unable to do. In doing so, a smart grid
solves many of the shortcomings of a conventional grid. The summary of operations of the smart
power management schemes are given in Table 5.

6.1. Data collection

Advanced and accurate data collection is one of the most important features of the smart power
management initiative. While a traditional grid utilities collect data at monthly intervals, in a smart
grid, data is collected minute by minute, courtesy of the smart meters and the vast sensor network. To
support this, an advanced data collection system is required that can monitor, collect and analyze the
real time data by interacting with the various IoT devices and sensors. The most widely used such
process at present is the Supervisory Control And Data Acquisition (SCADA)[88]. However, new and
more improved systems are also competing with it, such as the Phasor Measurement Units (PMU).
While SCADA systems collect 1 or 2 data points per second, PMUs collect 30 to 60 data points in 1
second [52]. This operation is done in all the smart grid technologies.
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Table 5. Operations of the smart power management schemes.

Operations Description

Data is collected from throughout the grid using the advanced sensors and

communication systems; data is to be collected using schemes such as

Supervisory Control And Data Acquisition (SCADA) or Phasor

Measurement Unit (PMU) [52].

The power factor has to be maintained close to unity and the voltage must

Power system quality be kept stable. This is monitored and controlled by the sensors and Voltage

and Var Control (VVC), capacitor banks [81] [82].

Security and its management | Public Key Infrastructure (PKI) is used to handle the information security of
system millions of users on the grid [83].

Data collection

The loads on the consumer side are shifted by the utilities in order to reduce
the demand at peak hours. This is done using smart pricing [84] or direct
load control [85].

It involves policies or incentives offered to the consumers to reduce demand
at any given moment [86].

Demand Side Management
(DSM)

Demand Response (DR)

Dynamic pricing and price

forecast The pricing varies, depending on load conditions [87].

6.2. Power system quality and reliability

Power quality is an essential concern in an electrical grid. A smart grid must strive to ensure the
highest possible quality of the electricity that is supplied to the consumers. This includes ensuring
a high power factor close to unity as well as maintaining a stable voltage quality free of spikes
and dips[81]. Although it introduces some additional challenges to the power quality due to the
introduction of new devices, increased communication infrastructure and the increased switching
operations, of the smart power management schemes also opens more doors to improving power
quality by increased control and monitoring capabilities [81] [82]. The power quality can be monitored
by a smart grid using network, equipment or power monitoring. The advanced automation operations
such as fault location and Voltage and Var Control (VVC) can be used for monitoring. Capacitor banks
can also be used, in conjunction, for power factor improvement. Micro-grid islanding can also reduce
spikes and dips [82]. This is done primarily in the distribution automation.

6.3. Security and its management system

As smart grid handles the data of thousands or even millions of consumers, it becomes imperative
that a powerful security system is in place to safeguard these data and protect the integrity of a grid. A
number of measures exist, while more are being developed. One possible method is the Public Key
Infrastructure (PKI) [83]. Security of information is primarily a concern for the management layers of
all the technologies.

6.4. Demand Side Management (DSM)

Demand Side Management (DSM) is the name given to the planning, implementation and
supervising innovations in the policies of the utility by the companies, which would influence the
consumers’ use of electricity. The ultimate aim of DSM is to lower the consumption of electricity, at
least during peak hours, so that the utility can regulate the electrical supply more easily and the system
would be stable [89] [85] [90]. This influence can be in a number of ways. The first method is by smart
pricing, where the consumers are rewarded or penalized based on the set guidelines for electricity use
provided by the company [84]. The second method involves Direct Load Control (DLC), where the
utility can regulate and switch some of the users loads based on prior agreement [85]. This would
be done using the smart meters, and the Grid Friendly Appliance Controller (GFAC) [65]. Ongoing
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developments in the field are mostly focused on the former, with numerous incentive based schemes
being proposed, which include heuristic optimization [84] and game theory [85].

6.5. Demand Response (DR)

Unlike Demand Side Management (DSM), which involves long term strategies adopted by the
companies, the Demand Response (DR) involves policies or incentives offered to the consumers to
reduce demand at any given moment (thus, for short term strategies) [86]. DR is the change in the
normal consumption of electricity by the consumers due to incentives offered or due to the natural
rise and fall of electricity cost. DR depends upon the consumers, unlike DSM, although DR itself is
considered part of the overall DSM strategy. DR from the consumers can be achieved in three ways:
curtailing loads to reduce energy consumption, timing the use of electricity to avoid the peak hours, or
using domestic energy generation systems (such as solar panels in homes) to reduce the pressure on
a grid [91]. Ensuring effective demand response is therefore fundamental for the market design of a
smart grid [92].

6.6. Dynamic pricing and price forecasting

Dynamic pricing is one of the main objectives of the smart grid, i.e., instead of an upfront charge
that an electrical grid charges at present, the pricing varies, depending on the load conditions [87].
There are a number of dynamic pricing schemes proposed, the main ones being ToU (pricing based on
peak/off-peak hour), RTP (Real time pricing, based on the cost of generating electricity at a specific
time interval) and CPP (pricing scheme for critical days) [87].

Since the cost of electricity is variable, it becomes necessary for the consumers to have an idea
about the cost of electricity beforehand in order for them to have an effective demand response. This is
where price forecasting becomes important. Price forecasting can be related to load forecasting, as price
ultimately depends on the load. Since dynamic pricing requires hour by hour changes in loads and
prices, powerful algorithms are required in order to process available data to make timely predictions
[93]. Machine learning algorithms such as Artificial Neuron Networks (ANN) [94], Auto-regressive
Integrated Moving Average (ARIMA) [95] and many other techniques [93] are the foremost choices.
Since the huge number of data have to be processed within a short time, Big Data frameworks such as
Support Vector Machines (SVM) can also be used [96].

In this section, it has been shown how a smart grid would manage the system. From the
perspective of the OIC countries, the applications of a smart grid will now be discussed in Section 7.

7. Applications of the smart power management schemes

A conventional grid system is plagued by various problems. A smart grid aims to solve all these
problems and maximize the efficiency of an electrical grid. The following points illustrate how a smart
grid would achieve this. The summary of the applications of the smart power management schemes
are included in Table 6.

The details of the applications of the smart power management schemes are enumerated as
follows.

7.1. Work in conjunction with the smart devices at homes

The cost of electricity varies throughout the day. This depends on a lot of factors, but most notably
on the number of loads drawing electricity from a grid at any given time. Until very recently, it was
not possible for the users and the utilities to communicate and coordinate the operation times of
the devices to take advantage of the low cost hours. However, with the rise of IoT and the recent
surge of smart devices, this is no longer a fantasy. The smart devices would continue to grow their
influence and in the near future, will dominate most of the households. A smart grid allows utilities to
remotely communicate with the smart devices in every consumers” household Home Area Network
(HAN) through smart meters [65] [60]. DSM and DR become much easier when information about
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Table 6. Applications of the smart power management schemes.

Applications Description |

Utilities can communicate with the smart equipment in the households
through smart meters, which would ease Demand Side Management (DSM)
and Demand Response (DR) [65] [60].

Distributed Energy Resources (DERs) allows micro-grids to be set up
Micro-grids centered around the distributed generator and storage [97], which can act
independently from the main grid [98].

Work in conjunction with the
smart devices at homes

Load control and cost Demand Side Management (DSM) and Demand Response (DR) can allow
reduction load shifting at the peak usage times, thus reducing the cost of electricity.

Integration of RESs into the | Allows two way flow of energy and thus allows the integration of RESs into
grid the grid [99].

a consumer’s electricity usage can be monitored by the utilities. This would allow regulation of the
operating hours, which in turn, would lower the electricity cost at homes and also reduce strain on the
grid during the peak hours.

7.2. Micro-grids

Micro-grid is considered as an important step in the development of a smart grid. This is because
it is central to the formation of a grid system based on the distributed energy generation and storage
[97]. The micro-grid is defined as the body of an electrical distribution network that operates on the
locally generated electrical energy and energy storage elements. It serves only a specific area for which
it does not have to rely on the electrical supply from the central grid [98]. In an ideal smart grid system,
multiple micro-grids exist, each centered around a renewable energy generation station. They can
operate both in parallel with the central grid as well as completely independently (islanded mode)
[98]. The multiple micro-grids would be coordinated and controlled by the smart grid central control
in accordance with the desired control parameters [97] .

7.3. Load control and cost reduction

The utilities struggle in distributing electricity owing to an increased number of loads. This often
leads to mismanagement, which in turn, leads to excessive cost. In a smart grid, through DSM and DR,
the utilities can directly or indirectly control the number of loads on the consumer side. This helps
reduce the demand at the peak hours, and thereby, lower the cost of electricity. Also, the real-time
pricing feature of a smart grid allows consumers to participate in DR, turning off appliances at times
when the price of electricity is high. This saves costs, for both the consumers and the utilities.

7.4. Integration of Renewable Energy Sources (RESs) to a electrical grid

For many countries leading the smart grid development and implementation, integration of RESs
to the electrical grid is one of the main objectives. A conventional grid is unsuitable for a large scale
implementation of renewable energy generation because of the centralized system of generation of a
grid. This is primarily because of the variable nature of the RESs, and the rigid, inflexible grids fail to
utilize the full economic potential of these resources. Another major problem that the conventional
grids face is the back-flow of energy, which occurs when the RESs generate more energy than is
consumed at any given moment; something that the traditional grids which are designed for one
way power flow are not suitable [99]. Governments can pay a consumer for this back-flow of energy,
a process called feed-in-tariffs. To mitigate the challenges related to RESs, a flexible, dynamic and
intelligent smart grid is the answer.
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8. Critical Overview

In Section 6 and 7 the benefits and challenges of the smart power management initiative for the
OIC countries has been shown, and the key technologies have also been introduced, including their
functions and applications. It is now necessary to assess all these facts critically and implement them
in quantitative analysis to find out exactly how feasible the smart power management initiative is for
the OIC countries, and in what way it can be implemented. This is accomplished using the following
two procedures: the Strength-Weakness-Opportunity-Threat with Analytical-Heuristic-Procedure
(SWOT-AHP), and the Hybrid Multi-Criteria Decision Making (MCDM) analysis. Fig. 4 shows the
overall process of the critical analysis using SWOT-AHP and MCDM.

Is Smart Power
SWOT-AHP Management
Analysis feasible for 0IC
countries?

Benefits and Challenges of Technologies, Operations,
Smart Power Management for and Applications of Smart
0IC countries Power Management

Figure 4. The overall process of the critical analysis.

So far, the benefits and challenges (strengths and weaknesses) of establishing the smart grids
in developing countries have been analyzed. However, along with these internal factors, the OIC
countries must also take into account the external opportunities and threats. They have to utilize the
strengths and weaknesses in accordance with these external factors to maximize the success of a smart
grid venture. SWOT [100] is a strategic planning tool that is used for understanding and identifying
the internal strengths (S) and weaknesses (W) and the external opportunities (O) and threats (T) to a
project or endeavor. The various strengths, weaknesses, opportunities and threats are referred in this
paper as SWOT factors. It is important to keep in mind that these SWOT factors are in fact subjective;
what may be a highly desirable quality to one party may not be so important to another, although a
direct conflict of interest is unlikely. Therefore in order to consider the significance of a SWOT factor,
one must take into consideration the stakeholders involved with each of these factors. The two main
stakeholders in case of a smart grid are the utilities and the consumers. However, for the sake of
simplification of the analysis, society is considered as a broad category of the stakeholders, which
encompasses the interests of both the utilities and the consumers. The SWOT factors are considered on
the basis of their impacts on the society, both the utilities and the consumers.

After the SWOT factors are ascertained, the next step is to calculate the relative significance of
each of the SWOT factors, and use them to formulate effective strategies. This is done through the
AHP analysis[101,102]. Here, an element in a matrix is compared with the other elements within the
same matrix. Based on the comparison, each is given a score from 1 to 9 according to Saaty’s scale[101],
as shown in Table 7. For example, the elements that are equal in significance are given a score of 1.
Those, that are strongly more significant in comparison to the ones they are being compared with, are
given a score of 5, and so on.

These values represent how significant one element is in comparison with the element being
compared with. This process is called pairwise comparison. The scores of the pair-wise comparison for
each category is then used to find their root mean product value, given by Product!/™. 1t is the product
of all the scores in that row to the power (1/n), where 1 is the number of elements being compared, or
the number of rows or columns in the pairwise comparison. The significance vector of each factor is
calculated by Eqn. (1).

Product!/" (x;)

S' . . V t . f—
ignificance Vector (x;) " ((Product )1/ " (x;))

)
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Table 7. Saaty’s scale for the SWOT factor comparison [101]

Significance Intensity on an

absolute scale Definition
1 Equally significant
3 Moderately significant
5 Strongly significant
7 Very strongly significant
9 Extremely significant
2468 Intermediate values between two adjacent

judgments

The significance vector gives the relative importance of each factor in comparison with the others.
This process is repeated for each of the SWOT categories (S, W, O and T) separately. Then, the AHP
process is carried out again; this time to obtain the relative weights of the SWOT categories within
themselves. These relative weights are then multiplied with the significance vector of each factor
for each category to obtain the overall significance of the factor. Afterwards, the TOWS matrix is
formulated, where the suitable strategies are suggested that can be undertaken in order to incorporate
the smart grids in the OIC countries most efficiently, as well as evaluating the strategies with respect to
the expected significance or impact. The chronology of these operations is visually summarized in Fig.
5 and the details are discussed in Section 9 .
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Figure 5. Process of the SWOT-AHP-TOWS analysis.

The SWOT-AHP analysis is carried out to evaluate the feasibility of adopting the smart grids
in the OIC countries, as well as to identify the suitable strategies with which to implement them.
However, given the fact that the smart grids have a wide range of technological features that has to be
implemented, many of the OIC countries may not have the capability of implementing them with the
same emphasis. Th problem is addressed in Section 10, as how much emphasis should be given on the
implementation of each of the five broad classes of technology, based on their respective contribution
to the smart power management schemes. The emphasis has been assigned by comparing the five
broad classes of technology after carrying out the analysis with the help of the MCDM procedure. A
hybrid MCDM incorporates the two MCDM procedures at the two stages of the analysis [103-105],
which are discussed in a greater detail in Section 10. The procedures to be followed in the process of
the MCDM analysis are shown in Fig. 6.

It is seen from Fig. 6 that at first the technologies are compared in the light of the selected criteria,
which may be beneficial or non-beneficial. Here, a double hybrid MCDM procedure has been used
incorporating the AHP to assign weights to the criteria, and then using the WASPAS and TOPSIS to
evaluate the technologies using the weighted criteria. Each of the AHP-WASPAS and AHP-TOPSIS
operations generate separate sets of scores, which are then combined to forecast a final suggestion.
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Figure 6. Process of Hybrid MCDM analysis.

9. SWOT-AHP-TOWS analysis of the smart power management schemes

In the previous section, a brief overview was given on the process of the SWOT-AHP-TOWS
analysis. In this section, this analysis is carried out in three parts - the SWOT analysis, the AHP
analysis, and the formulation of the TOWS matrix.

9.1. SWOT analysis

9.1.1. Formation of the SWOT table

Table 8 illustrates the different SWOT factors that have been considered for this analysis. It is
necessary to keep in mind that these factors may not apply equally well for all the OIC countries, which
have distinct economies or issues. A general point of view has been considered here by considering
the majority of the OIC countries, which are middle to low income developing countries.

9.2. AHP analysis

9.2.1. Calculating significance scores of the SWOT factors

At first, the pairwise comparison of the SWOT factors is carried out in each category. The scores
determined for each comparison are assigned by the expert opinions. For example, S1 is strongly
significant compared to S2; S1 has a score of 5 against S2, and S2 has a score of 1/5 against S1. In this
way, all the scores are assigned to the pairwise comparison matrix. Table 8 will help understand the
analysis discussed here.

i) Strength pairwise comparison: For the strength category, S1 (cost savings) has the highest
significance among the strength factors. This is because from the numerous features of a smart
grid, the cost savings is the prime motivation for most of the developing countries [106]. The cost
savings are a result of increased system efficiency and greater reliability of the electrical supply, as
well as other economic benefits. The second biggest motivating factor is S4 (the drive to reduce the
ill-effects of climate change). It has already been stated in Section 3 that many of the OIC countries are
at the forefront of the climate change, and are likely to suffer the most in times of natural calamities.
Therefore, it would only be sensible for the governments of those countries to take steps to avoid such
calamities. This is why S4 has the second highest significance in this analysis. The next in significance
is S2 (increase in energy security). Although this is a top significance in the developed countries, it
is lower in significance than the cost benefits of the smart grids in the developing countries (which
includes most of the OIC countries) [106]. A reason for this is that at present, many OIC countries
have bountiful supplies of fossil fuels, and thus the drive for adopting renewable energy is lesser.
The point of S4 and 52 may seem too similar because both consist of reducing the fossil fuel reliance,
and also the reason for their having different priorities may also seem contradictory. However, it
must be clarified that the core motivations for the two factors are in fact different. S4 is concerned
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Table 8. Formation of the SWOT factors.

Factor Factor Description
number
STRENGTHS
The cost to benefit ratio financially is estimated to be close to 1:4 and 1:5 [44]. This is
Cost . . .. .
S1 . altogether a result of the reduced equipment failures, energy theft, electricity losses, service
savings .
cost and sustained outages [42].
S2 sEercllelfty The easy integration of renewable energy resources means lesser reliance on fossil fuels
. Y and therefore an increased energy security for the future.
increased
Energy - - L . -
S3 wastos Increased efficiency of transmission and distribution, sustainable use of electricity due to
reduced Demand Side Management (DSM) and Demand Response (DR) reduce the waste of energy.
Climate Implementation of the smart power management initiative allows the integration of
S4 change renewable energy into the hybrid energy mix and reduces the usage of fossil fuels, thus
reduced reducing the greenhouse effect and air pollution.
WEAKNESSES
High It is very capital intensive, as the entire grid has to be upgraded. The lesser developed
W1 . . ; .
investment | countries of the OIC may not be able to invest enough capital.
W2 Security of | There remains a risk of loss of privacy and the leak of private information of the consumers
information | [52][53].
W3 Technological| The technologies to be used have limitations and drawbacks as well as being expensive
challenges [51].
OPPORTUNITIES
. There is an increasing public and international support to modernize an existing grid to
Public and . . . . ..
o1 International make it more reliable, and to integrate renewable energy and improve the system efficiency
support [106]. Changes are welcome and there would be a lot of domestic and international
PP investors.
Increased
availability
o2 and lower The technologies, required for a smart grid, are becoming more available and more
cost of affordable on a massive scale.
required
technology
Growin Almost all of the OIC member countries are growing economically. The average growth
03 cconom gin rate is 2.4% for the OIC countries in 2019 [43]. Without taking into account the anomalies in
OICy the global economy due to any unforeseen effects, such as the COVID-19, more and more
countries are becoming financially capable of investing in the smart grids.
. The electricity demand is growing in the OIC countries due to the increase of population
Increasing : . . o
- and spread of technology in everyday lives and Information and Communications
04 electricity . ) S . - . .
Technology (ICT). Conventional grids are inefficient and insufficient to properly satisfy this
demand
demand.
. Many countries of the OIC have electrical grids, which are not fully developed. Due to
Developing . . . . - .
05 id technological leapfrogging, integration of the smart grids early on in the newer areas is
& easier for these countries.
THREATS
.Reg}ﬂ.atm‘.y Irregularities are common in many developing countries. As a result, it may become
inefficiencies P . . . .
T1 difficult to coordinate the complex procedures of a smart grid operation, and the policy
and ..
. ... setting in the cases of DSM and DR.
irregularities
Demand
Side
Management | Consumer based barriers, such as the waning of interest in the participation of DR in a
T2 (DSM) and | daily basis is a likely possibility. Distrust would also arise if the utilities had regulatory
Demand control over the home area network.
Response
(DR) barrier
Lack of . . . oo . .
motivation In many countries of the OIC, in particular the oil-rich countries of Middle East and North
towards Africa (MENA), the large fossil fuel reserves at present may cause policy makers not to
T3 take renewable resource integration with due urgency. Since renewable resource
renewable . .. . . . .
integration is one of the major drivers of a smart grid, this may reduce the development
cnersy d implementation efforts of t grid
Sources and implementation efforts of a smart grid.
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with preventing the climate change, while S2 is driven by the future energy crisis. S2 is likely to be
felt by some countries more than the others and is a problem for the future, while 54 is a common
concern for the whole world, and is related to a problem that is already present and is growing more
and more severe. This is why, 54 outweighs S2. The fourth significance in the strength category is S3
(savings in energy). Though similar to 51, it mainly indicates the reduction in the loss of energy, and it
only indirectly affects the consumers as it would lead to an increase in electricity prices. While this is
definitely important from the overall point of view, the other strength factors take precedence over it,
as they directly concern both the utilities and the consumers and have a stronger impact. As a result of
this analysis, it can be concluded as per expert opinion that S1 is 5 times more significant than S2, 7
times as significant as S3, and only twice as significant as S4. 54 is 4 times as significant as S2 and 5
times as S3. S2 is twice as significant as S3. The pairwise comparison of the strength factors is shown
in Table 9.

Table 9. Determination of the significance vector of each SWOT factor by the AHP analysis.

. . Root mean Priority
Pair-wise comparison | ‘
product vector
Strength S1 S2 - 83

7 2.89 0.52

Z 0.56 0.1

1 0.35 0.06

1.78 0.32

327 0.74

0.74 0.17

0.41 0.09

04 05

g 5 1.72 0.26

2 5 1 0.15

5 7 291 0.44

1 2 0.58 0.09

0.5 1 0.34 0.05

0.74 0.18

292 0.71

0.46 0.11

High

ii) Weakness pairwise comparison: For the weakness category, W1 (high investment cost) greatly
takes precedence over the other two weakness factors. This is because it determines the ability of a
country to afford investment in a smart grid, at a given time. If the initial cost surpasses a government’s
ability to support it, and if the project also fails to attract enough investors, this suggests that the
intended smart grid project should not be initiated. W2 (security of information) is the second in
importance. This is a growing concern among many of the consumers, who may hesitate to participate
in the implementation process if they fear that their privacy can be breached. This hinders the efforts
of smart grid implementation on a large scale. The last in significance among the weaknesses is W3
(technological challenges). This is because while technological limitations remain a problem for now,
as development continues, it becomes less of an issue in the long run, and is more benign than the
other two weaknesses. According to the expert opinion, W1 is 5 times and 7 times as significant as W2
and W3 respectively, while W2 is twice as significant as W3, as is shown in Table 9.

iit) Opportunity pairwise comparison: The opportunities category features that O3 (growing economy
of the OIC member countries) has the highest significance, because it is seen as an enabler. This means
that it is a determining factor that allows a country to finance the smart grid implementation venture
more easily, even without private or international finance. The second in significance is O1 (support
for smart grid among the public as well as the international community). Closely tied with the global
push to adopt renewable energy, the importance of this factor lies in its ability to attract domestic
or foreign investors and entrepreneurs, which enables or speeds up the implementation of smart
grids. The third opportunity in significance is O2 (increased ease of availability of the smart grid
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technologies). Although less important than O3 and O], it is nonetheless important as it reduces the
overall expenditure of implementing the smart grid technology on a large scale and thus increases
the ease with which the implementation can take place. The fourth in significance is O4 (increase in
electricity demand in all the OIC countries). This is directly in proportion to the increase in population
and urbanization, and increases the demand for electricity. The reason for this being behind O3, O1
and O2 is because those three determine the ability of an OIC country to adopt a smart grid, while O4
only sets the demand for a smart grid in a country. The last in significance is O5 (developing grid).
This opportunity gives an incentive for the developing countries to implement the smart grids as it
allows them to leapfrog technologically by directly implementing the smart grids in areas where the
conventional grids have not been established yet, saving the cost and also making progress. Since this
is highly specific for some OIC countries, and is still subjective to significant investment costs, it is
behind the other factors. Experts have thus determined that O3 is twice as significant as O1, 3 times
as 02, 5 times as O4 and 7 times as O5. Likewise, O1 is twice as significant as O2, thrice as O4 and 5
times as O5. O2 is twice as significant as O4 and thrice as significant as O5. O4 is twice as significant as
O5. These are shown in Table 9 for better understanding.

iv) Threat pairwise comparison: In the category of threats, the threat factor with the highest
significance is T2 (the DSM and DR barrier). As had been explained before, this refers to the
consumers losing interest in regularly obeying the DSM directives. This may arise from there not being
enough incentives to motivate the consumers. This is a serious threat, as it can drastically reduce the
effectiveness of the DSM, as well as the flexibility of a smart grid in load management. The second
most significant threat is T1 (regulatory inefficiencies), because the human element is not absent from
the management and regulation process as yet. In the case of many OIC countries unfortunately,
this threat is very significant given the high rate of irregularities and mismanagement in many of
them. Termed as a producer based barrier, this problem can also reduce the effectiveness of a smart
grid. Given the fact that this is a problem that can be more easily tackled by a government, it is less
significant a threat than T2. The third in significance in this category is T3 (possible lack of interest
of some of the OIC countries in investing in the renewable energy sector). This may not be on an
official level, but it may be a significant factor for the countries with large reserves of fossil fuels at
present. This also adversely affects the push for the smart grid implementation, as renewable energy
integration is a major driver to move away from the conventional grids. Even if it does not inhibit the
smart grid development, it may, however, reduce the speed of the development and implementation.
This is less of a threat than T2 and T1, given the increasing international drive towards the renewable
energy sources, and a growing awareness among the populace. Therefore, experts have placed T2 to
be 5 times as significant as both T1 and T3, while T1 is twice as significant as T3. These are shown in
Table 9 for a clear understanding.

Afterwards, the significance vector for each factor within each of the SWOT categories, is
calculated using Eqn (1). Table 9 also depicts the AHP operation on the SWOT factors.

9.2.2. Checking consistency of the calculated SWOT factor significance vectors

A fundamental rule of the AHP process is that it is necessary to check the consistency of the
values used to avoid unreasonable results. For the consistency check, it is first necessary to determine
the value of a variable called A4y, which is obtained by multiplying the significance vector each factor
with the sum of their scores for each column and adding the results of all the factors. This variable is
then used to calculate the Consistency Ratio (CR), which is used to indicate the level of consistency
and reliability in the scores assigned in comparison in the pairwise matrix. This is necessary because
the scores assigned with the pairwise matrix are entirely based on the assumption of experts, and is
therefore at risk to human error in maintaining the consistency between each individual comparison.
For example, if S1 is 7 times more significant than S3 and 5 times more significant than S2, it only
stands to reason that S2 should be about twice more significant than S3, and any large difference
between the significance score of S2 over S3 is an inconsistency. The CR is calculated for each of the
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four SWOT categories, as four separate pairwise comparisons are taking place here. Eqn. (2) is then
applied to obtain the values of CR for the pairwise comparison for each SWOT categories.

- Amax — 1

CR=20—1) )

where, 7 is the number of factors in the category, and 7 is a special constant called the Random Index
[107]. The random index has different values for different number of factors. This scale is shown in
Table 10.

Table 10. Random Index (RI) [107]

n 1 2 3 4 5 6 7 8 9 10
RI | 0.00 | 0.00 | 058 | 090 | 1.12 | 1.24 | 1.32 | 1.41 | 145 | 1.49

As can be seen from Table 10, for each category, the random index is different, depending on the
number of factors in that particular category. For the strength category, there are 4 factors (n = 4), so
the value of r is 0.90; for the weakness and threat category with three factors (n = 3), r is 0.58; for the
opportunity category with five factors (n = 5), r is 1.12. Table 11 shows the calculated consistency ratio
(CR) values for each of the SWOT factors. One of the rules of the AHP is that the Consistency Ratio
(CR) of each AHP operation has to be less than 0.1 for the pairwise comparison to be acceptable. If
it is more than 0.1, then the pairwise matrix has to be reevaluated because the error is too large. In
this case, the CR value obtained for the AHP operation of the strength category is 0.02, for weakness
category it is 0.01, for opportunities it is 0.01, and for threats it is 0.05, as presented in Table 11. As the
CR values of all the categories are set well below 0.1, it is justified that the assessment criteria for the
pairwise comparison of the SWOT factors considered in this paper are sound.

Table 11. Calculated consistency ratio (CR) values

Categories COHSISICCI;{C)y Ratio
Strength 0.02
Weakness 0.01
Opportunity 0.01
Threat 0.05

9.2.3. Calculating weights of the SWOT categories and the overall significance of the SWOT factors

In order to find out the overall significance of the SWOT factors, it is necessary first to determine
the weight of each category in SWOT; meaning how much relative significance does the S, W, O and
T have with respect to each other. This is done with an AHP process of its own with the pair-wise
comparison process in the same way it is used for the SWOT factors.

In the pairwise comparison, the strength category will be given more significance than the other
categories. This is because the factors in the strength category (S) are the main drivers for adopting a
smart grid. It can be surmised that even if the opportunities (O) presented in Table 12 were to decrease
in significance or even cease to exist hypothetically, the strengths are still strong enough to convince
the policy makers of the need to establish a smart grid. Using this reasoning, it can be said that the
strength category outranks the opportunities in significance. As for the weaknesses (W) and threats (T),
it should be clear from a cursory analogy that the factors in both these categories are relatively weaker
than both the strengths and opportunities, as many of these factors can quite easily be compensated for
or simply mitigated with time as the technology progresses and the awareness increases. However, the
weaknesses have one quite important factor, the high investment cost. While it too can be mitigated
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with time or through economies of scale or by utilizing the opportunities (as is discussed in the TOWS
matrix in sub-section C), it still affects the ability of a country to implement the smart grids, and hence
the weaknesses have more significance than the threats. Thus, S is three times more significant than W,
twice more than O and 5 times more than T. Likewise, O is twice as significant as W and thrice as T. W
is twice as significant as T. The pairwise comparison matrix of S, W, O and T categories is displayed in
Table 12.

The significance vector of this AHP operation are then found using Eqn. 1 again. The significance
vectors in this case are the relative weights of the SWOT categories, as can be seen in Table 12. The
strength category has the biggest weight, followed by the opportunities, then weaknesses, and then
lastly the threats.

Table 12. Determination of weights/significance vectors of the SWOT categories.

Pair-wise comparison Root mean product Priority vector
S w [0 T
s sz s 2 s |
w 0.33 1 0.5 2 0.76 0.16
(o] 0.5 2 1 3 1.32 0.27
| T T

The final step is calculating the overall significance of each factor, which is obtained by multiplying
the significance vector of each factor from Table 9, with the weight of each category (S5, W, O or T)
which has been shown in Table 12. It is obtained by applying Eqn. 3.

Owerall Significance = Significance Vector x Category Weights 3

The overall significance of a factor indicates its significance over all the other factors, including
those in other categories. These have been calculated and shown in Fig. 7. For instance, the S1 has
the highest significance score of 0.25. This indicates that the cost savings as a result of adopting smart
grid is the most significant of all the SWOT factors. Fig. 7 also shows the perception map of the SWOT
factors. It is formulated with the overall significance scores of the factors, and helps to visually display
the overall significance of each SWOT factor in comparison with the other SWOT factors from all
the categories. For example, S1 having the highest overall significance, has the largest size of the
vector as can be seen in the figure. Likewise, the size of the vectors of each factor indicate their overall
significance.

Now the overall significance of each SWOT factor has been obtained, this information are used to
determine the significance of each strategy that are formulated in the TOWS matrix using these factors,
which is discussed in detail in the next subsection.

9.3. TOWS strategies

After analyzing the various SWOT factors, their weights are found by AHP analysis. Now it is
necessary to formulate the TOWS matrix to use these factors to suggest suitable strategies to maximize
the success rate. Table 13 shows the TOWS matrix.

Here three strategies have been suggested for each broad classes of strategies, resulting in a total
of 12 strategies that will help the OIC countries efficiently adopt smart power management initiatives.
The strategies have been formulated by combining the SWOT factors presented in Table 8.

This consists of four broad classes of strategies. The first is the Growth-Oriented Strategy (SO), of
how to use the strengths to utilize the opportunities. The second is the Diversification Strategy (ST),
consisting of using the strengths to minimize the threats. The third is the Transformation Strategy (WO),
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The Growth-Oriented Strategy (SO), Diversification Strategy (ST),

Transformation Strategy (WO) and Defensive Strategy (WT) for adopting smart power management in

OIC countries.

OPPORTUNITY

THREAT

STRENGTH

Growth-Oriented Strategy (SO)

Diversification Strategy (ST)

SO-1. The energy demand is increasing, so it
is especially necessary to develop smart grids
in areas where demand is more likely to be
concentrated, such as in urban areas.
Focusing on these areas would maximize the
cost benefits and minimize the energy losses
(51, S3, O4).

ST-1. The authorities can promote renewable
energy among those still disinterested by
stressing their importance for energy security
of the future, as well as their importance in
reducing carbon footprint. This would also
serve the purpose of increasing support for
smart grids among the populace, attracting
more investors and entrepreneurs (S2, T3)

SO-2. The fact that smart grids are a
necessity for the integration of renewable
energy resources can be utilized to garner
support from the public towards large scale
developments as well as attract foreign
investors. This is because it aligns with the
international push for the adoption of
renewable energy (S2, O1).

ST-2. To avoid consumers losing interest in
cooperating with the DR instructions, the
cost savings to their bills as a result of their
cooperation, have to be clearly and routinely
promoted to them. Lucrative incentives also
have to be provided, ensuring however that
the overall cost does not increase as result
(S1, T2).

SO-3. The economic growth could be
sustained by reducing natural calamities.
Thus the fact that climate change can be
reduced by smart power management
schemes has to be recognized by the
governments and policy makers, and this
narrative can help further accelerate the
implementation of smart power management
by attracting public interest and investors (54,
03).

ST-3. Awareness has to be raised on the fact
that fossil fuel combustion is largely
responsible for the adverse climate change.
The fact that this is a problem at present and
not of future, and that no nations are exempt
from the effects of climate change has to be
propagated through awareness programs to
the industry leaders, policy makers and the
general public (54, T3).

WEAKNESS

Transformation Strategy (WO)

Defensive Strategy (WT)

WO-1. The high investment requirements of
developing smart grids can be fulfilled by the
states” own funds, as well as by attracting
private and international investors by
cashing in on the global interest in promoting
renewable energy. (W1, O1, O3)

WT-1. Other than technological limitations,
the only other way in which the information
security in a smart grid can be compromised
is by the regulatory inefficiencies of the
professionals in charge of the network
integrity. Hence there should be strong
supervisory committee overseeing the
performance of the officials in charge, which
cracks down on any form of professional
negligence on part of the professionals in
charge. (W2, T1)

WO-2. The state can fund development of
emerging technologies for smart grids, as
well as choosing from among the wide
variety of available options. This allows
maneuvering around the limitations of the
existing technologies as well as address the
security concerns, which are also in a way
dependent on the technological capabilities.
(W2, W3,02)

WT-2. Strenuous efforts have to be made to
assure the concerned consumers that DSM is
not compromising their privacy and security
in any way. (W2, T2)

WO-3. As many of the OIC countries are
likely to implement smart grids in areas that
were previously not connected to an electrical
grid, the quality of service can be expected to
be relatively lower there initially. Thus the
policymakers may not need to worry about
the technological limitations to great extent
in these cases, and have more flexibility in
allocating their resources. (W3, O5)

WT-3. Concerned officials and investors,
whose support is necessary for the successful
financing of the smart grid development,
have to be assured that the smart grid has a
high benefit to cost ratio, and the profits are
lucrative. This would motivate the concerned
parties to invest. (W1, T3)
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Figure 7. The perception map.

where the weaknesses are mitigated by seizing the right opportunities. The fourth is the Defensive
strategy (WT), of how the weaknesses are defended by assessing the threats [108]. These 12 strategies
are then assigned a significance score in order of their expected effectiveness, based on the significance
vectors of the SWOT factors acquired from the AHP analysis in Table 9. This is shown in Table 14.

Table 14. Significance scores of the TOWS strategies.

Strategies SWOT factors Operation Total weight Rank

SO-1 S1, 83,04 S1x04 + S3x04 0.0068 4
S0-2 S2,01 S2x01 0.0035 5
SO-3 54,03 S4x03 0.0186 2
ST-1 S2,T3 S2xT3 0.0005 10
ST-2 S1, T2 S1xT2 0.0157 3
ST-3 S4,T3 S4xT3 0.0015 8
WO-1 W1, 01,03 W1x01 + W1x03

WO-2 W2, W3, 02 W2x02 + W3x02

WO-3 W3, 05 W3=05

WT-1 W2, Tl W2xT1

WT-2 w2, T2 W2xT2 0.0016 7
WT-3 W1, T3 WI1xT3 0.0012 9

Low High

Here in Table 14, the highest score is 1 and the lowest is 12. These are formulated by multiplying
the overall priorities of the factors of different categories, to find the total scores. The table shows that
WO-1 is the most significant strategy, that is, the states’ own funds (because of increasing economy
in OIC countries, O3) and international and private investors (because of the rising global interest in
renewable energy, O1) can be used to counter the most significant weakness of smart grid development
(High investment, W1). It is apparent in Section 2 that many OIC countries have already started
adopting this strategy. The least significant strategy is WO-3, that is developing the smart grid in areas
that were previously not connected or poorly connected to the conventional grid first, means that
technological shortcomings may not have a large significance in such communities. But given the fact
that both the technological challenges (W3) and the opportunity of developing grids (O5) have very
low significance, thus this strategy that combines them too has the lowest significance.

9.4. Justification of the SWOT-AHP-TOWS analysis

The goal of this section is to analyze the extent of the feasibility of setting up the smart power
management schemes in the OIC countries in general. The SWOT analysis, which had been carried out
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first, helped discover the strengths, weaknesses, opportunities and threats of undertaking the smart
power management initiatives, while the AHP analysis helped quantify the impact of these factors.
The TOWS analysis then used these quantified factors to formulate suitable strategies that can help the
governments in the OIC member countries implement the smart power management initiatives most
effectively. The strategies are also classified in order of their perceived impact, with the top strategy
being the use of the state funds and private investment to mitigate the high investment cost factor. The
formulation of the strategies is the key objective of this section.

10. MCDM analysis of the smart grid technologies

In the previous section, the SWOT-AHP-TOWS analysis has been carried out, and a handful of
strategies are suggested based on the TOWS matrix as to how the smart power management schemes
can be implemented in an OIC country. In this section, the MCDM operation is carried out to grade
the technologies in order of their emphasis, which has been assigned to each of them, in accordance
with their contribution. The seven criteria with which they are compared with are classified as either
beneficial or non-beneficial as shown in Table 15.

Table 15. The nature of the criteria used in the MCDM analysis.

Criteria Nature

System Efficiency Beneficial

Reliability Beneficial

Reduced theft Beneficial

Renewable Energy Adoption Beneficial
Deployment challenges Non-beneficial
Investment cost Non-beneficial
Technological challenges Non-beneficial

10.1. Technologies and the criteria

The five technologies (AMI, DER, DA, TE, EV infrastructure) have their own distinct qualities for
each criterion, with which they are compared. These qualities are assigned numerical values for the
ease of comparison, which are shown in Table 16.

Table 16. Numerical designation of the qualities awarded to each technology for the given criterion.

Quality Numerical designation
Very low
Low 2
Moderate 3
High 4
Very high 5

In Table 16, the highest value is taken as 5, and the lowest is taken as 1. It is important to note
that the difference in the numerical designations should not be assumed to hold equal value. Their
purpose is to serve as a rank only and no more than that. However, in order to assign the numerical
designation, it is necessary to analyze how these technologies satisfy each of these criteria.
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10.1.1. System efficiency enhancement

System efficiency enhancement has the following three main actions: (a)load shifting through
Demand Side Management (DSM) or Demand Response (DR), (b) transmission loss of electricity and
(c) fault/loss detection. Of these, the DSM or DR has a greater role in determining system efficiency.

The Advanced Metering Infrastructure (AMI) has the highest score of 4 in this criterion. This is
because although it has the minimum role in transmission loss, it allows two-way communications in
the form of DSM and DR, thus preventing waste of energy and allowing load control, as well as assisting
in fault detection with the Outage Management System (OMS) and Distributed Management System
(DMS) of the Distribution Automation (DA) [62]. Transmission Enhancement (TE) and Distribution
Automation (DA) have the second highest score of 3. They both greatly reduce the transmission
losses [58] [62], as well as playing an active role in fault detection, using DLR[58] and Distributed
Management System (DMS)/Outage Management System (OMS)[62], respectively. However, neither
of them are exactly essential in DSM and DR. Both Distributed Energy Resources (DERs) and Electric
Vehicle (EV) infrastructure have the lowest scores of 1, because neither play active roles in enhancing
the system efficiency.

10.1.2. Reliability enhancement

Reliability enhancement has four actions, namely, fault detection/prevention, DSM and DR,
forecast, and energy storage. All of these are assumed to have equal weights and thus contribute to the
score in the same way.

The Advanced Metering Infrastructure (AMI) and Distribution Automation (DA) have the highest
score of 4 under this criterion. They both play active roles in making the forecast by data collection [62],
and help in easier integration of the Energy Storage Systems (ESSs) and Renewable Energy Sources
(RESs), although the role of Distribution Automation (DA) is relatively more here. However, the AMI
allows the DSM and DR enabling the load shifting by the consumers and reducing pressure on the grid
during the peak hours, lowering the chances of power outage. The DA plays a minimum role here,
but it plays the prime role in fault detection, while AMI can only assist the Distributed Management
System (DMS) and Outage Management System (OMS) of the DA [62]. The TE and EV Infrastructure
both have a score of 3, and can share data for load forecasting and neither of them helps with the
energy storage integration. However, the TE helps reduce the chances of fault development, while EV
has no role to play here, whereas EV infrastructure utilizes DSM and DR in its operation, but the TE
cannot. Therefore, their scores are equalized. The DERs have the lowest score of 2 because it supports
no other actions of reliability enhancement other than enabling integration of the ESSs.

10.1.3. Reduced theft

Reduced theft comprises of having physical tampering warning system as well as strong software
security.

The AMI has the highest score of 5 in this criterion because it has sensors over crucial areas
to detect any attempt to physically manipulate any regulatory devices [109], as well as software
protection. The DA also has sensors over crucial areas to serve the same purposes as the AMI does.
However, its significance is much lower, as it is less prone to attacks than AMI. Therefore, it has a
lower score of 3. All the other technologies have a minimum role in theft prevention, and is therefore,
given a score of 1.

10.1.4. Renewable Energy Adoption

The DERs have the highest score here, because it has the central role in the adoption of renewable
energy and can implement the RESs and ESSs. The TE and DA have the second highest score of 3,
because they both assist the renewable energy integration [58], [62]. The EV infrastructures reduce the
demand for fossil fuels and encourage the renewable energy adoption indirectly, and is thus assigned
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a score of 2. The AMI allows easy integration of the DERs to some extent, especially, the domestic
energy generation and storage systems, and thus also has a score of 2.

10.1.5. Deployment challenges

The ease of deployment consists of 3 actions: land consumption, replacing the existing
infrastructure, and dependence on the consumer choice.

The TE and DA have the highest score of 4 under this criterion. This is because both of them
require land for newer infrastructures such as data centers, and calls for drastic changes to the older
systems. The customer choice is not a concern for either of them. The AMI, DER and EV infrastructures,
all have a score of 3 here. This is because all three require comparatively limited amount of land due to
smaller installations, and do not require significant changes to the existing infrastructures, as they are
new technologies, and also, they depend on the choice of the consumers.

10.1.6. Investment cost

The investment cost is a crucial factor for each technology. Table 17 shows the formulation of
the costs. For the most part, as communication and data management infrastructures (DMS, OMS,
MDMS) are crucial to all the technologies, their costs are excluded, because here the technologies are
only being compared. The scores here are calculated based on the ranking of the sum of per unit costs
of each technology. For the costs that have a range of values, the average between the highest cost
and the lowest cost is taken. The scores to each technology is assigned in accordance with their total
costs. This is very easy to tell even with a cursory glance, as the difference between the costs of each
technology is quite stark. The highest score of 5 is assigned to the technology with the highest cost
TE, which requires a massive 122.8 million USD per unit including the substation costs. The second
highest score of 4 is assigned to the DA, with its total cost of 803.3 thousand USD per unit. The EV
infrastructure has a cost of 10.8 thousand USD per unit and a score of 3. The second lowest score of
2 is assigned to the DER with 1982.5 USD per unit including the charging station and interface. The
lowest score 1 is assigned to the AMI, because of its very small cost of 468.5 USD, which includes the
cost of both the residential and industrial smart meters, as both are required for a smart grid.

10.1.7. Technological challenges

In both the DERs and EV, power electronic converters introduce harmonics into the system and
cause voltage distortion [51]. For the DERs, they require the modification of replacement of the
distribution system. The harvesting of the renewable energy resources is also not perfected yet. Energy
loss also occurs in the conversion and re-conversion processes between the AC and DC in the ESSs. On
the other hand, fast charging on the EV chargers causes extra load on the power system, and requires
proper management, such as shifting the load charging at an off-peak period. Due to the high impact
of the problems, they have the highest score of 4. The AMI, TE and DA have the same score of 3. For
AMI, the smart meter deployment is a challenge for the utilities at the moment. It requires suitable
infrastructure to synchronize with the existing technology. The smart meters can only be used to their
full extent after the devices and appliances are set in the communications network. Deployment of
communications network is subject to terrain [60]. Also, the Power Line Carrier (PLC) has to deal with
disruptive interference from the external sources and high signal attenuation [111]. For both the TE
and DA, the power electronic devices, used for conversion, introduce harmonics into the system and
cause voltage distortion [51]. In TE, energy loss occurs in the conversion and reconversion processes,
while the DA, it still has options for adapting to the two-way power flow.

10.2. Selection of the MCDM methodologies

The basic MCDM operation involves grading of the technologies in terms of the selected criteria.
These criteria have weights of their own in accordance with their relative importance. Therefore,
first weights have to be assigned to the criteria, which would then be used to grade the technologies.
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Table 17. Cost of various smart grid components.
Lowest Highest Average
Technology Components cost cost cost (UTsog)Ei/ll:r?i;
(USD/unit) | (USD/unit) | (USD/unit)
Residential smart meters 70 140 105
AMI [54] Fejld(:n.tllal 1nsta11at10r} 1 t 7 15 11 469
ndustrial or commercial smar 120 500 310
meters
Commercial installation 20 65 42
ESSs 116 1710 913
DERSs [§] PV mver.ter (USD/KW) 800 1000 900 1983
RESs (Wind) (USD/MWh) 120 500 310
RESs (PV) (USD/MWHh) - - 75
Direct Line Rating 10,000 20,000 15,000
Transmission Line sensors - - 50,000
FACTS-STATCON and UPEC 10,000,000 12,000,000 11,000,000
TE [54] FACTS-HVDC Terminals 22,500,000 27,500,000 25,000,000
FACTS-Power Electronic ) | 40,000,000 122,800,000
Transformers
FACTS-Geomagnetic Controllers 5,000,000 7,000,000 6,000,000
1IED - - 110,000
PMU - - 125,000
Smart §w1tches, Monitored . . 308,000
Capacitors
Power Ele.ctr.omcs (Distribution, ) ) 80,000
DA [54] Current Limiters)
Voltage and VAR Control on 60,000 258,000 159,000 803,250
Feeders
Intelligent Reclosers 100,000 150,000 125,000
Remotely Controlled Switches 50,000 75,000 62,500
Intelligent Universal Transformer 37,500 100,000 68,750
V2G power converter [54] 300 500 400
EV Charging station [110] 750 20,000 10,375 10,813
Smart grid interface [54] 25 50 37

Logically, this calls for a two step process, which requires two MCDM procedures to be formulated, one
for selecting the weights for the criteria, and the other for ranking the technologies. For assigning the
weights, the Analytical Hierarchical Process (AHP) is used, as this method compares the various criteria
and determines the relative importance between them [101]. In this paper, since qualitative criteria
are used with no quantitative values, the individual weights of the criteria have to be determined
in relation to each other. For this reason, the AHP is well suited for setting up the relative weights
of the criteria. For ranking the technologies in accordance with the weighted criteria, two MCDM
methods have been formulated - the Weighted Aggregated Sum Product Assessment (WASPAS)
and the Technique for Order Preference by Similarity to Ideal Solution (TOPSIS). The WASPAS is a
combination of two other MCDM models, namely, the Weighted Sum Model (WSM) and the Weighted
Product Model (WPM). The WASPAS has been selected in the current analysis because of its operational
simplicity, as well as its greater accuracy compared to the WSM or WPM alone, both of which are
widely used simplistic MCDM methods. Two normalization methods are used in WASPAS, the linear
normalization and the enhanced accuracy normalization, both of which generate two separate sets of
grades. As for TOPSIS, its principle is that it grades the elements based on the distance from the ideal
best score, as well as the distance from the ideal worst score [112]. This two-pronged analysis gives
a more balanced result relative to just comparing with the best score. In essence, both the WASPAS
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and TOPSIS methodologies are used and the same data generated from the AHP is used in both of
them. In fact, two hybrid MCDM systems are usually used- an AHP-WASPAS hybrid-MCDM and an
AHP-TOPSIS hybrid-MCDM. The hybrid-MCDM s are widely used because they provide more reliable
results compared to just a single MCDM method. The reason for using two of the hybrid MCDM
models is to increase the reliability of the final grading, which is going to be forecast.

10.3. MCDM operation

10.3.1. Calculation of the criteria weights by the AHP analysis

In Table 18, the relative weight of each of the criteria is determined using the AHP analysis. At
first, the pairwise comparison is carried out on the criteria to find their relative significance. Then
based on the expert opinion, the scores of precedence were set on the basis of the preferred driving
motivations of the smart grids in the developing economies [106]. Along with this, the investment cost
feature was given more precedence over the others because of the fact that this is a critical factor for
many developing countries in the OIC. To find out the weights from the pair-wise comparison, the
same process that was used in all the previous instances of the use of AHP in the SWOT-AHP-TOWS.
The scores of each row are multiplied together and the product raised to the power of the inverse of
the number of criteria to form the average product (root mean product), which is then divided by
the sum of the average products of each row. To ensure that the pairwise comparison was fair, the
consistency ratio (CR) is calculated. For that, the value of A,y is determined first. In doing so, the
same process which was used for the SWOT-AHP analysis in this paper is applied. The value of Ayax
is 7.243, Consistency Index (CI) is 0.040 and the Consistency Ratio (CR) is 0.031. As the value of the
CRis less than 0.1, it can be surmised that the assignment of the scores in the pairwise comparison is
sound.

Table 18. The AHP analysis for calculating the weights of each criterion. Here, B represents Beneficial,
and NB represents Non-Beneficial.

B B B B NB NB NB Process
System | Reliabil Renew Technolo
- . Deploy | Invest .
efficiencyy -ty Reduced| -able -gical | Average .
-ment -ment Weightqg
enhance | enhance | theft Energy challen | product
7 | challenggs cost
-ment -ment adoptlon -ges
System
efficiency | 49 0.50 2.00 2.00 5.00 0.50 7.00 166 | 017
enhance
-ment
Reliability
enhance 2.00 1.00 4.00 4.00 7.00 0.50 9.00 2.69 0.27
-ment
Reduced 0.50 0.25 1.00 2.00 2.00 0.25 5.00 0.94 0.09
theft
Renewable
Energy 0.50 0.25 0.50 1.00 0.50 0.20 3.00 0.57 0.06
Adoption
Deploy
-ment 0.20 0.14 0.50 2.00 1.00 0.14 2.00 0.50 0.05
challenges
Invest 2.00 2.00 4.00 5.00 7.00 1.00 9.00 3.38 0.34
-ment cost
Technolo
-gical 0.14 0.11 0.20 0.33 0.50 0.11 1.00 0.25 0.02
challenges
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10.3.2. MCDM of the technologies against weighted criteria

The MCDM operation is carried out on the base table, which has been formulated and shown in
Table 19. The argument for the choice of the numeric designations or scores awarded to each of the
technologies, has been explained in the previous sub-section.

Table 19. The base table. B = Beneficial, NB = Non-Beneficial.

B B B B NB NB NB
Sys.tem Reliability Reduced Renewable Deployment  Investment Technologicall
efficiency enhancement theft Energy challenges cost challenges
enhancement Adoption g g
Weightage 0.17 0.27 0.09 0.06 0.05 034 0.02
A Advanced Metering 4 4
Infrastructure (AMI)
B Distributed Energy
Resources (DERs)
Transmission
¢ Enhancement (TE) 3 3 3
D Distribution
Automation (DA)
E Electric Vehicle (EV)
infrastructure

It has already been mentioned earlier that two MCDM methods are employed for grading the
technologies, namely the Weighted Aggregated Sum Product Assessment (WASPAS) and the Technique
for Order Preference by Similarity to Ideal Solution (TOPSIS). The Linear Normalization (LN) formula
for the Non-Beneficial (NB) criteria is given by Eqn. (4) and that for the Beneficial (B) criteria by Eqn.
(5). It should be noted here that the Eqn.s (4) and (5) are valid for the WASPAS method of MCDM.

LN (x;j)Np = mi:‘%j) @)
i.j
LN(xi,j)B = #(]x]) 5)

The enhanced accuracy normalization (EN) formula for the Non-Beneficial (NB) criteria is given
by Eqn. (6) and that for the Beneficial (B) criteria is given by Eqn. (7). These two equations too are
applicable only for the WASPAS method.

(6)

max(xj) — X
Y (max(xj) — x)

The TOPSIS formulae for the normalization and for the score, are given by Eqn. (8) and Eqn. (9),
respectively.

EN(XZ',]‘)B =1- (7)

xl-]-
TN (X))
(Sijt)+ (Sij—) )

where S; ;+ is the Euclidean distance from the ideal best and S; j— is the Euclidean distance from
the ideal worst. For the Non-Beneficial criteria, the ideal best is the lowest weighted normalized

TOPSIS(Xij)normalization = (8)

TOPSIS(X;)score =
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value and the ideal worst is the highest weighted normalized value, and the vice versa is true for the
beneficial criteria.

Table 20 shows the MCDM operation with linear normalization. Here, the WASPAS method of
MCDM is used, and Eqns. (4) and (5). are used for making the calculations.

Table 20. MCDM operation with the linear normalization. B = Beneficial, NB = Non-Beneficial. The

Linear Normalization Formula
min(x;)

. .. — . - — Xij
for NB: LN (x; ;)N = T for B: LN(x;j)p = max(5)
B B B B NB NB NB
Performance score
Sys_t em Reliability Reduced Renewable Deployment Investment Technological
efficiency enhancement theft Energy challenges cost challenges WSM WPM WASPAS Grade/
enhancement Adoption = = Score
‘Weightage 0.17 0.27 0.09 0.06 0.05 0.34 0.02
A AMI 1 1 1 04 1 1 1 0.97 0.95 0.96 1
B DERs 0.25 0.5 0.2 1 1 0.5 0.75 0.49 0.44 0.47 3
C TE 0.75 0.75 0.2 0.6 0.75 02 1 0.51 0.42 0.47 4
D DA 0.75 1 0.6 0.6 0.75 0.25 1 0.63 0.54 0.59 2
E EV 025 075 0.2 04 1 033 075 047 041 o044 [TFST
| Low High

Table 21 shows the MCDM operation with enhanced accuracy normalization. Here, the WASPAS
method of MCDM is used, and Eqns. (6) and (7). are used for making the calculations.

Table 21. MCDM operation with the enhanced accuracy normalization. B = Beneficial, NB
= Non-Beneficial. The enhanced accuracy normalization formula for NB: EN (xi,j) Ng = 1—

Xy —min(y) g g, EN(xij)p =1~

Y (xij—min(x;))

max(x;)—xi; .
L (max(xj) —xiz)

B B B B NB NB NB
Sys_t em Reliability Reduced Renewable Deployment Investment Technological Ferformance score
efficiency enhancement theft Energy challenges cost challenges WSM WPM WASPAS Grade/
enhancement Adoption Score
‘Weightage 0.17 0.27 0.09 0.06 0.05 0.34 0.02
A AMI 1 1 1 0.7 1 1 1 0.98 0.98 0.98 1
B DERs 0.63 0.5 0.71 1 1 0.9 0.5 0.73 0.71 0.72 4
c TE 0.88 0.75 0.71 038 05 0.6 1 07t 07 om [NS
D DA 0.88 1 0.86 0.8 0.5 0.7 1 0.83 0.81 0.82 2
E EV 0.63 0.75 0.71 0.7 1 0.8 0.5 0.75 0.74 0.74 3

| Low High

Table 22 shows the MCDM operation with TOPSIS method, and Eqns.( 8) and (9). are used for
making the calculations.

10.4. Results of the MCDM analysis

The Tables 20, 21 and 22 have shown the grading of the five main technologies for a smart grid.
The two Hybrid MCDM methods the AHP-WASPAS and the AHP-TOPSIS, apparently produce
different results. The analyses of the two normalization methods of the WASPAS also show slightly
different results. A possible explanation for the difference could be the way in which these methods
work. The WASPAS considers only the best possible score, while the TOPSIS, works by comparing the
distance from the ideal best and the ideal worst scores. Multiple hybrid MCDMs are ideal for this
situation, as a bias can now be avoided because of the operational difference between the two methods.
Taking an average of the grades presented by the AHP-WASPAS linear normalization, AHP-WASPAS
enhanced normalization, and AHP-TOPSIS, the overall score can be set by choosing a value closer to 1.

Table 23 shows the overall scores and compares the scores obtained by the two normalization
methods, the WASPAS and the TOPSIS. The highest score is 1 here, and lowest being close to 5. It
shows that the AMI has the clear dominance as the highest score, as it has the highest score for both
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Table 22. MCDM operation using TOPSIS. B = Beneficial, NB = Non-Beneficial. Here S+ stands for
the euclidean distance from ideal best, and S— stands for the euclidean distance from ideal worst.
The TOPSIS formulae for the normalization: TOPSIS(Xij) nomalization = %

VIR (Xip)?

and for the score:

Si, PR
TOPSIS(Xi)Sgore = m .
B B B B NB NB NB
efsfffitee;]:y Reliability Reduced R:f;:g;’le Deployment Investment Technological Euclidean distance Performa- Grade/
enhancement enhancement theft Adoption challenges cost challenges S+ S- nce score Score
Weightage 0.17 0.27 0.09 0.06 0.05 0.34 0.02
A AMI 0.11 0.15 0.08 0.02 0.02 0.05 0.01 0.02 0.22 0.9
B DERs 0.03 0.07 0.02 0.04 0.02 0.09 0.013 0.13 0.14 0.51
C TE 0.08 0.11 0.02 0.02 0.03 0.23 0.01 02 0.07 025
D DA 0.08 0.15 0.05 0.02 0.03 0.18 0.01 0.14 0.11 0.43
E EV 0.03 0.11 0.02 0.02 0.02 0.14 0.013 0.14 0.1 0.41

the normalization methods, and both the hybrid MCDMs. This is expected, as its vital role in the smart
power management initiative have been stated in the previous sections, along with its low cost. The
second highest score is held by the DA. This is also understandable, as the DA plays a vital role in the
system efficiency and reliability. The third highest score is held by the DER, again for its importance
in incorporating the renewable energy and the energy storage systems. This is followed by the EV
Infrastructure because of its ability to support the EVs, but it has a somewhat lower score because
of its smaller role in system stability and reliability, followed by the TE as having the lowest score,
primarily because of its relatively smaller role and huge cost.

Table 23. The Overall score.

AHP-WASPAS AHP-WASPAS AHP-TOPSIS .
. d Overall
Technologies Linear Enhanced
Normalization Normalization

Score

Advanced Metering Infrastructure (AMI)
Distributed Energy Resources (DERs)
Transmission Enhancement(TE)
Distribution Automation (DA)
Electric Vehicle (EV) Infrastructure

m g oW

It is to be noted here that the goal of the MCDM operation is not to rank which smart power
management technology is to be implemented while omitting the others. For a fully functional smart
grid, all the technologies are necessary. The goal of the MCDM analysis in this paper is to help the
policy makers decide how much to emphasize on each technology in the light of the seven criteria of
implications. This emphasis is necessary because it is not possible for the policy makers in any country
to provide equal attention to all the technologies. Thus the emphasis is envisioned to help a smooth
transition into the smart power management schemes.

11. Smart Grid, Sustainable development goals (SDGs) and the OIC

To diminish poverty and equality and to bring about development the United Nations has set 17
goals for the UN member countries to undertake. Declared in 2015 and to be completed by 2030, the
SDG goals are a primary guide for many developing countries in their drive to become developed
[113]. Thfe OIC member countries have a lot to cover in this front, as most generally rank quite low
in terms of sustainable development [114]. The development and adaptation of the smart grids by
the OIC countries can achieve many of these goals, as the incorporation of the smart grids directly
influences many of the 17 goals, namely, the goals 7, 9, 11, 12 and 13 [113]. Many of the strategies
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suggested for the OIC member countries in the TOWS matrix in Table 13, directly coincide with the
objectives of these goals. This is also illustrated in Fig. 8.

INDUSTRY, INNOVATION 1 2 RESPONSIBLE 13 CLIMATE
ANDINFRASTRUCTURE CONSUMPTION ACTION
; AND PRODUCTION
SDG Goals Strategies of the OIC countries
Goal 7:  Affordable and clean energy for all. WO-3: Deploying the smart grids in unconnected areas.

Emphasizing on developing smart grid in areas of

Goal 9:  Industry, innovation and infrastructure. SO-1: higher technological demand.

Focusing on developing smart grid in high demand

Goal 11: Sustainable cities and communities. SO-1:
urban areas.

Raising awareness that smart grids help responsible

Goal 12: Responsible consumption and production. ST-3: consumption and production,

Raising awareness that smart grids would help fight

Goal 13: Climate action. SO-3: .
climate change.

Figure 8. Smart Power management adaptation strategies in the OIC countries and the Sustainable
Development Goals (SDGs).

11.1. Goal 7: Affordable and clean energy for all

This is the goal to upgrade and expand the infrastructure to ensure energy and electricity supply
that is both affordable for the common people and also non-polluting for the environment [113]. As
one of the principles of the smart grids is to better incorporate the renewable energy resources in the
form of the distributed energy generation, it ensures that the clean energy is being generated. Given
the fact that the smart grids use the DSM and DR, it can better coordinate the distribution of electricity,
thus saving costs by reducing the wastage and power cuts. This will help the OIC countries to achieve
clean and affordable energy for their citizens. The proposed strategy WO-3 (deploying smart power
management in unconnected areas first so as to limit the effects of technological shortcomings), helps
supply electricity to impoverished communities and thus help address this goal directly.

11.2. Goal 9: Industry, innovation and infrastructure

This is the goal to promote innovation and technological growth through investments, and
to bridge the gap in technology between people and communities [113]. The development of the
smart grids is an important part of this goal, because the smart grids employ the best technologies
available. Developing the smart grids also helps advance innovation in other fields, which have their
applications in the smart grids, such as communication, microelectronics and machine learning, for
example. Technological progress is also brought about as a result of the stable electrical supply from
the smart grids. The OIC countries and their economies can greatly profit from this technological
development. Adopting the proposed strategy SO-1 (Emphasizing on developing the smart grids in
areas of higher technological demand), will help in speeding up the development in industry and
innovation.

11.3. Goal 11: Sustainable cities and communities

This is the goal to develop cities that are more habitable and sustainable by having improved
transport services, greener spaces and urban planning [113]. Again indirectly, the smart grids help
achieve this goal as well. One of the prime requirements of a sustainable or habitable city is the security
of energy supply, something which is one of the main goals of the smart grids. The distributed energy
generation and micro-grids, which are supported by the smart grids, would help replace the existing
messy electrical supply system by securing the supply at all times, and also reducing the need for the
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dangerous overhead supply lines, which are seen in many underdeveloped cities of the OIC member
countries. The implementation of the renewable energy and micro-grids enabled by the smart power
management initiative, is expected to help transform the urban areas into green cities, which would
maximize productivity, foster a healthy urban life as well as being environmentally sustainable. Given
the urban communities have the higher demand of power, the proposed strategy, SO-1 (Focusing on
developing the smart grids in high demand urban areas) will certainly help achieve these goals.

11.4. Goal 12: Responsible consumption and production

This is the goal to reduce waste and to produce and consume products sustainably [113]. The
smart grids focus on minimizing waste of energy throughout its process, and thus is in line with this
SDG goal. Also, through its use in distributed energy generation from the renewable energy resources,
carbon emission would be greatly reduced. This would also allow generation and consumption
of energy, while minimizing the carbon dioxide production and greenhouse effect. The power so
generated and used is called green power. The OIC countries have very high dependence on fossil fuels
and thus is largely unable to produce and consume energy responsibly. The incorporation of the smart
power management initiative will certainly help to improve the situation in this regard. As support
from the industry leaders and the general public is vital in this regard, the proposed strategy, ST-3
(raising awareness that the smart grids help responsible consumption and production) is definitely
going to help in striving towards achieving this goal.

11.5. Goal 13: Climate action

This is the goal to protect parts of the world, which are vulnerable to the adverse affects of
climate change [113]. It is known that many parts of the world are susceptible to this, including many
developing countries of the OIC, like Bangladesh, Maldives and Pakistan. Every year due to the
monsoon storms and flooding, much of the electrical infrastructures in these areas are damaged, and
the massive power failures are common during these periods. A smart grid, with its self-healing
abilities, is very suitable for minimizing the adverse effects of such natural disasters. Thus, replacing
the conventional grid with a smart grid in such disaster-prone areas, would ensure electrical stability
even during disaster and help the communities tackle the disaster better, helping to achieve the ‘climate
action” goal. Also, the utilization of green power, enabled by the smart power management schemes,
would help fight climate change by reducing carbon emissions, resulting in lesser- greenhouse effect
and global warming. This serves as a long term strategy to fight the climate change ensuring a safe
future for the OIC member countries, as well as for the world. The proposed strategy, SO-3 (raising
awareness that the smart grids would help fight climate change) directly addresses this particular SDG
goal.

12. Conclusion

The Islamic world has gone through several setbacks in the past, which have cost its position
as the leader of both scientific and social developments in the world. One of the main goals of the
OIC is to exert a concerted effort in order to regain the lost glory. The incorporation of smart grid and
smart power management schemes would be a big step forward in that direction. With the dawn of
the fourth industrial revolution [115] and the emergence of Society 5.0 [116], this is an era of significant
change. Now, everything is becoming more and more connected, and humanity is gaining control of
more and more variables that were previously considered out of reach. As smart power management
brings about connectivity to the grid, exponential growth can be expected in all the related sectors
ensuring the quality of human life. The deployment of smart grid and smart power management
would usher in faster growth and development of a nation more than ever before, and this move
definitely fits well within the OIC agenda of quickly catching up with the rest of the developed world.
This paper, through SWOT-AHP analysis, has shown that it is very much feasible to incorporate
smart grids in the OIC member countries and suggested some important strategies that would help
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implement them more efficiently. Later, through the MCDM analysis, this study has further evaluated
the technologies and suggested what degree of emphasis should be assigned to each technology based
on the scores, and subsequently making it easier to implement the smart power management schemes.
As the rest of the world has already begun implementing smart power management using smart grids,
the OIC member countries should not watch as bystanders, and they must come forward to adopt the
state-of-the-art technology without further delay.
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