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�emini-gridproliferationhashelped to improve the current state of electricity supply in several rural areas in developing countries.
�is is due to the innovations in renewable energy technologies. �e impact of this development is the establishment of mini-
grid business. �ere is a need for mini-grid business owners to identify the most suitable energy source for a particular area. To
achieve this, proper analysis of risks that impact mini-grid business operations is required for optimal energy source selection.�e
current study addresses this problem by proposing a conceptual framework that considered risk factors.�e conceptual framework
analysed scenarios where expected risk values are speci�ed and not speci�ed by decision-makers. �is was achieved using fuzzy
axiomatic design (FAD), intuitionistic entropy method, and TOPSIS (Technique for Order Performance by Similarity to Ideal
Solution) methods. �e TOPSIS and FAD results were combined using WASPAS (weighted aggregated sum product assessment)
method. �e proposed conceptual framework was applied in sub-Sahara Africa, Lagos, Nigeria. During the application of the
proposed framework, �ve renewable energy sources and thirteen types of risks were considered. Information from four decision-
makers was used to demonstrate the applicability of the framework. �e results obtained showed that unpredictable electricity
demand and construction completion risks were identi�ed as the least and most important risks for the selection of renewable
energy sources for mini-grid, respectively. �e FAD and TOPSIS methods identi�ed wind and biomass energy as the best-ranked
energy source for mini-grid business, respectively. �eWASPAS method and the FAD results were the same.

1. Introduction

Energy business in developing countries is a lucrative busi-
ness.�is is due to the inability of government in these coun-
tries to meet energy demand. �is government’s inability is
due to their dependence on conventional power plants. Most
of the power plant performance is a	ected by environmental
conditions and technological factors. For example, variation
in water volume a	ects the capacity of a hydrothermal
plant. Poor maintenance culture of the existing fossil fuel-
powered power plants reduced the capacity of these plants.
�is has created a huge gap between energy production and
demand, thus, creating amarket for private investors inmini-
grid business. �ese investors provide alternative sources of
energy for urban and rural settlements.

Investors in the energy market usually adopt di	erent
mode of operations. �ese investors specialize inmacro-grid,

mini-grid, and nano-grid energy businesses, which are either
o	-grid mode or grid-connected. Several attempts have been
made to distinguish these grids from one another; however,
consensus on their size boundaries has not been reached [1].
Despite this issue, mini-grid, whose capacity ranges between
10KW and 10MW, has been identi�ed as being suitable for
locations where there is a national grid [2]. �is attribute
of mini-grid is among one of the reasons why mini-grid
common in most developing countries. Others are its ability
to align and to be adapted for the base of the pyramid market
characteristics [2]. Investors have used di	erent types of
mini-grid business models to meet energy demand. Private,
community-based, and utility business models have proven
to be useful business models. In some areas, hybrid mini-
grid business has been adopted to further improve energy
supply. For example, a public-private business model has

Hindawi
Journal of Renewable Energy
Volume 2018, Article ID 2163262, 20 pages
https://doi.org/10.1155/2018/2163262

http://orcid.org/0000-0002-1151-7262
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1155/2018/2163262


2 Journal of Renewable Energy

been encouraged by governments in Africa. �is has helped
to reduce the risks associated with operating a mini-grid
business in developing countries.

�ere are several risks that are associated with mini-
grid business in developing countries. Operational risk is
the predominant risk in operating a mini-grid business. It
can arise from business and customers miscommunication,
unavailability of skilled technicians, and fraud. Mini-grid
businesses also su	er from a natural disaster such as volcanic
eruptions, storm, and mudslides. �is type of risk is known
as force majeure risk. �is type of risk is closely related to
environmental risk such as cloud coverage, hail, and low
rainfall. �ese risks are further enhanced by the issue of
vandalism and the
 of mini-grid components such as fuel,
photovoltaic panels, and copper wires. �e risk of �xing a
damaged mini-grid on time a	ects the pro�t margin of a
mini-grid business, especially in developing countries. �e
inability to complete a mini-grid project may be due to spare
parts unavailability, engineering challenges, and structural
problems.�is a	ects the level of technology that is employed
in a mini-grid business. If a very high technology is deployed
in a mini-grid, there is a high possibility of experiencing a
technological risk.

�e lack of reliable data on electricity consumption
makes it di�cult for business owners to predict electricity
demand. �is problem introduces a demand risk into mini-
grid business. In some cases, the inability of customers to pay
for an electric bill is a challenge. �is is o
en experienced
where there is inconsistency in electricity regulations. �ere
needs to be in place good policies that will help to curb
this type of risk. Mini-grid which uses a feedstock as a raw
material may su	er from raw-material unavailability risk as
well as the acceptable risk from the host community. Some
member of a community believes that suchmini-grid will put
more pressure on scarce resources.�is is a commonproblem
with biogas and biodiesel energy production.

�is problem is minimal when considering the other
mini-grid energy sources such as wind, solar, and hybrid
sources. However, other types of risks a	ect these energy
sources. �is implies that proper analysis of risks is required
when selecting a renewable energy source for a mini-grid
business. �is creates a multicriteria problem. �is is a
complex problem because it is di�cult to evaluate and
quantify some of the risks that a	ect mini-grid business.
�is implies that the qualitative values of risk must be
considered during the evaluation process. �e proposed
conceptual framework adequately caters for this problem
using fuzzy logic concept (i.e., intuitionistic fuzzy numbers).
�e conceptual framework considered conditions where risk
values are speci�ed and not speci�ed by decision-makers. A
FAD is used to address the condition where risk values are
speci�ed by decision-makers. �is is because of its ability in
using the design requirements in selecting the best alternative
to a problem. TOPSIS is used for the condition where risk
values are not speci�ed by decision-makers.

�e aim of this study is to determine the most suitable
renewable energy source for mini-grid business in a devel-
oping country under risk considerations. �is is achieved
by combining intuitionistic entropy method (IEM) results

in a FAD and TOPSIS framework. While FAD method is
considered because of its ability to combine design and
system requirements during a decision-making process, IEM
is selected because of its capacity to improve results precision
by virtue of the inclusion of intuitionistic fuzzy number in
its structure (Wu and Cao, 2013). On the part of TOPSIS, its
selection is based on its ability to combine the best and worst
results in ranking alternatives. �e results from FAD and
TOPSIS methods are combined using WASPAS (weighted
aggregated sum product assessment) method; these methods
results were considered as criteria during the implementation
of the WASPAS method. �is enabled us to further rank the
mini-grid business models.

2. Literature Review

�is study’s literature review is in two phases. In the �rst
phase, articles on multicriteria models in energy study were
reviewed, while mini-grid business models were reviewed in
the second phase.

2.1. Multicriteria Models in Energy Study. Optimal energy
design and planning analysis encompasses selecting a set
of resources, conversion strategies, and sites so as to meet
a speci�c energy demand. �is is o
en considered during
a system’s energy planning and appraisal phases. By virtue
of this, a balance can be maintained among various fac-
tors, such as environmental, socio-political, technical, and
economic aspects, over a planning horizon. �is balance
is vital to the sustainability of the environment as well as
the project itself. Technical-economic and environmental
factors are typically presented in the form of multiple criteria
and indices with con�icting objectives. �is is necessary
because of the interactions among the di	erent factors. It
is di�cult to determine the boundary between the diverse
factors and indicators. Hence, the strength of multicriteria
multiattribute (MCDA) methods is suitable for undertaking
assessment procedures. Several authors have contributed to
the discussions on MCDA for energy study under renewable
and nonrenewable energy analysis.

Tolga and Kahraman (2010) presented a twofold study on
multicriteria renewable energy planning for Istanbul. �ey
used a hybrid VIKOR-AHP methodology to select the best
renewable energy option for Istanbul. It further identi�ed
the optimal location for the energy alternatives using the
same methodology. �e results established that the wind
energy production alternative is the best for the region
under consideration. Catalca region was also identi�ed as the
optimal location for the siting of the wind plant. Most times,
expert judgments on energy planning decisions are usually
subjected to uncertainty. In order to address this, Tolga and
Kahraman (2010) applied a modi�ed fuzzy TOPSIS method
for evaluating and selecting optimal energy technology. A
fuzzy set theory was used to address the uncertainty of the
information from experts. �ey also performed a sensitivity
analysis by varying the criteria weights to generate four
additional case studies. Biomass was ranked two times as
the best alternative, while the wind technology was ranked
optimally two times. In line with the renewable energy
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planning (REP) of the Spanish government, San Cristóbal [3]
examined the selection of renewable energy project using a
combined VIKOR and AHP method. Seven attributes were
identi�ed for selecting the best alternative. Out of the 13
power generation alternatives, biomass plant (co-combustion
in conventional central) was identi�ed as the best energy
generation alternative. �is was followed by the wind energy
whose capacity ranges between 10 and 50MW and solar
thermoelectric alternatives, respectively.

In a review of energy planning literature between early
1990 and 2002, presented by Pohekar and Ramachandran [4],
it was observed that AHP (20%) ranks as the most used tools.
�is was followed by ELECTRE (15%) and PROMETHEE
(10%), respectively. Other methods such as decision support
system (DSS) and fuzzy accounted for 20% of the decision-
making methods. However, the multiobjective optimization
techniques had the highest share of 29%. Georgopoulou et al.
[5] applied the ELECTRE III methodology to select the best
renewable energy alternative and strategy for Crete Island.
Kahraman and Kaya [6] proposed the use of a fuzzy mul-
ticriteria decision-making approach for the selection of the
best energy policy. �eir method was based on a fuzzy-AHP
framework. �eir analysis considered hard coal and lignite
oil, natural gas, hydropower, geothermal, wind, solar, nuclear,
and wood and waste.�emost viable energy investment pol-
icy was wind energy. �e e�cacy of applying PROMETHEE
II in the outranking geothermal resource exploitation was
presented by Haralambopoulos and Polatidis [7]. �ey used
an integrated dynamic framework based on PROMETHEE
II to rank renewable energy project action plan in the island
of Chios. Mart́ın-Gamboa [8] explored the potentials of
adopting the life cycle, data envelopment analysis within
the sustainability-oriented MCDA in the �eld of energy.
Kumar et al. [9] presented a comprehensive review of various
essential topographies of the MCDA, algorithms available
with respect to the planning and selection of renewable
energy sources schemes.

Recently, Wang et al. [10] presented a review of vari-
ous techniques in di	erent stages of multicriteria decision-
making process in the �eld of sustainable energy. �ese
include the selection of criteria, weighting, evaluation, and
aggregation. Sengül et al. [11] developed a decision framework
for ranking renewable energy alternatives using the fuzzy-
TOPSIS technique. To determine the weight of the criteria,
interval Shannon’s entropy method was adopted.�ey imple-
mented theirmodel usingTurkey as a case study.Hydropower
station was identi�ed as the most suitable renewable energy.
Alsayed et al. [12] presented an optimal sizing MCDA based
technique for an embedded generation. Kahraman et al [13]
presented a comparative study on the use of fuzzy-AHP and
fuzzy-axiomatic design (AD) in the selection of renewable
energy technology in Turkey. Wind energy was identi�ed
as the most promising renewable energy alternative. Pola-
tidis and Haralambopoulos [14] presented a regulatory and
contextual framework for participatory MCDA for energy
planning using Greece as a case study.

Streimikiene et al. [15] analysed the best long-term
electricity generation approach in Lithuania using AHP and
Additive Ratio Assessment (ARAS) method. �e assessment

shows that the optimal electricity generation option for the
Lithuania power sector is the construction of a new nuclear
power plant, followed by a biomass and hydropower plant,
respectively. Mardani et al. [16] carried out a comprehensive
review study on MCDM approaches applied in various areas
of energy management published between 1995 and 2015.
Fi
y-�ve papers out of the reviewed studies integrated hybrid
MCDAand fuzzyMCDAwith respect to energymanagement
and 49 papers used fuzzy AHP and classical AHP, while 25
papers applied MCDA and MCA techniques. Malkawi et al.
[17] accessed and classi�ed the electricity generation alterna-
tives for Jordan using AHP. �e ranking of the alternatives
was based on economic, technical, environmental, social, and
risk assessment.�e electricity generation options considered
consist of both conventional and renewable sources. Based on
economic and technical conditions, the results revealed that
the use of a conventional source of generation was discovered
to be the most viable alternative. Tsoutsos et al. [18] presented
a multicriteria algorithm for energy sustainability planning
in Crete Island, Greece, �ey considered a set of energy
planning options. PROMETHEE method was applied for
the planning scheme. Mardani et al. [19] proposed and
implemented a hierarchical framework for appraising and
classifying the important energy-saving alternatives in 10
Iranian hotels using hybrid fuzzy set theory. Onut et al. [20]
examined the energy resource use in the Turkishmanufactur-
ing industry using bene�ts, cost, and opportunities as well as
risks as key attributes. �ey used ANP to evaluate and select
the appropriate energy resource.

2.2. A Review of Mini-Grid Business Model. Although no
formal de�nition of mini-grid business model has been
universally adopted, the classi�cation and de�nition are
usually based on ownership and institutional arrangement
[21]. World Bank de�nes and classi�es mini-grid according
to the ownership (private, nongovernmental, and public)
as well as the type of technology (grid extension, o	-grid)
(ESMAP 2006). According to Krithika and Palit [21], each
of these institutional models has its peculiar feature with
regard to rights, �nancing instruments, services, and internal
processes. �e UNDP classi�ed mini-grid into four basic
delivery business models [22]. A brief description of the
classi�cations is given in Table 1.

Access to a	ordable and reliable energy system is a major
challenge in rural communities [23]. �e residents of these
communities majorly engage in agricultural related activities
with low-income level. Furthermore, the income is o
en
periodic and inconsistent throughout the year. Since majority
of the population is involved in agricultural activities, the
a	ordability of putting up an electri�cation project and its
associated costs (operational and maintenance costs, repair
and replacement costs, etc.) is not realistic [24–27].

�e a	ordability factor is amajor bottleneck to increasing
energy penetration as evident in Nepal, Indonesia, and
Zambia, to mention a few [28–30]. Many rural consumers
of electricity may prefer the use of kerosene for lighting
because the electricity tari	 for lighting load is just as cheap
as using kerosene. In Indonesia, to get access to electricity,
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Table 1: Mini-grid business model classi�cation.

Model Descriptions

Public utility
(i) Mini-grid is owned and managed by a utility.
(ii) Uniform national tari	 is applicable.
(iii) Investment is through public funds.

Community

(i) Community or local NGO owns and manages all aspects of the mini-grid.
(ii) It is �nanced by grants and small in-kind contributions such as land, labour and materials.
(iii) Tari	s cover only operation and maintenance costs, and a small percentage is retained for
parts replacements.
(iv) Operated by a local group with little contributions from professionals.

Private

(i) Built, owned and operated by private companies.
(ii) Financing is obtained through equity, commercial or concessional loans, and grants.
(iii) Tari	s are usually higher in the absence of government subsidies.
(iv) Models are steered by suppliers and dealers who participate in reinforcing and building an
electricity market that responds to consumers purchasing capacity.

Hybrid

(i) Integrates the features of other business models.
(ii) Ownership of di	erent parts of the model is diversi�ed.
(iii) E	ectiveness and e�ciency are higher than other models.
(iv) Private sector installs the equipment free of charge, operates and maintains the system under
a concession and recoups its investment through collecting tari	s from end users.

consumers must make an initial down payment followed by
a regular monthly payment. �e ownership of the system
is only transferred to the consumers a
er the complete
payment for the system is made. However, to acquire this
project, it is found that consumers only have access to a loan
which is characterized by high down payments and short
repayment period.�is has greatly limited the penetration of
electricity in rural communities [28]. In Zambia, the Energy
Service Company (ESCOs) installed solar PV system for
400 energy consumers. �e project, however, failed due to
the high monthly payment fee. Most consumers (especially
entrepreneurs and farmers) withdrew because the payment
scheme could only be maintained by civil servants with
regular monthly income [29, 30].

Many mini-grids in developing economies are faced with
technical challenges. Consequently, this has a	ected access
to reliable electricity negatively. According to Khennas and
Barnett [31], a survey conducted on micro-hydro project in
Nepal revealed that, despite adequate manuals, procedures,
training, and standards available, approximately 30 percent
of the installation failed during operation due to poor site
selection, poor installation, abandonment of civil structures,
etc. Similarly, biomass gasi�er technology received limited a
level of penetration in India due to lack of technical standards
and speci�cations that can enhance quality product Palit and
Chaurey [32].

�e applicability of mini-grid technologies in alleviating
energy poverty for rural electri�cation is another area where
little has been achieved (Zerri�, 2007). Hence, the inability
of operators to replicate the successes in other viable mini-
grid projects is a source of concern for decision-makers.
It has been discovered that it is di�cult to replicate many
of the mini-grid technologies that have worked on a com-
mercial scale due to the absence of adequate policies, viable
maintenance structure, and sustainable operation as well as
�nancing (Martinot et al., 2002). For example, over 35,000

biogas plants were constructed in Nepal between 1992 and
1998. �e technology was largely embraced by small and
lower-income farmers due to the implementation of subsidies
and a	ordable �nancing schemes (Martinot et al., 2002). It
was reported that a joint sustainability e	ort on the part of
the owners and installers as well as programme sta	 was the
brain behind the excellent performance of the scheme. �e
scheme also made sure the users received �nancial incentives
[33, 34]. On the contrary, the replicability of a biogas plant
in sub-SaharanAfrica experienced di	erent challenges.�ese
include inadequate feedstock, intensive labour demand, high
capital costs, poor technical performance, and lack of water
[35, 36].

Hence, the major problem impeding the adoption of
mini-grids can be categorised under the following: (i) de�-
ciency in policy and regulatory standards in relation to tari	s,
licensing, and evacuation of power (ii) lack of sustainable
business models; (iii) lack of access to adequate funding; (iv)
stakeholders’ lack of expertise.

For now, our focus is on the issue of business model
selection. �is issue is considered so as to further hence
the long-term economic and social bene�ts of operating a
mini-grid business. However, there is sparse information on
how to rightly select this model. For instance, there is no
information on how to use design or system requirements to
make this decision. Even if these requirements are ignored,
decision-makers are constrained with lack of information on
how to combine di	erent requirements into a single index
that will aid such selection process. Another limitation is that
literature on this business model rarely considered the use
of linguistic values to support their decisions on mini-grid
business model selection.

In an attempt to �ll these knowledge gaps, a frame-
work that used inputs from decision-makers is presented.
One of the attributes of the framework is that it uses a
FAD to handle a situation where design requirements for
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Figure 1: Proposed framework for mini-grid energy source selection.

a business model are speci�ed, while a TOPSIS method is
used to handle a situation when design requirements are
not speci�ed. Using a WASPAS method, the framework
takes these situations further by converging the former and
latter situation results. �is e	ort is a preemptive move that
handles discrepancy between a FAD andTOPSIS best-ranked
business model.

3. Methodology

�e proposed methodology for the renewable energy selec-
tion problem is based on the combination of a FAD, TOPSIS,
WASPAS, IEM, and intuitionistic fuzzy numbers. Some of the
justi�cations for selecting these methods are as follows.

(i) TOPSIS method has several advantages over other
MCDM tools [37, 38]. In terms of rank reversal, it has the
fewest characteristics and it is easy to implement using a
spreadsheet [37, 38]. Also, comparison of alternatives is done
directly based on the values of evaluation factors and their
weights. �is makes it possible for the method to consider
the best and worst values in a decision matrix [37, 38]. Other
interesting attributes of this method are contained in the
works of Zanakis et al. [37].

(ii) While FAD has the unique attribute of using design
and system requirements to rank alternatives, WASPAS
method ranked alternatives based on their weighted sum and
product values [39]. It uses aggregated coe�cient to combine
these values. Another WASPAS attribute distinguished from
other MCDM is that it can be used to simulate di	erent

ranks for alternatives. To achieve this, WASPAS varies the
aggregation coe�cient for di	erent scenarios.

�ese tools are methodologically connected so as to
improve mini-grid energy source selection in developing
countries (Figure 1).

3.1. Mini-Grid Risks. �e above-mentioned risks are used to
determine the most suitable energy source for mini-grid in
developing countries. Solar (S1), biodiesel (S2), biomass (S3),
wind (S4), and hybrid (S5) energy sources are considered as a
potential energy source for a mini-grid.

3.2. Intuitionistic Entropy Method. Entropy method has
helped to reduce the complex mathematical analysis that
is required for criteria importance determination. It has
helped to reduce the complex mathematical analysis that
is required for criteria importance determination. Its scope
has extended to the use of linguistic terms. �is was made
possible by incorporating fuzzy logic into its framework.
One of such framework is intuitionistic entropy method.
�is type of entropy method consists of membership and
nonmembership functions in a universe of discourse (see (1)).
�is expression is subject to (2).

� = {⟨�, �� (�) , V� (�) | � ∈ �⟩} (1)

0 ≤ �� (�) + V� (�) ≤ 1 (2)

where ��(�)and V�(�) represent membership and nonmem-
bership functions, respectively.
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Based on (2), the intuitionistic index of � in � is given as
(3).

�� (�) = 1 − �� (�) − V� (�) (3)

0 ≤ �� (�) ≤ 1 (4)

Hung andChen [40] reported that, to generate the aggregated
value for two or more decision-makers using IFSs, (5) is used
to compute a criterion crisp value during entropy method
application.

����� (��) = 12
	∑

=1
[�
� (��) lm �
� (��) lm V
�

− (1 − �
� (��)) lm (1 − �
� (��)) − �
� (��) lm 2]
(5)

�� = 1 − ����� (��) (6)

�� = ��∑��=1 �� (7)

where�� represents the criterion � importance.

3.3. FAD. A FAD is a robust multicriteria selection tool
that has the capacity to use design requirements in selecting
the best alternative for a problem. Its acceptance is further
strengthened by its capacity to analyse linguistic information.
�e linguistic terms are converted into crisp values using
fuzzy numbers [41, 42]. Triangular and trapezoidal are
among the frequently used fuzzy numbers for this conversion
operation. Since FAD can be implemented using two or
more decision-makers, mathematical operations are used
to aggregate decision-makers responses. For example, the
aggregation of a trapezoidal fuzzy number is given by (8) to
(11).

�1
� = min
�
(�1
��) (8)

�2
� = 1�
∑
�=1
�2
�� (9)

�3
� = 1�
∑
�=1
�3
�� (10)

�4
� = max
�
(�4
��) (11)

where �1
�, �2
�,�3
�, and �4
� denote the �rst, second, third,

and fourth vertex values of a trapezoidal fuzzy number,
respectively, for alternative i with respect to criterion j.

�e selection of the best-ranked alternative to a problem
is based on the concept of information content [42]. �e
value of information content is a function of the system
area and the common area between the system and design
requirements [42]. �e information content for a criterion
is expressed as (12), while (13) gives the total weighted
information contents of an alternative. �e decision on the

1

x

Common area
x 1ij 1ij 2ij 2ij

1ij 2ij 1ij 2ij

Figure 2: Trapezoidal fuzzy numbers for system and design require-
ments.

best-ranked alternative is based on the alternative with the
highest weighted information content value [41, 42].

�
� = log2
�
��
� (12)

�
 = �∑
�=1
���
� (13)

where �
�, �
�, and �
� represent the common areas, system
area, and information content of alternative i for criterion j,�� represents the importance of criterion j, and �
 represents
the total weighted information content for alternative i [42].

Khandekar and Chakraborty [41] reported that the com-
mon area for trapezoidal fuzzy numbers is given as (14).
�e system area is the area of the trapezoidal fuzzy number
(see (15)). �e interaction between a system and design
requirements using a trapezoidal fuzzy number is shown in
Figure 2.

�
� = (�1
� − �2
�)22 (�1
� − �1
� + �2
� − �2
�) (14)

�
� = 12 [(�1
� − �1
�) + (�1
� − �1
�)] (15)

3.4. TOPSIS. Practical problems are typically characterized
by various con�icting attributes and there may be no single
solution that satis�es these attributes. In such cases, the
multicriteria decision approach (MCDA) is usually adopted.
In MCDA, it is of priority to evaluate and compare various
alternatives using a number of criteria. Hence, the MCDA
helps decision-makers to make a choice among alternatives
with con�icting attributes. One of such MCDA tools is the
TOPSIS. �e TOPSIS method was originally proposed by
Yoon and Hwang [43] as well as Lai et al. [44]. �e TOPSIS
framework is based on the fact that the selected alternative
should have the shortest Euclidian distance from the positive
ideal solution and the farthest from the negative ideal solution
[45–48].

�erefore, it has the tendency to consider both the best
and worst case scenarios among the set of alternatives.
Another advantage of this method is its simplicity in the
presentation of linguistic terms. �e ability of a TOPSIS
method to incorporate fuzzy logic (i.e., fuzzy TOPSIS) makes
it versatile for many multicriteria problems. It, therefore,
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makes this tool appropriate for selecting renewable energy
mini-grid under various risks. �e steps involved in the
implementation of TOPSIS are as follows [46–48]:

Step 1 (establishment of decision matrix and determination of
the weight criteria). Let � = (�
�) be a decision matrix and� = (�1+�2+, . . . , ��) a weight vector, where �
� ∈ R, �� ∈
R and �1 + �2+, . . . , �� = 1.
Step 2 (calculate the normalised decision matrix). �e nor-
malisation of values can be carried out by one of the several
known standardized formulas. Some of the most frequently
used methods of calculating the normalised values when
dealing with standard TOPSIS methods are as follows:

�
� = �
�√∑��=1 �
�2 (16)

�
�
= {{{{{{{{{

�
� −min
 �
�
max
 �
� −min
 �
� %& �
� %' *-/-&%3 45%3-5%6/

max
 �
� − �
�
max
 �
� −min
 �
� %& �
� %' /6/ − *-/-&%3 45%3-5%6/

(17)

where �
� and �
� denote the original and normalised values
of alternative i with respect to criterion j, respectively.

Equations (16) and (17) cannot be used in fuzzy TOPSIS
application. Normalisation in fuzzy TOPSIS application is
based on the type of fuzzy numbers that are considered in
converting linguistic terms to crisp values. For trapezoidal
fuzzy numbers, normalisation is carried out with (18).

�
�, �
�, �
�, �
�
= {{{{{{{{{

�
��� ,
�
��� ,

�
��� ,
�
��� %& �
� %' *-/-&%3 45%3-5%6/���
� ,

���
� ,
���
� ,

���
� %& �
� %' /6/–*-/-&%3 45%3-5%6/
(18)

�� = max


�� (19)

�� = min


�� (20)

where �
�, �
�, �
�, 7/� �
� denote the normalised values of

the �rst, second, third, and fourth vertex of a trapezoidal
fuzzy number, respectively, for alternative i with respect to
criterion j.

Step 3 (calculate the weighted normalised decision matrix).
�e weighted normalised value of normalised fuzzy numbers
is obtained by multiplying the normalised values with the
criteria weights (see (21)).

�̃
�, �̃
�, �̃1
�, �̃
� = �� (�
�, �
�, �
�, �
�) (21)

where�� denotes the weight for criterion j and �̃1
�, �̃1
�, �̃1
�,7/� �̃1
� denote the weighted normalised values of the �rst,
second, third, and fourth vertex values of a trapezoidal fuzzy
number, respectively, for alternative iwith respect to criterion
j.

Step 4 (determine the positive ideal and not-ideal solutions).
�e distance of each alternative from the ideal and negative
ideal solutions is based on the selection of the ideal and not-
ideal solutions. �is is done with the same type of fuzzy
number for the evaluation process. Equations (22) and (23)
are commonly used as the ideal and not-ideal solutions. �e
distances of the criteria from the ideal and not-ideal solutions
are given by (23) and (25), respectively.

�+ = (1, 1, 1, 1) (22)

�− = (0, 0, 0, 0) (23)

�+
� = (�1
� − �+1 )2 + (�2
� − �+2 )2 + (�1
� − �+3 )2
+ (�1
� − �+4 )2 (24)

�−
� = (�1
� − �−1 )2 + (�2
� − �−2 )2 + (�1
� − �−3 )2
+ (�1
� − �−4 )2 (25)

where �+
� and �−
� denote the distance of alternative i with

respect to criterion j from the ideal (�+) and not-ideal (�−)
values of criterion j.

�e ideal solution distance of the alternatives is expressed
as (26), while (27) gives the not-ideal solution distance of the
alternatives.

9+
 = √ �∑

=1
�+
� (26)

9−
 = √ �∑

=1
�−
� (27)

where9+
 and 9−
 denote the ideal and not-ideal solutions of
alternative i, respectively.

Step 5 (calculate the relative closeness to the ideal solution).
�e relative closeness of the alternatives is expressed as (28).
�e best-ranked alternative is the alternative with the highest
relative closeness [42].

9
 = 9−
9+
 + 9−
 (28)

0 ≤ 9
 ≤ 1 (29)

3.5. WASPAS Method. �e WASPAS method combines two
MCDA weighted sum and weighted product models. �e
�rst step requires the generation of an evaluation matrix� = [�
�]	�. �
� represents the performance of i�ℎ alternative

with respect to j�ℎ criterion, m represents the number of
alternatives, and n represents the number of criteria. For
the current study, the outputs from the FAD and fuzzy
TOPSIS methods are considered as criteria. However, there
is the possibility of the FAD generating a negative value. �is
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problem is addressed by adding a constant value to the �nal
outputs of the FADmethod (see (30)).

;�
 = Δ + �
 (30)

where ;�
 and Δ represent the regularised information
content for alternative i and constant value, respectively.

�e next step is the normalisation of the criteria values.
�is is done using (16). �is is followed by computing the
weighted sum and weighted product values for the alterna-
tives ((31) and (32)).�e combination of the results from (31)
and (32) gives the WASPAS outputs of the alternatives (see
(30)).�is is achieved by using a controlling parameterwhose
value ranges between 0 and 1 (>).�emost suitable alternative
to a problem is the alternative with the highest index (see
(33)).

?+
 = �∑
�=1
�
��� (31)

?−
 = �∏
�=1
�
��� (32)

?
 = >?+
 + (1 + >)?−
 (33)

where ?+
 , ?−
 , and ?−
 denote the weighted sum, weight
product, and weighted aggregated sum product assessment
for alternative i, respectively, and > denotes a contribution
parameter.

4. Case Study

�e frameworks were applied in Lagos, southern Nigeria.
Nigeria is a developing country located in Sub-Sahara Africa
and endowed with substantial renewable energy resource
which comprises solar energy, wind energy, small hydroelec-
tric energy potentials, biomass, untapped hydrogen exploita-
tion, and development of geothermal and ocean energy
technologies. �e country has the tendency to generate

approximately 3.5kWh/m2/day in the coastal areas to almost

7.0 kWh/m2/day in the north. Wind speeds in Nigeria range
between 1.4 and 3.0 m/s in the south and 4.0 and 5.12 m/s
in the far north [23]. Biomass resources available in Nigeria
include forage grasses, wood, shrubs, animal and human
waste, and other wastes from agriculture as well as aquatic
biomass (Nnamdi et al 2011). In 2007 biodiesel policy gave
rise to the 10% ethanol inclusion into petroleum products
in the country [49]. Current estimates show that about 61
million tonnes/year of animal waste can be accomplished
and that about 83 million tonnes/year of crop residue can
be produced. �e organic waste alone has the potential to
yield about 169 541.66 MWh of electricity on an annual basis.
Solar energy generation in Lagos is currently being explored
for commercial purpose. Being a coastal area, the potentials
of wind-generated energy are also promising. Based on the
energy resources available in Lagos, Nigeria, micro-grid
power generation can be accomplished using solar, biomass,
wind, biodiesel, or a hybrid of these resources. However,
due to the abundance of solar and organic waste in Lagos

Table 2: Risks for the evaluation of mini-grid energy sources.

Risks Symbols

Operational risk C1
�e
 and vandalism risk C2
Foreign exchange risk C3
Force majeure risk C4
Environmental risk C5
Social acceptance risk C6
Unpredictable electricity demand risk C7
Construction completion risk C8
Resource availability risk C9
Technology risk C10
Resource price variability risk C11
Non-payment of electricity bills risk C12
Political and legal (regulatory) risk C13

Table 3: Linguistic terms for the e	ects of risks on the di	erent
energy sources.

Linguistic terms Fuzzy numbers

Very low (VL) (0.05,0.10,0.20,0.30)

Low (L) (0.10,0.30,0.40,0.55)

Moderate (M) (0.25,0.45,0.55,0.65)

High (H) (0.50,0.55,0.60,0.65)

Very high (VH) (0.65,0.75,0.80,9.00)

Extremely high (E) (0.80,0.90,0.10,1.00)

(1,104,001.92 tonnes/annum, the highest in Nigeria) a hybrid
of solar and biodiesel is considered as a hybrid alternative in
this study [50].

During the application of the proposed framework,
�ve di	erent energy sources were considered. �ese energy
sources are solar energy (S1), biodiesel (S2), biomass energy
(S3), wind energy (S4), and hybrid energy (solar-biodiesel)
(S5). �irteen di	erent types of risks were considered
(Table 2). Four decision-makers were asked to evaluate the
di	erent risks involved in using these energy sources for
mini-grid business. �ree of the experts are academic with
vast professional knowledge of renewable energy system
design, while the last expert is a research associate with
an energy research centre. Apart from the last expert who
holds a M.Sc. degree in electrical and electronic engineering,
the other experts are Ph.D. holders with specialization in
renewable energy design and implementation.

�is was done by administrating of the questionnaire
to these experts. �e questionnaire consists of two sec-
tions. �e �rst section contained information about the
e	ects of risks in the di	erent energy sources. Section two
contains information about the importance of mini-grid
risks (Risk Questionnaire). Linguistic terms for Sections 1
and 2 responses are presented in Tables 3 (Figure 3) and
4, respectively. �e design requirements of the criteria are
presented in Table 5.

Based on the information obtained from the decision-
makers (Table 6), it was only C10 that they all assigned the
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Table 4: Linguistic terms for the risks importance.

Linguistic terms Fuzzy numbers

Extremely unimportant (EU) (0.30,0.50)

Unimportant (U) (0.40,0.35)

Indecisive (D) (0.50,0.25)

Important (I) (0.40,0.30)

Very important (V) (0.60,0.20)

Extremely important (E) (0.60,0.10)

Table 5: Design requirements for the criteria.

Criteria Design requirements Criteria Design requirements

C1 L C7 M

C2 L C8 L

C3 M C9 L

C4 L C10 L

C5 M C12 M

C6 M C12 M

C13 M

VL L M H VH E
1

x

x

Figure 3: Membership functions for the e	ect of risk on mini-grid
energy sources.

same importance to use the linguistic terms.�e information
in Table 6 was converted into membership values (Table 7).

�e intuitionistic values obtained from the decision-
makers are used to generate the criteria importance in
Table 8; this was achieved by applying (5) to (7). �ese
results were combined with the values which the decision-
makers assigned to the energy sources (Table 9). Using (8)
and (11), the decision-makers responses were aggregated, and
the results that were obtained are presented in Table 10. �is
creates the avenue to generate the common (Table 11) and
system (Table 12) areas for the alternatives.

�e criteria information contents are obtained using (12)
and the results obtained are presented in Table 13. Based on
the weights in Table 8 this information was converted to the
weighted information contents.

FromTables 14 and 15, the total information and weighted
total information contents (Table 15) were obtained using
(13). �e results obtained showed that the criteria weights
did not a	ect the ranking of the renewable energy sources
(Table 15). Based on these results, the best-ranked renewable

Table 6: Linguistic terms for the weights importance.

Criteria D1 D2 D3 D4
C1 EU I U I

C2 VI VI VI I

C3 VI VI E HU

C4 U I D U

C5 I D VI I

C6 VI D I U

C7 E I VI EI

C8 VI U VI VI

C9 VI D I U

C10 I I I I

C11 I E I VI

C12 VI I VI VI

C13 VI I VI I

energy source was wind energy. �e solar energy source was
ranked as the least energy source.

�e implementation of the fuzzy TOPSIS method is
carried by �rst determining the normalised values of the
criteria in Table 10. �is was achieved by considering all the
criteria as nonbene�t criteria (see (18)). �e results obtained
are presented in Table 16. �ese results were combined with
the weights in Table 8 using (19) in generating the weighted
normalised decision matrix for the fuzzy TOPSIS method
(Table 17).

From Table 17, the distances of the criteria from the ideal
and not-ideal solutionwere calculated using (22) and (23) and
the results that are obtained in Table 18. Furthermore, (24)
and (25) were used to combine these results in order to deter-
mine the energy sources closeness coe�cients (Table 19).

In order to regularise the FAD framework results, a
constant value was added to the actual values in Table 15. For
this particular case, we added 1 to the FAD values in order
to obtain the regularised FAD values (Table 20). �is process
was followed by the normalisation of the regularised FAD and
fuzzy-TOPSIS results for the WASPAS method (Table 21).

�ree cases were considered during the computation
of the energy sources weighted sum and product for the
WASPAS method (Table 22). Based on the information in
Tables 20 and 21, theweighted sumandproduct values for the
three cases were computed (Table 23).�ese values (Table 23)
were used to generate the WASPAS outputs for the three
cases (Table 24).�eWASPASvalues for the values cases were
computed when the value of > = 0.5.

5. Discussion of Results

Based on the results in Table 8, the least and most impor-
tant risks for the selection of renewable energy sources
for mini-grid were unpredictable electricity demand risk
and construction completion risk, respectively. Based on
the decision-makers responses, there were several instances
when a decision-maker assigned the same values of impor-
tance to a particular risk. �e �rst decision-maker believed
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Table 7: Intuitionistic sets for the criteria importance.

Criteria D1 D2 D3 D4
C1 (0.3000, 0.5000) (0.4000, 0.3000) (0.4000, 0.3500) (0.4000, 0.3000)

C2 (0.6000, 0.2000) (0.6000, 0.2000) (0.6000, 0.2000) (0.4000, 0.3000)

C3 (0.6000, 0.2000) (0.6000, 0.2000) (0.6000, 0.1000) (0.3000, 0.5000)

C4 (0.4000, 0.3500) (0.4000, 0.3000) (0.5000, 0.2500) (0.4000, 0.3500)

C5 (0.4000, 0.3000) (0.5000, 0.2500) (0.6000, 0.2000) (0.4000, 0.3000)

C6 (0.6000, 0.2000) (0.5000, 0.2500) (0.4000, 0.3000) (0.4000, 0.3500)

C7 (0.6000, 0.1000) (0.4000, 0.3000) (0.6000, 0.2000) (0.6000, 0.1000)

C8 (0.6000, 0.2000) (0.4000, 0.3500) (0.6000, 0.2000) (0.6000, 0.2000)

C9 (0.6000, 0.2000) (0.5000, 0.2500) (0.4000, 0.3000) (0.4000, 0.3500)

C10 (0.4000, 0.3000) (0.4000, 0.3000 (0.4000, 0.3000) (0.4000, 0.3000)

C11 (0.4000, 0.3000) (0.6000, 0.1000) (0.4000, 0.3000) (0.6000, 0.2000)

C12 (0.6000, 0.2000) (0.4000, 0.3000) (0.6000, 0.2000) (0.6000, 0.2000)

C13 (0.6000, 0.2000) (0.4000, 0.3000) (0.6000, 0.2000) (0.4000, 0.3000)

Table 8: Importance of the selection criteria.

Criteria ����� �� ��
C1 0.5765 0.4235 0.0788

C2 0.4667 0.5333 0.0992

C3 0.5069 0.4931 0.0917

C4 0.5829 0.4171 0.0776

C5 0.6199 0.3801 0.0707

C6 0.5490 0.4510 0.0839

C7 0.8137 0.1863 0.0347

C8 0.3958 0.6042 0.1124

C9 0.5490 0.4510 0.0839

C10 0.7806 0.2194 0.0408

C11 0.7448 0.2552 0.0475

C12 0.4667 0.5333 0.0992

C13 0.5713 0.4287 0.0797

resource price variability and nonpayment of electricity bills
risks are the same for the renewable energy sources. �e
second decision-maker assigned the same values to theft
and vandalism risk and foreign exchange risk. �e third
decision-maker only agreed that the risks associated with
political and legal (regulatory) risks were the same (Table 9).
�e fourth decision-maker assigned the same value for the
environmental risk.

In terms of ranking of the energy sources, the results
obtained showed that there was no change in the ranking
order for the renewable energy sources for the di	erent cases
that were considered in this study (see Table 24). Further-
more, there was consistency between FAD and WASPAS
ranking order (see Figure 4). Looking at Figure 4, the best-
ranked renewable energy source for the mini-grid business
using the FAD conceptual framework was wind energy. �is
result is not the same as that of the fuzzy-TOPSIS method
which ranked biomass energy as the best renewable energy
sources for the mini-grid business.

6. Conclusions

�is study demonstrated the applicability of using a com-
bined intuitionistic entropy-FAD and intuitionistic entropy-
TOPSIS frameworks to address the problem of renewable
energy source selection for mini-grid business in develop-
ing countries. �e selection process was carried out using
thirteen types of risk that are associated with mini-grid
operations, economics, design, and management. �e frame-
works were applied in a developed country in sub-Sahara
Africa. Four experts’ inputs were obtained using a structured
questionnaire.

�e conceptual framework for mini-grid business renew-
able energy source selection appears to be a �exible tool
for decision-making in a developing economy. �ere is a
discrepancy between the FAD principle and fuzzy-TOPSIS
frameworks.�ebest-ranked renewable energy source for the
case study using the FAD framework was wind energy. �e
fuzzy-TOPSIS framework identi�ed biomass energy as the



Journal of Renewable Energy 11

T
a
b
le

9:
L
in
gu

is
ti
c
va
lu
es

fo
r
th
e
ev
al
u
at
ed

en
er
g
y
so
u
rc
es
.

C
ri
te
ri
a

S 1
S 2

S 3
S 4

S 5
S 1

S 2
S 3

S 4
S 5

D
1

D
2

C
1

L
L

L
L

L
M

V
L

M
V
L

L
C
2

V
H

V
H

V
H

V
H

V
H

M
M

M
M

M
C
3

V
H

E
E

E
E

H
H

H
H

E
C
4

H
M

M
H

H
L

L
M

L
H

C
5

M
L

L
M

M
L

V
H

L
M

V
L

C
6

L
E

E
L

L
V
L

L
L

L
V
L

C
7

E
L

L
E

E
L

M
H

L
M

C
8

L
M

M
L

L
V
L

M
L

M
M

C
9

M
M

M
M

M
H

L
H

H
V
H

C
10

M
H

H
M

M
L

L
H

H
H

C
11

H
H

H
H

H
H

H
V
H

V
H

E
C
12

E
E

E
E

E
M

H
H

V
H

V
H

C
13

V
H

V
H

E
V
H

V
H

H
L

M
H

E
D
3

D
4

C
1

L
V
H

V
L

V
L

L
M

L
L

L
M

C
2

L
L

V
L

L
M

M
L

L
M

L
C
3

V
L

M
M

M
M

V
H

H
H

H
H

C
4

L
L

L
L

M
L

L
L

L
L

C
5

V
L

M
V
L

M
L

L
L

L
L

L
C
6

M
V
L

V
L

V
L

L
L

L
M

L
L

C
7

V
H

M
M

M
M

L
H

H
H

V
H

C
8

M
L

L
L

M
H

M
H

L
M

C
9

H
V
L

V
L

L
L

H
M

M
V
L

V
L

C
10

L
V
L

V
L

V
L

L
L

M
V
H

M
M

C
11

M
M

V
L

V
L

M
H

H
M

V
L

L
C
12

M
M

M
M

M
H

H
H

H
H

C
13

H
H

H
H

H
H

M
M

L
M



12 Journal of Renewable Energy

T
a
b
le

10
:A

gg
re
ga
te
d
in
te
rv
al
ty
p
e
2
fu
zz
y
se
ts
fo
r
th
e
en
er
g
y
so
u
rc
es
.

S 1
S 2

S 3
C
1

(0
.1
0
0
0
,0
.3
75
0
,0
.4
75
0
,0
.6
50
0
)

(0
.0
50
0
,0
.3
50
0
,0
.4
50
0
,0
.9
0
0
0
)

(0
.0
50
0
,0
.2
87
5,
0
.3
87
5,
0
.6
50
0
)

C
2

(0
.1
0
0
0
,0
.4
75
0
,0
.5
75
0
,0
.9
0
0
0
)

(0
.1
0
0
0
,0
.4
37
5,
0
.5
37
5,
0
.9
0
0
0
)

(0
.0
50
0
,0
.3
87
5,
0
.4
87
5,
0
.9
0
0
0
)

C
3

(0
.0
50
0
,0
.5
12
5,
0
.6
0
0
0
,3
.0
0
0
0
)

(0
.2
50
0
,0
.6
12
5,
0
.6
87
5,
1.
0
0
0
0
)

(0
.2
50
0
,0
.6
12
5,
0
.6
87
5,
1.
0
0
0
0
)

C
4

(0
.1
0
0
0
,0
.3
62
5,
0
.4
50
0
,0
.6
50
0
)

(0
.1
0
0
0
,0
.3
37
5,
0
.4
37
5,
0
.6
50
0
)

(0
.1
0
0
0
,0
.4
0
0
0
,0
.4
87
5,
0
.6
50
0
)

C
5

(0
.0
50
0
,0
.2
87
5,
0
.3
87
5,
3.
0
0
0
0
)

(0
.1
0
0
0
,0
.4
37
5,
0
.5
37
5,
0
.9
0
0
0
)

(0
.0
50
0
,0
.2
87
5,
0
.3
87
5,
0
.6
50
0
)

C
6

(0
.0
50
0
,0
.2
87
5,
0
.3
87
5,
0
.6
50
0
)

(0
.0
50
0
,0
.4
0
0
0
,0
.5
0
0
0
,1
.0
0
0
0
)

(0
.0
50
0
,0
.2
37
5,
0
.3
37
5,
0
.6
50
0
)

C
7

(0
.1
0
0
0
,0
.5
50
0
,0
.6
50
0
,1
.0
0
0
0
)

(0
.1
0
0
0
,0
.4
37
5,
0
.5
25
0
,0
.6
50
0
)

(0
.2
50
0
,0
.6
12
5,
0
.6
87
5,
1.
0
0
0
0
)

C
8

(0
.0
50
0
,0
.3
50
0
,0
.4
37
5,
0
.6
50
0
)

(0
.1
0
0
0
,0
.4
12
5,
0
.5
12
5,
0
.6
50
0
)

(0
.1
0
0
0
,0
.3
62
5,
0
.4
50
0
,0
.6
50
0
)

C
9

(0
.2
50
0
,0
.5
25
0
,0
.5
87
5,
0
.6
50
0
)

(0
.0
50
0
,0
.3
25
0
,0
.4
25
0
,0
.6
50
0
)

(0
.0
50
0
,0
.3
87
5,
0
.4
75
0
,0
.6
50
0
)

C
10

(0
.1
0
0
0
,0
.3
37
5,
0
.4
37
5,
0
.6
50
0
)

(0
.0
50
0
,0
.3
50
0
,0
.4
37
5,
0
.6
50
0
)

(0
.0
50
0
,0
.4
50
0
,0
.5
37
5,
0
.9
0
0
0
)

C
11

(0
.2
50
0
,0
.5
25
0
,0
.5
87
5,
0
.6
50
0
)

(0
.2
50
0
,0
.5
25
0
,0
.5
87
5,
0
.6
50
0
)

(0
.0
50
0
,0
.4
50
0
,0
.5
37
5,
0
.9
0
0
0
)

C
12

(0
.2
50
0
,0
.5
87
5,
0
.6
75
0
,1
.0
0
0
0
)

(0
.2
50
0
,0
.6
12
5,
0
.6
87
5,
1.
0
0
0
0
)

(0
.2
50
0
,0
.6
12
5,
0
.6
87
5,
1.
0
0
0
0
)

C
13

(0
.5
0
0
0
,0
.5
87
5,
0
.6
50
0
,0
.9
0
0
0
)

(0
.1
0
0
0
,0
.5
0
0
0
,0
.5
87
5,
0
.9
0
0
0
)

(0
.2
50
0
,0
.5
37
5,
0
.6
25
0
,0
.9
0
0
0
)

S 4
S 5

C
1

(0
.0
50
0
,0
.2
0
0
0
,0
.3
0
0
0
,0
.5
50
0
)

(0
.1
0
0
0
,0
.3
37
5,
0
.4
37
5,
0
.6
50
0
)

C
2

(0
.1
0
0
0
,0
.4
75
0
,0
.5
75
0
,0
.9
0
0
0
)

(0
.1
0
0
0
,0
.4
75
0
,0
.5
75
0
,0
.9
0
0
0
)

C
3

(0
.2
50
0
,0
.6
12
5,
0
.6
87
5,
1.
0
0
0
0
)

(0
.2
50
0
,0
.7
0
0
0
,0
.7
87
5,
1.
0
0
0
0
)

C
4

(0
.1
0
0
0
,0
.3
62
5,
0
.4
50
0
,0
.6
50
0
)

(0
.1
0
0
0
,0
.4
62
5,
0
.5
37
5,
0
.6
50
0
)

C
5

(0
.1
0
0
0
,0
.4
12
5,
0
.5
12
5,
0
.6
50
0
)

(0
.0
50
0
,0
.2
87
5,
0
.3
87
5,
0
.6
50
0
)

C
6

(0
.0
50
0
,0
.2
50
0
,0
.3
50
0
,0
.5
50
0
)

(0
.0
50
0
,0
.2
50
0
,0
.3
50
0
,0
.5
50
0
)

C
7

(0
.1
0
0
0
,0
.5
50
0
,0
.6
37
5,
1.
0
0
0
0
)

(0
.2
50
0
,0
.6
25
0
,0
.7
25
0
,1
.0
0
0
0
)

C
8

(0
.1
0
0
0
,0
.3
37
5,
0
.4
37
5,
0
.6
50
0
)

(0
.1
0
0
0
,0
.4
12
5,
0
.5
12
5,
0
.6
50
0
)

C
9

(0
.0
50
0
,0
.3
50
0
,0
.4
37
5,
0
.6
50
0
)

(0
.0
50
0
,0
.3
87
5,
0
.4
87
5,
0
.9
0
0
0
)

C
10

(0
.0
50
0
,0
.3
87
5,
0
.4
75
0
,0
.6
50
0
)

(0
.1
0
0
0
,0
.4
37
5,
0
.5
25
0
,0
.6
50
0
)

C
11

(0
.0
50
0
,0
.3
62
5,
0
.4
50
0
,0
.9
0
0
0
)

(0
.1
0
0
0
,0
.5
50
0
,0
.6
37
5,
1.
0
0
0
0
)

C
12

(0
.2
50
0
,0
.6
50
0
,0
.7
37
5,
1.
0
0
0
0
)

(0
.2
50
0
,0
.6
50
0
,0
.7
37
5,
1.
0
0
0
0
)

C
13

(0
.1
0
0
0
,0
.5
25
0
,0
.6
0
0
0
,0
.9
0
0
0
)

(0
.2
50
0
,0
.6
50
0
,0
.7
37
5,
1.
0
0
0
0
)



Journal of Renewable Energy 13

Table 11: Common area for the maintenance systems.

Criteria S1 S2 S3 S4 S5

C1 0.3184 0.4267 0.2689 0.1841 0.2951

C2 0.5120 0.4830 0.4491 0.5120 0.5120

C3 1.4070 0.4787 0.4787 0.4787 0.5625

C4 0.3103 0.2951 0.3361 0.3103 0.3903

C5 1.2983 0.3189 0.1422 0.1829 0.1422

C6 0.1422 0.3516 0.1306 0.0900 0.0900

C7 0.4327 0.1939 0.4787 0.4327 0.4891

C8 0.3025 0.3457 0.3103 0.2951 0.3457

C9 0.4654 0.2881 0.3270 0.3025 0.4491

C10 0.2951 0.3025 0.4923 0.3270 0.3667

C11 0.2462 0.2462 0.3250 0.2864 0.4327

C12 0.4592 0.4787 0.4787 0.5114 0.5114

C13 0.4122 0.3521 0.3756 0.3674 0.5114

Table 12: System area for the maintenance systems.

Criteria S1 S2 S3 S4 S5

C1 0.3250 0.4750 0.3500 0.3000 0.3250

C2 0.4500 0.4500 0.4750 0.4500 0.4500

C3 1.5188 0.4125 0.4125 0.4125 0.4188

C4 0.3188 0.3250 0.3188 0.3188 0.3125

C5 1.5250 0.4500 0.3500 0.3250 0.3500

C6 0.3500 0.5250 0.3500 0.3000 0.3000

C7 0.5000 0.3188 0.4125 0.4938 0.4250

C8 0.3438 0.3250 0.3188 0.3250 0.3250

C9 0.2313 0.3500 0.3438 0.3438 0.4750

C10 0.3250 0.3438 0.4688 0.3438 0.3188

C11 0.2313 0.2313 0.4688 0.4688 0.4938

C12 0.4188 0.4125 0.4125 0.4188 0.4188

C13 0.2313 0.4438 0.3688 0.4375 0.4188

Table 13: Information contents of the criteria with respect to the maintenance systems.

Criteria S1 S2 S3 S4 S5

C1 0.0295 0.1548 0.3803 0.7045 0.1391

C2 -0.1862 -0.1022 0.0808 -0.1862 -0.1862

C3 0.1103 -0.2148 -0.2148 -0.2148 -0.4258

C4 0.0390 0.1391 -0.0765 0.0390 -0.3208

C5 0.2322 0.4970 1.2992 0.8297 1.2992

C6 1.2992 0.5785 1.4221 1.7370 1.7370

C7 0.2086 0.7168 -0.2148 0.1904 -0.2028

C8 0.1844 -0.0891 0.0390 0.1391 -0.0891

C9 -1.0090 0.2808 0.0719 0.1844 0.0808

C10 0.1391 0.1844 -0.0707 0.0719 -0.2020

C11 -0.0901 -0.0901 0.5284 0.7106 0.1904

C12 -0.1330 -0.2148 -0.2148 -0.2883 -0.2883

C13 -0.8339 0.3338 -0.0264 0.2520 -0.2883
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Figure 4: Ranking of energy sources using the di	erent methods.

Table 14: Weighted information contents of the criteria with respect to the maintenance systems.

Criteria S1 S2 S3 S4 S5
C1 0.0023 0.0122 0.0300 0.0555 0.0110

C2 -0.0185 -0.0101 0.0080 -0.0185 -0.0185

C3 0.0101 -0.0197 -0.0197 -0.0197 -0.0390

C4 0.0030 0.0108 -0.0059 0.0030 -0.0249

C5 0.0164 0.0351 0.0919 0.0587 0.0919

C6 0.1090 0.0485 0.1193 0.1457 0.1457

C7 0.0072 0.0249 -0.0075 0.0066 -0.0070

C8 0.0207 -0.0100 0.0044 0.0156 -0.0100

C9 -0.0847 0.0236 0.0060 0.0155 0.0068

C10 0.0057 0.0075 -0.0029 0.0029 -0.0082

C11 -0.0043 -0.0043 0.0251 0.0338 0.0090

C12 -0.0132 -0.0213 -0.0213 -0.0286 -0.0286

C13 -0.0665 0.0266 -0.0021 0.0201 -0.0230

Table 15: Total information contents.

Sources Total information contents Total weighted information contents

S1 -0.0098 -0.0125

S2 2.1743 0.1238

S3 3.0037 0.2253

S4 4.1694 0.2907

S5 1.4433 0.1051

best-ranked renewable energy sources for the case study of a
renewable energy source. �e least and most important risks
for the selection of renewable energy sources for mini-grid
were unpredictable electricity demand risk and construction
completion risk, respectively.

�e use of FAD for the selection of a renewable energy
source for mini-grid business is a contribution of this study.
Furthermore, the application of fuzzy-TOPSIS for mini-grid
business renewable energy selection is also a contribution
of this study. Another contribution of this study is the
application of the intuitionistic entropy method to determine
the importance of risks that a	ect mini-grid business. �e
proposed conceptual framework can be applied to determine
a mini-grid business model for a developing economy.

�is study is subjected to at least two limitations, �e �rst
limitation of this study is that it did not consider the energy
generation capacity of the renewable energy sources. Another
limitation is that it did not consider life-cycle cost. �is cost
is a major factor in renewable energy sources evaluation.
Also, this study did not consider the importance of the
experts' judgments. Incorporating these omissions into the
proposed framework will not only improve the viability of
a selected renewable energy source, but also aid renewable
energy plant’s retirement decision. While the inclusion of
social criteria into the proposed framework is a natural
way to improve its performance, there is still a need to
introduce carbon footprint in the proposed framework.�ese
knowledge gaps can be considered as further studies. Finally,
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Table 19: Fuzzy TOPSIS outputs for the mini-grid energy sources problem.

Sources 9+
 9−
 �

S1 25.4410 0.7755 0.0296

S2 25.4274 0.7933 0.0303

S3 25.3944 0.8501 0.0324

S4 25.3975 0.8317 0.0317

S5 25.4805 0.7055 0.0269

Table 20: Decision matrix for the WASPAS method.

Sources FAD Regularised FAD Fuzzy TOPSIS

S1 -0.0125 0.9875 0.0296

S2 0.1238 1.1238 0.0303

S3 0.2253 1.2253 0.0324

S4 0.2907 1.2907 0.0317

S5 0.1051 1.1051 0.0269

Table 21: Normalisation decision matrix for the WASPAS method.

Sources Normalised FAD Fuzzy TOPSIS

S1 0.3788 0.0129

S2 0.4906 0.0135

S3 0.5832 0.0155

S4 0.6472 0.0149

S5 0.4744 0.0107

Table 22: Weights for the solution methods.

Cases Normalised FAD Fuzzy TOPSIS

Case I A1 = 0.6 A2 = 0.4
Case II A1 = 0.4 A2 = 0.5
Case III A1 = 0.6 A2 = 0.6

Table 23: Weighted sum and product for the cases.

Sources Case I Case II Case III?+
 ?−
 ?+
 ?−
 ?+
 ?−

S1 0.2325 0.0981 0.1959 0.0700 0.1593 0.0500

S2 0.2998 0.1167 0.2521 0.0815 0.2044 0.0569

S3 0.3561 0.1367 0.2994 0.0951 0.2426 0.0662

S4 0.3942 0.1431 0.3310 0.0981 0.2678 0.0673

S5 0.2889 0.1042 0.2426 0.0714 0.1962 0.0489

Table 24: WASPAS outputs.

Sources Case I Case II Case III

S1 0.1653 0.1330 0.1046

S2 0.2082 0.1668 0.1306

S3 0.2464 0.1973 0.1544

S4 0.2687 0.2146 0.1675

S5 0.1966 0.1570 0.1225
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