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Multi-criteria evaluation of renewable energy alternatives for

electricity generation in a residential building
Abstract

The residential sector is well known to be one of the main energy consumers worldwide. The
purpose of this study is to select the best renewable energy alternatives for electricity generation
in a residential building by using a new integrated fuzzy multi-criteria group decision-making
method. In renewable energy decision-making problems, the preferences of experts and
decision-makers are generally uncertain. Furthermore, it is challenging to quantify the reel
performance of renewable energy alternatives using a set of exact values. Fuzzy logic is

commonly applied to deal with those uncertainties.

The method proposed in this paper combines different methods. First, the Delphi method is
used in order to select a preliminary set of renewable energy alternatives for electricity
generation as well as a preliminary set of criteria (economic, environmental, social, etc.). Then,
the questionnaire is used to study the renewable energy alternatives preferences of the residents
of the residential building’. Later, the FAHP (Fuzzy Analytical Hierarchy Process) is
implemented to obtain the weighs of the criteria taking into consideration uncertainties in
expert's judgments. Finally, the FFROMETHEE (Fuzzy Preference Ranking Organization
Method for Enrichment Evaluation) global ranking is performed in order to get a complete
ranking of the renewable energy alternatives taking into account uncertainties related to the

alternatives’ evaluations.

The originality of this paper comes from the application of the proposed integrated Delphi-

FAHP- FPROMETHEE methodology for the selection of the best renewable energy



23

24

25

26

27

28

29

30

31

32

33

34

35

36

37

38

39

40

41

42

43

alternatives for electricity generation in a residential building. A case study has validated the
effectiveness and the applicability of the proposed method. The results reveal that the proposed
integrated method helps to formulate the problem and is particularly effective in handling
uncertain data. It facilitates the selection of the best renewable energy alternatives in a manner

that is participatory, comprehensive, robust, and reliable.
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Delphi, FAHP, FPROMETHEE, residential buildings, electricity generation, renewable energy

alternatives
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1 Introduction

It is no longer debated that the world energy consumption and CO2 emissions are directly
affecting the climate change and the global warming. In order to preserve the planet for the
future generations, the reduction in energy consumption and CO2 emissions is of crucial
importance. The residential energy sector has become strategic to achieve rapid CO2 emission
reductions. In fact, 25% of the global energy is consumed by the residential sector while he is
responsible of 17% of the global CO. emissions (6% of direct and 11% of indirect due to
electricity consumption) [1]. Consequently, the control of CO. emissions in the residential

sector would positively affect the climate change and the global warming.

Electricity represents a very important energy source for the global residential sector. It is the
second largest energy source for global residential needs accounting for 21% of energy
utilization preceded only by traditional biomass, which represents 40% of the total residential
energy market [2]. It is clear that the rise in energy consumption in the global residential sector
is directly increasing the global warming. However, the global warming is affecting the energy
consumption in the global residential sector as well. In fact, the residential cooling depends on
the exterior climate and the expansion, persistence, and intensification of heat waves caused by

the global warming is rising the electricity demands for the cooling needs [3].

For the developing as well as the developed countries, energy production is a very important
factor in order to reach their development objectives and to support their growing economy,
urbanization, and population. In order to highlight the importance of sustainable development
and green energy, the decade 2014-2024 was declared unanimously as “the Decade of
Sustainable Energy for All”” by The United Nations General Assembly [4].

Renewable energy support policies of different countries (China, EU members US, Canada,

Australia, etc.) have been introduced essentially to convert the current energy systems
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(increased use of fossil fuels, increased energy consumption and significant emissions of
environmental pollutants) to highly efficient green sustainable energy systems. Currently, 164
countries (more than a half are developing countries) have sustainable energy development as
a target and 145 countries have already in place policies to support their sustainable energy
development [5].

In order to deal with the environmental concerns coming in the path of sustainable development,
the integration of appropriate renewable energy alternatives for electricity generation in
residential buildings is of crucial importance. For instance, since 2014 the use of minimum
levels of energy from renewable sources in new buildings and in existing buildings that are
subject to major renovation is required by the building regulations of EU member states [6].
However, different drivers and barriers influence the expansion of electricity generation from
renewable energy sources (techno-economic, administrative, political and social barriers) [7-
9.

Many scholars have considered the lack of methodological support in order to select the best
renewable energy alternative as the main barrier to the implementation of electricity generation
from renewable energy sources. Numerous studies concerning the selection of the best
renewable energy alternative are available for Romania [10], Malaysia [11], Turkey [12],
Lithuania [13], Saudi Arabia [14], Greece [15], and Ecuador [16]. These studies highlighted the
fact that the selection of the best solutions among a vast diversity of alternatives (wind
generators, biomass, solar energy, geothermal, hydro generators) taking into consideration
different criteria (economic, environmental, social, etc.) is a complex decision problem.

Other studies conducted in Finland [17], United Kingdom [18], Lithuania [19], and Greece [20]
have emphasized on the necessity to take into account the renewable energy alternatives

preferences of the inhabitants of the residential buildings.



92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

109

110

111

112

113

114

115

116

117

Another stream of research has focused on different uncertainties that can affect the evaluation
of renewable energy alternatives [21]. Numerous studies have highlighted the fact that it is
difficult to quantify the reel performance of renewable energy alternatives using a set of exact
values since the judgments of experts, residents, and decision makers are generally uncertain.
For example, Kaya and Kahraman [12] have selected the best renewable energy alternative for
Istanbul (Turkey) taking into account the vagueness’s in decision makers’ judgments. Similar
studies concerning the uncertainties that can affect the evaluation of renewable energy
alternatives are available for Jordan [22], Indonesia [23], China [24], and Canada [25].

The multiple-criteria decision analysis is an operational evaluation that is very useful for
addressing complex problems involving different alternatives, criteria, stakeholders and high
uncertainty [26]. To overcome the uncertainties that can affect the evaluation of renewable
energy alternatives, fuzzy numbers are commonly combined with multiple criteria decision-
making as a way to help linguistic variables be expressed appropriately [27].

The originality of this paper comes from the application of a new fuzzy integrated Delphi-
FAHP- FPROMETHEE methodology for the selection of the best renewable energy
alternatives for electricity generation in a residential building.

This paper is divided into 6 sections: the next section presents a literature review concerning
the application of multi-criteria decision aid methods for the evaluation of renewable energy
alternatives, section 3 develops the new fuzzy integrated Delphi- FAHP- FPROMETHEE
method used in this paper, section 4 provides the results of the application of the proposed
method on a case study, section 5 presents a discussion, while section 6 presents conclusions

and directions for future research.
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2 Literature review

Table 1 presents the multi-criteria decision-making methods that were used for the evaluation
of renewable energy alternatives for electricity generation highlighting, the objective of the
evaluation, the method used, the scale of application, and the scientific journal in which the
research was published.

As indicated in table 1, Multi-Criteria Decision Analysis (MCDA) methods were widely
applied for the evaluation of renewable energy alternatives for electricity generation. However,
the application of MCDA methods is almost at a global, national, or regional scale [10-16, 28,
30-36]. Actually, there are limited uses of MCDA methods for the evaluation of renewable
energy alternatives for electricity generation at the scale of a single residential building [17, 37-
39]. The evaluation of renewable energy alternatives for electricity generation for a single
residential building is a relatively new area of application for MCDA methods. Moreover, to
the best knowledge of the authors, none of the current methods takes into account at the same
times the following aspects:

e The application of Delphi method with experts and decision makers as well as
questionnaires with residents in order to identify the most relevant criteria as well as
renewable energy alternatives on a participatory base.

e The implementation of FAHP method in order to determinate criteria weights taking
into account the uncertainties in the judgments of experts and decision-makers.

e The application of FPROMETHEE method in order to select the best renewable energy
alternative taking into account different evaluation criteria as well as vagueness and
approximations in the evaluations of the alternatives.

This paper suggests a new fuzzy integrated Delphi- FAHP-FPROMETHEE decision aid
method for the evaluation of renewable energy alternatives for electricity generation for a single

residential building. Suganthi et al. [21] have provided a large literature review about the
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applications of fuzzy multiple criteria decision-making for the selection of renewable energy

systems. So far, the fuzzy integrated Delphi- FAHP-FPROMETHEE method has not been used

for the evaluation of renewable energy alternatives for electricity generation for a single

residential building.

Table 1: Main scientific works available in the literature concerning MCDA applications in the

evaluation of renewable energy alternatives for electricity generation

Authors Objectives of the evaluation MCDA methods Scales of Journals
application
Maxim [10] | To rank electricity generation Weighted sum multi- Global scale Energy Policy
alternatives focusing on their attribute utility method
compatibility with the sustainable
development of the industry.
Ahmed and | Selection of renewable energy AHP National scale Renewable
Tahar [11] sources for the sustainable Energy
development of electricity generation
in Malaysia
Palmas et al. | Find the best locations for new GIS-AHP Regional scale Energy,
[28] residential areas developments, which Sustainability and
use micro-renewable technologies. Society
Oniit et To evaluate the most suitable energy | ANP National scale Energy
al.[29] resources for the manufacturing Conversion and
industry in Turkey. Management
Kaya et al. The selection of the best renewable Fuzzy VIKOR-AHP Regional scale Energy
[12] energy alternative for Istanbul.
Streimikien¢ | The selection of electricity AHP -ARAS National scale Renewable
etal. [13] generation technologies in Lithuania Energy
Al Garni el The evaluation of renewable energy AHP National scale Sustainable
al. [14] alternatives for electricity generation Energy
in Saudi Arabia Technologies and
Assessments
Diakoulaki The evaluation of renewable energy PROMETHEE National scale Renewable and
and alternatives for power generation Sustainable
Karangelis sector in Greece Energy Reviews
[15]
Barragan et | The evaluation of renewable energy PROMETHEE Regional scale Renewable
al. [16] technologies for electricity Energies and
generation in the city of Cuenca, Power Quality
Ecuador journal
Talukdar et | The evaluation of photovoltaic (PV) | TOPSIS Regional scale International
al. [30] panel alternatives for Grid-tie PV Journal of
electricity generation system in Innovative
Dhaka, Bangladesh Research in




Electrical,

Electronics,
Instrumentation
and Control
Engineering
Strantzali et | The evaluation of the best PROMETHEE Regional scale Renewable and
al. [31] combination of a fuel with renewable Sustainable
energy alternatives for electricity Energy Reviews
generation in an isolated Greek
island, Lesvos
Celikbilek et | The evaluation of renewable energy | Grey systems National scale Energy
al.[32] sources for power generation at a ANP
national level
DEMATEL
VIKOR
Kausika et The determination of the residential GIS-AHP Postal code area | Energy Procedia
al. [33] solar photovoltaic potential of the
city of Apeldoorn in the Netherlands
Jung et al. The identification of public SMAA Regional scale Renewable
[34] perceptions of renewable energy Energy
systems for power generation in
Helsinki, Finland.
Rojas-Zerpa, | The determination of the best AHP-VIKOR Regional scale Renewable and
and Yusta electricity supply alternatives for Sustainable
[35] rural areas Energy Reviews
Yunna et Social sustainability assessment of PROMETHEE- Regional scale Sustainable Cities
al.[36] the best hydropower alternative for HFLTS-ANP and Society
remote areas
Kontu et The selection of the best heating SMAA Single Energy and
al.[17] systems for a new sustainable residential Buildings
residential area. building
Yuehong et | The design optimization of the Single objective Single Energy and
al. [37] renewable energy system sizes in optimization using residential Buildings
low/zero energy buildings. Genetic Algorithm building
Multi-objectives
optimization using
NSGA-II
Catalina et The selection of the best combination | ELECTRE IlI Single Renewable
al.[38] of renewable energy systems for residential Energy
residential buildings. building
Ren el The evaluation of the optimal AHP-PROMETHEE Single Energy Policy
al.[39] residential energy systems in Japan residential
building
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MCDA: Multi-Criteria Decision Aid; AHP: Analytical Hierarchy Process; GIS: Geographic
Information System; ANP: Analytic network process; VIKOR: VlseKriterijuska Optimizacija
I Komoromisno Resenje; ARAS :Additive Ratio Assessment method; PROMETHEE:
Preference Ranking Organization Method for Enrichment Evaluation; TOPSIS: Technique for
Order of Preference by Similarity to Ideal Solution; DEMATEL.: Decision Making Trial and
Evaluation Laboratory; SMAA: Stochastic Multi-criteria Acceptability Analysis; NSGA-II
:Non-dominated Sorting Genetic Algorithm; ELECTRE: Elimination and Choice Expressing
the Reality; HFLTS:Hesitant Fuzzy Linguistic Term Set

3 A fuzzy integrated Delphi- FAHP- FPROMETHEE methodology

This section introduces Delphi, FAHP, FPROMETHEE methods, and the new fuzzy integrated

Delphi-FAHP-FPROMETHEE approach proposed in this paper.

3.1 Delphi

The Delphi method is an organised and collaborating method, which depend on a group of
anonymous experts [26]. Delphi is an appropriate method to reach a consensus of judgments
concerning a problem not subject to an objective solution [40]. Through multiple rounds of data
collections, the participants share opinions, expertise, and information until a consensus is
obtained [41]. A comprehensive review of Delphi method applications has been presented by
Keeney et al. [42]. The Delphi method used in this paper consists of different steps: first, a
group of experts should be formed. Secondly, each expert is requested independently to express
his evaluation criteria, considering the different sides of the problem such as economic,
environmental, societal, etc. Later, the separate lists are united into a comprehensive list, which
is presented to all the experts. The participants are asked to examine this data and to review
their original separate list. Finally, the process is stopped when the experts reach a consensus

[40]. The Delphi method is also useful to define the renewable energy alternatives.

3.2 FAHP

The FAHP (Fuzzy Analytic Hierarchy Process) method represents the association between the

AHP method and the fuzzy numbers. The AHP method was developed by Saaty [43]. According
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to Macharis et al. [44], the AHP method is based on three main principles: (1) construction of
a hierarchy with goals into different levels, (2) using a nine-point scale, pair-wise comparisons
for each level with respect to the goal of the best alternative selection are conducted, and (3)
logical consistency. This procedure is explained in detail in Saaty [43]. According to Kabir and
Sumi [45], the application of the AHP method has different limitations as follow: (1) the AHP
method is generally used to solve problems using crisp numbers, (2) the pair-wise comparison
of the AHP method does not take into account uncertainties concerning the humans’ opinions,
(3) the opinions of the decision makers have a significant impact on the AHP outcomes since
the AHP method uses the complete aggregation approach. Numerous researchers have
integrated fuzzy theory with AHP method in order to deal with issues of uncertainties [46]. The
main point of the fuzzy set theory is that a membership function defines the membership degree
of an element in a fuzzy set [47]. A fuzzy set contains elements that have different degrees of
membership in it, the most frequently used range for indicating the degree of membership
function is the unit interval (0, 1) [48]. Different types of fuzzy membership functions have
been proposed in the literature, Van Laarhoven and Pedrycz [49] proposed triangular fuzzy
numbers, Buckley el. [50] suggested trapezoidal fuzzy numbers, Chang [51] proposed the
extent analysis method for handling FAHP using Triangular Fuzzy Numbers (TFN) for the
pairwise comparison scale of FAHP. In order to deal with uncertain judgments in a fuzzy
environment, triangular fuzzy numbers are used in this paper due to the simplicity of their
calculations. As indicated in Taha and Rostam [48] a fuzzy number A on R is a triangular fuzzy
number (I, m, u) if it is membership function x € A,uz (x) : R — [0, 1] is equal to as follows

(see figure 1) :

x—=D/(m-=1) I< x<m
pi (X)) = (wu—-x)/(u—m) m< x <u 1)
0 otherwise

10
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Where, the parameters I, m and u respectively express the smallest values, the most possible

value, and the largest possible value.

p.(x)

Figure 1: The membership function of the triangular fuzzy number [52]

The different steps of the fuzzy-AHP process used in this paper are explained below as indicated

in Gupta et al [53] and Seddiki et al. [52]:

Step 1 Pairwise comparisons of the criteria: First, each expert has to perform a pairwise
comparison of the criteria taking into consideration the global objective (in this paper the global
objective is the selection of the best renewable energy alternative for electricity generation in a
residential building). These comparisons allow evaluating the criteria weights using a fuzzy
linguistic (qualitative) scale (see figure 2). The vagueness in the expert judgments are taken
into account through the linguistic scale. This information is converted to fuzzy triangular

numbers (I, m, u) as indicated in table 2.

11
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Figure 2: Linguistic scale of the criteria weight [54]

Table 2 : Triangular fuzzy conversion scale [53]

Linguistic scale Triangular Reciprocal Triangular fuzzy
fuzzy scale linguistic scale reciprocal scale

Just equal ( JE) 1,1,1) Just equal ( JE) 1,1,1)

Equally more (05,1,15) Equally less (0.667, 1, 2)

important (EMI) important (ELI)

Weakly more (1,15,2) Weakly less (0.5, 0.667, 1)

important (WMI) important (WLI)

Strongly more (1.5, 2,25) Strongly less (0.4,0.667, 1)

important (SMI) important (SLI)

Very strongly (2,25, 3) Very strongly less  (0.333, 0.4, 0.5)

more important important

(VSMI) (VSLI)

Absolutely more (25, 3,3.5) Absolutely less (0.286, 0.33, 0.4)

important (AMI) important(ALI)

The pairwise comparison matrix for each expert is obtained as shown in equation (2).

Ay = (@)

Ay

(1,1,1)

A.z (lz1,M31,Uz1)

(liz, Mz, Us7)
(1,1,1)

Az (lnn,Mpg, Ung) Lz Mpz, Upa)

(lln: Min, uln)
(l2n' My, uZn)

: )
(1,1,1)

Where d;;is the relative importance of i criterion over j* criterion as assigned by d expert.

Whered =1, 2,, ,D and “D” is the number of total the experts.

12
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Step 2 Obtaining the weighted comparison matrices: The weighted comparison matrix for all

experts is defined as per the following equations:

d=D
Gij)nsn = (Lijymu;) = Z Wq X (Gij)ixn fori <j 3)
d=1
For i <j and wq = individual weight of the d" expert and:
— — .1 1 1 1 L
(bij)nxn = (bji)nxn = _'_'l_ fori>j

Ui My L

(4)

Step 3 Find the sum of each row of the fuzzy comparison matrix by fuzzy arithmetic operations

as shown in equation 5:

j=n j=n  j=n j=n
Spi = bij = 2 U;j (5)
j=1 J=1 j=1 j=1

Where S, is the sum of i row.

Step 4 Find the sum of all the rows as per the following equation:
i=n
gri
i=1 (6)

Step 5 Divide the sum of each row by the sum total of all the rows as per the following equation:

(%]}
By
Il

Se=Sux[S] )

To obtain the estimates for the vectors of weights under each criterion, it is required to determine the

degree of possibility of greatest or least fuzzy number among the several fuzzy synthetic extents.

Step 6 Compute the degree of possibility of S; > S;j by the following equation:

1 I if mizm (8)
~ ~ i_j
Vs, =2S) = ifl. = .
(Si=S$)) (ui_mi)+(mj_lj) lfl]Sul Lj=1..,n j+Ii
0 others

13
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Step 7 Computing degree of possibility: The degree of possibility of S; over all other (n - 1) fuzzy

numbers is calculated through equation 9:

V(% =5, ...n;j#1) =minV(5=35), i=1,..,n 9)
If d,(Ai,) = min V(gl = §])

Then for j=1,...,n; j # i, the weight vector is given by equation 10 :

W, = (d,(All)' (d,(AZ')' T (d,(An'))T (10)

Normalizing the weight vector, we get the weights of the criteria as indicated in equation 11:
W = (d(Ay,), (d(4,,), ..., (d(A, )T (11)

Where W and W’ are non-fuzzy numbers and are the weights of the criteria.

3.3 FPROMETHEE

The FPROMETHEE (Fuzzy Preference Ranking Organization METHod for Enrichment
Evaluation) method is an association of fuzzy set theory with the PROMETHEE method [55].
The PROMETHEE method is a relatively simple outranking method to deal with MCDM
problems. This method was developed first by Brans [56] in the form of partial ranking of
alternatives (PROMETHEE I). Later different extensions of PROMETHEE methods were
developed, the complete ranking PROMETHEE 11, the GAIA analysis (Graphical Analysis for
Interactive Aid) [57], PROMETHEE V (Optimization under constraints) [58], and the group
decision support system PROMETHEE GDSS [59]. PROMETHEE methods have been
successfully implemented to solve multi-criteria and multi- decision maker problems in various

areas [60].

PROMETHEE method is based on the pairwise comparisons of the actions, it evaluates under
specific conditions if one of two actions clearly outrank the other or not. An evaluation table
that indicates the assessments of each action in terms of each criterion is essential as the first

base to implement PROMETHEE method.

14
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PROMETHEE methods present the advantage to using the partial aggregation. Consequently,
the judgments of the decision makers have a partial impact on PROMETHEE results. In fact,
very bad scores on some criteria cannot be compensated with good scores in other criteria [40].
Nevertheless, PROMETHEE methods do not offer the possibility to take into account the
fuzziness concerning the evaluation of the alternatives. In addition, PROMETHEE methods do

not describe how to determinate the weights of the criteria in a fuzzy environment [52].

The association of PROMETHEE method with fuzzy set theory offer the possibility to take into
consideration the fuzziness concerning the evaluation of alternatives regarding different

criteria. FFROMETHEE has been used to solve different MCDM problems [55, 61-67].

The Fuzzy-PROMETHEE method as indicated by Gupta et al [53] was implemented in this
paper because of the fuzzy nature of the decision problem. In order to deal with the
uncertainties concerning the assessments of alternatives, the method proposed by Gupta et al
[53] suggests that the experts should convert the results of the evaluation table that indicates
the assessments of each alternative for each criterion from crisp numbers into a fuzzy linguistic

scale.

According to PROMETHEE theory, weights, and preference functions have to be defined in
order to apply PROMETHEE methods. Weights represent the relative importance of the criteria
for decision makers. In order to deal with uncertain judgments while defining the criteria
weights, FAHP is used in this paper as PROMETHEE methods do not describe how to

determinate the weights of the criteria in a fuzzy environment.

Preference functions P; (a, b) converts the deviation between the assessments of two actions (a
and b) on a specific criterion (gj) into a preference degree ranging from 0 to 1. The preference

function type IV (Level criterion) is used in this research, as it is the most appropriate preference

15
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function for fuzzy environments [68]. The different steps of PROMETHEE can be outlined as

indicated by Macharis et al. [59]:

Step 1: Using weights and preference functions, a multi-criteria preference index is defined as

in equation (12).

k
m(a,b) = ) w; X P; (a,b) (12)
jZl IRARY

[IP%2)

Where = (a, b), expresses the preference degree of “a” over “b” regarding all the criteria, it

varies from 0 to 1.
Where wj , is the normalized weight assigned to criterion j

Step 2: The leaving flow Phi+ (@+), the entering flow Phi- (&-) and the net flow Phi (&) are calculated
as indicated respectively in equation 13, 14, and 15. The leaving flow Phi+ (&+), the entering flow Phi-
(9-) provide the partial ranking PROMETHEE | while the net flow Phi (&) provides the complete

ranking PROMETHEE I1.

1
0@ =— ) T@h (13
bza
1
0"(@) = —= > m(ab) (14
b#a
0@) = 0% (@) — 67 (2) (15)

Step 3: The global net flow, which provides the PROMETHEE GDSS ranking of the actions

taking into account the group decision preferences is calculated as shown in equation 16:

04(a) = ) w, (@) (16)
s=1

16



295 3.4 New fuzzy integrated Delphi- FAHP- FPROMETHEE proposed in this paper

296  As indicated on figure 3, the new fuzzy integrated Delphi- FAHP- FFROMETHEE approach

297  proposed in this paper consists of different sequential steps:

Delphi method<4—

Questionnaire €—

FAHP method «—

FPROMETHEE method «—

End of the process
with
recommendations

i T £ ST BT e e o L £ T £ BT T £ kT S alternatives that

_____________________________ #-._._._._._._._._._._._.. Hictribiitaiis

-
1- Formation of the group decision Li Reconstitution of the group
decision

2- Building examination

v

3- Analysis of local renewable resources
availability

Investigate the
criteria that create
the conflict

4- Definition of renewable energy
alternatives

5- Definition of preliminary set of criteria

v

Investigate the

create the conflict

6- Preliminary set of criteria is adjusted
based on preferences of the residents
obtained through questionnaires

7- Evaluation of the alternatives with respect
to the criteria through fuzzy linguistic scale

Review individual
weights’

Review weights
distribution’s for
decision makers

11-Sensitivity analysis

Satisfaction ?

298  Figure 3: The proposed fuzzy integrated Delphi- FAHP- FPROMETHEE method
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First, a group of decision-makers and experts in renewable energy alternatives is formed (step
1). In step 2, the examination of the building is performed as suggested by Rezaie et al. [69] in
putting in evidence the location, the internal organization (plans, sections), the area of the
building, the electricity consumption, and the technical equipment’s. Later, the local renewable
energy resources availability should be investigated as indicated by Rodrigues et al. [70]
(step3). The aim of step 3 is only to determine the availability of renewable energy resources
in the site location which is the most important criteria. At this specific step, the key question
the group decision should consider is how good is the renewable energy (solar, wind, and
biomass, etc.) resource on the site location? Further considerations concerning the energy
alternatives and evaluation criteria (for e.g. environmental impacts, the amount of physical
space required for equipment, site access, inconvenience of the system, grid Interconnection
etc.) should be considered in the subsequent steps. For, instance for an economically feasible
performance of a wind turbine system, a minimum wind speed should be available on site. Then
after, based on the information gathered in step 2 and step 3, the group decision defines through
Delphi method a set of renewable energy alternatives for electricity generation (step 4), as well
as a set of preliminary evaluation criteria (step5). In step 6, the preliminary set of criteria is
adjusted based on the preferences of the residents obtained through questionnaires as indicated
by Kontu et al. [17]. Later, each renewable energy alternative is evaluated in terms of all the
selected criteria (evaluation table is obtained). In order to deal with the uncertainties concerning
the assessments of the alternative, the experts should convert the results of the evaluation table
from crisp numbers into a fuzzy linguistic scale as indicated in Gupta et al. [53] ('step 7). In
step 8, the FAHP method is used to obtain the weights of the criteria taking into consideration
the uncertainties in the experts’ judgments. Afterwards, the alternatives are ranked taking into
account the uncertainties related to the alternatives’ evaluations through individual ranking with

FPROMETHEE II, and global ranking with FPROMETHEE GDSS (step 9, and step 10). Here,
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the PROMETHEE decision making software Visual PROMETHEE [71] is used. At that point,
if all the decision makers agree with the results of the global ranking, the process finishes here
with recommendations. However, if for some reasons the decision makers disagree with the
results it is necessary to solve the conflicts. Macharis et al. [59] have recommended performing
a sensitivity analysis in order to deal with conflicts (step 11). First, the weight distributions of
the decision makers should be investigated. If the conflict persists, individual weight
distributions for each decision maker should be investigated. Special features of the software
Visual PROMETHEE as “walking weights” and “stability intervals” help to perform sensitivity
analyses. If there is still no agreement, the alternatives that create the conflict should be
examined. If the group still cannot reach a consensus, the criteria that create the conflict should
be revised. If the conflict continues after all the previous actions, the group decision should be
reconstituted. Furthermore, sensitivity analysis is important in order to investigate how

changing the weights of the criteria affects the ranking of renewable alternatives.

4 Application of the proposed methodology

In this section, a case study is presented. The aim of the case study is to investigate and
understand how the proposed methodology in this paper actually works in the real world. The
use of a single building as a case study has been commonly considered in the literature of multi-
criteria decision analysis as a valid approach in order to test new methodologies. A number of
studies have used a single building as a case study in order to evaluate the application of multi-
criteria decision methods for the selection of the best renewable energy alternatives [17, 38, 39,
72, 73]. Likewise, other studies have used a single building as a case study in order to evaluate
the application of multi-criteria decision methods for similar purposes, such as the selection of
thermal renovation alternatives [74, 75, 76, 77, 78], the selection of retrofit measures for

heritage buildings [79,40], the selection of sustainable materials for building projects [80], the
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selection of construction method in concrete buildings [81], the selection of facade’s
alternatives of buildings [82], and the selection of construction equipment [83].

The case study does not aim to generalize the best renewable energy alternatives for electricity
generation for a specific type of residential building or a specific region. Moreover, the
proposed methodology in this paper considers each project of selection of renewable energy
alternatives for electricity generation in a single residential building as a unique project, with
its own environment, stockholders, and particularity. The case study was not selected because
it is representative of other cases but because the residents, as well as all the stockholders
involved in the decision process, were hospitable to the inquiry, which was essential for the
application of the proposed method. The research team could easily access the case study and
work cooperatively with the participants. Stakeholders involved in the group decision included
decision-makers and experts in renewable energy alternatives (stepl).

The selected case study was a residential building (see figure 4) located in Oran, Algeria with
the latitude 35.711363 and longitude —0.567419. It is an apartment building constructed by a
private developer in 2015 and owned by separate owners. An examination on the building was
performed (step2). The building has a rectangular plan of about 400 m? and is orientated south-
north. Both of the flat roof and the basement include the entire surface of the building and are
able to accommodate potential equipment. The ground floor is used for commercial purposes.
The building contains 9 floors and 27 apartments in one stairway. The average amount of
inhabitants is 90. The apartments are distributed three per each floor. The living area in the
whole building is almost 2295 m?. In all the flats, natural gas is used to heat the spaces and
provide hot water, hence electricity is used to provide lightings, usage of appliances, and for
the air-conditioning systems to generate cool air during hot summers. The building does not
have any mechanic ventilation and is ventilated naturally. The building is supplied from the

public electricity grid.
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Figure 4: The residential building selected as a case study

The annual electricity use of the case study investigated in this paper was determined from
annual electricity bills provided by the electricity company. The electricity consumption in the
whole building is 109,512 kWh for the entire year, and therefore, the average daily
consumption is 300 kWh and Peak load is 75 kW. The electricity consumption for the case
study is indicated in figure 5. Note that electricity consumption in June, July, August, and
September is higher than the rest of the year due to the need to generate fresh air during hot

sSeasons.
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Figure 5: Electricity consumption for the case study

Then, the availability of local renewable energy resources that can be used for electricity
generation for the case study were investigated as indicated in step3. Solar, wind, and biomass
energy are detailed next. Hydropower and geothermal energy were not investigated, as they are
not available on the site location of the residential building investigated (Oran) as indicated in
Stambouli [84].

e Solar energy: The availability of solar energy on the ground surface that can be
transformed into electricity is essential for an economically feasible performance of
solar energy systems [70]. The daily solar radiation profile of the site under study
was obtained from NASA Surface Meteorology and Solar Energy database [85]. As
indicated on figure 6, the variation of the solar radiation was found to range from a
minimum of 3,151 kWh/m2/day in the month of December to a maximum of 8,245
kWh/m2/day in the month of June with an annual average solar radiation of 5.2
kwWh/m2/day. According to the quantity of solar radiation on the case study
location, it is feasible to consider solar energy as a potential energy source for
electricity generation for a residential building [84].
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Wind energy: The potential of wind energy for electricity generation varies according
to the availability of the wind resource which depends on the location. Investigating the
site- characteristic of wind is an important phase in designing a wind energy alternative
[86]. The wind speed variation was taken from NASA Surface Meteorology and Solar
Energy database [85]. Figure 7 gives the wind speed profile at the selected site location.
At a hub height of 50 m, the wind speed varied from a minimum of 1.2 m/s in the month
of October to a maximum of 3.7 m/s in the month of March with an annual average of
2.008 m/s. According to Himri et al.[87], wind energy can be feasible where the average
wind speed is higher than 5-6 m/s. Since the annual average wind speed is about 2.008
m/s , itis not feasible to consider wind energy as a potential energy source for electricity

generation for a residential building.
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Figure 7: Monthly average wind speed (m/s)

Biomass: According to Alfonso et al. [88], the availability of biomass raw materials
should be considered as the main criterion for energy production. In the case study
location (Oran, Algeria), the biomass eventually offers great possibilities for electricity
generation in residential buildings with the main source of biomass coming from forest,
agricultural and urban wastes [84]. However, biomass materials used to get the energy
are not mature and are not being promoted for commercialisation. Hence the market of
the wood in all of its forms in Oran and more generally in Algeria is underdeveloped
and thus makes the use of wood resource for energy production an unattractive
investment opportunity. Additionally, the agriculture and energy sectors are completely
unrelated which makes the use of agricultural wastes for energy production very
complicated [84]. According to Stambouli et al. [86], municipal solid waste (MSW)
seems to be an efficient way to produce electricity for residential buildings as the
quantity of MSW per Algerian is about 1 kg/day, and this number is expected to grow
rapidly. The electricity generation from biomass can be possible through
thermochemical (combustion, gasification, and pyrolysis) and biological conversion
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processes [89,90]. Consequently, since the case study presented in this paper is located
in an urban area (Oran), the MSW as a source of biomass for electricity generation is
considered as a potential alternative. Initial research has been conducted in the field of
utilising biomass energy resource from municipal waste in Algeria [91].

Later, according to the investigation results of the availability of local renewable
energy resources that can be used for electricity generation for the case study, the group
decision has defined through Delphi method set of renewable energy alternatives for
electricity generation (step 4). The alternatives considered in this paper are:

Fixed roof mount photovoltaic (PV) system: The PV panel does not follow the sun's
movement and is fixed at the tilt and azimuth angles. The system consists of different
components: field of collectors with 222 photovoltaic solar panels with a total capacity
of 74.416 kW dc, the total module area is about 362 m?. In order to convert the PV
modules DC output to AC compatible with the building’s loads, 20 inverters with a total
capacity of 76.000 kW ac are used (the DC to AC ratio is 0.98). The system is connected
to the grid, to enable the power exchange between the grid and the system in case of
surplus or deficiency.

1 Axis tracking photovoltaic system: The PV panel has one axis fixed by the value of
tilt and the other axis rotates about the tilted axis from east to west tracking the daily
sun’s movement. The composition of the system is similar to the fixed roof mount
photovoltaic (PV) system.

2 Axis tracking photovoltaic system: The PV panel rotates from east to west tracking
the daily sun’s movement and from north to south to track the sun's seasonal movement
throughout the year. The composition of the system is similar to the fixed roof mount

photovoltaic (PV) system and the 1 Axis tracking photovoltaic system.
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Biomass through direct Combustion Process of Municipal Solid Waste (M.S.W):This
system uses a 75 kW direct combustion generator (DCG) and consumes almost 500 kg
of biomass (M.S.W) per day. In this process, a storage tank is used to store biomass
wastes, and a direct combustion boiler is used for combustion. The steam obtained from
the combustion is used to produce electricity using a steam turbine and a generator [92].
The system is connected to the grid, to enable the power exchange between the grid and
the system in case of surplus or deficiency.

Hybrid biomass and photovoltaic system: The hybrid energy system consists of 30 kW
direct combustion generator power system which consumes almost 200 kg of biomass
(M.S.W) per day and 132 photovoltaic solar panels with a total capacity of 44.247 kW
dc. In order to convert the PV modules DC output to AC compatible with the buildings
loads, 12 inverters with a total capacity of 45.600 kW ac are used (the DC to AC ratio
is 0.97). The proposed hybrid system is designed to provide approximately 40 % of
energy from the biomass, and 60% from PV. The system is connected to the grid, to
enable the power exchange between the grid and the system in case of surplus or
deficiency. Figure 8 shows the schematic diagram of hybrid biomass and photovoltaic
system connections

AC DC

Electric
load

300 kWh/d

75 KW Peak

Figure 8: Hybrid biomass and photovoltaic system connection
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Then, as indicated in table 3, a set of preliminary evaluation criteria was defined (step5).

Table 3: Preliminary set of evaluation criteria defined by the group decision

Criteria Description
Economic Investment cost Investment cost include equipment and
installation costs
Internal rate of return Used to evaluate the desirability of
investments or projects
Operational costs Operational ~ costs include  monitoring,
maintenance, and repair.
Net present Value (NPV) | Is a measure of a project’s economic feasibility
that includes both savings and cost
Payback period Payback period represents the threshold where
savings have exceeded costs
Energetic Energy production | Total quantity of electricity generated by the
(KWh/year) system in Year

Environmental

CO2 reduction (kg/year)

The potential of renewable
resources alternatives to reduce CO> emissions

Life-cycle environmental
impacts

Environmental impacts related with all the
phases of a renewable energy alternatives life’s

Technology Availability The availability of energy sources that supply
the system
Efficiency Discusses the quantity of energy that can be
obtained from an energy source
Reliability The ability of a system to produce energy as
planned
Social Social acceptability The preferences of the residents concerning the
renewable energy alternatives
Inconvenience  of  the | Inconvenience caused to the residents by the
system renewable energy alternatives
Usability Ease of use Indicate how easy the renewable energy
alternatives are to use for the residents
Disponibility Refers to the disponibility of renewable energy

technologies on the market

Then after, a questionnaire was conducted with the residents of the case study presented in this

research. The main objective of the questionnaire was to determinate the criteria preferences of

the inhabitants of the single residential building investigated in this paper. The survey was

divided into two parts, as indicated in table 4. The first part aims to obtain basic information of

the respondents. The second part details 15 different possible criteria for the evaluation of the

selected renewable energy alternatives. The respondents were asked to evaluate each single
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criteria using a five-point scale, where 1 meant that the criterion was not important while 5
meant that the criterion was very important. As the respondents were the residents of the
building investigated in this paper, their number was limited to the total amount of the
apartments in the building, which was 27 (with one respondent per apartment). Altogether 27
inhabitants of the residential building, representing different demographic groups, answered the
questionnaire. The 27 residents did not have any knowledge and understanding of renewable
energy. The number of respondents in this case study was sufficient for the analysis of the five-
point scale data. The statistical analysis was performed by calculating the average score of each
criteria as indicated in Kontu et al. [17]. The results show that the respondents valuate economic
criteria such as investment cost (average score 4.5, answering scale from 1 to 5 as seen in table
4) and payback period (4.2) as well as energetic criteria such as energy production (4.2).
Respondents considered the CO- reduction (4.1) more important than life-cycle environmental
impacts (3.0). Respondents also valuate usability criteria such as ease of use (4.3) and
disponibility (4.2). Technology criteria such as availability (2.1), efficiency (2.2), reliability
(2.3) and social criteria such as social acceptability (2.0) and inconvenience of the system (2.4)
were considered as the least important criteria for the respondents. The number of the
respondents was limited and do not represent an impartial sample of the population.
Nevertheless, the respondents represent the residents of the building investigated in this paper.
Consequently, it is necessary to take into account their preferences in order to select the best
renewable energy alternative for electricity generation. One should notice that the results of the
survey are specific to this case study and different results could be obtained if the same survey
is repeated in another building or area. Hence, the average scores of criteria might be completely
different from one building to another according to residents’ preferences. For instance,
residents of one specific building could valuate economic criteria while residents of another

building could valuate technology criteria.
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Table 4: The questionnaire conducted with the residents

Question topic Question Answer
Information of the | Gender FIM
answerer Age Open
Profession Open
Criteria Investment cost, Internal rate of return, | (1 = not important, 5 = very

Operational costs, Net present Value | important)
(NPV) Payback period, Energy
production (kWh/year), CO> reduction
(kg/year), Life-cycle environmental
impacts, Availability, Efficiency,
Reliability,  Social  acceptability,
Inconvenience of the system, Ease of
use , Easy to acquire

Table 5 shows the evaluations in crisp numbers of all the alternatives in term of the selected
criteria. The calculations procedures of the evaluations are presented below:

The energy production, CO. reduction (kg/year), and the economic analysis of the different
systems have been achieved with the software HOMER [93]. HOMER is a computer model
that facilitates the evaluation of design options for both off-grid and-grid connected power
systems taking into account the variation in technology costs and energy resource availability

[94].

e Investment cost: The investment cost of a component is the total installed cost of that
component at the beginning of the project which includes the following costs: renewable
energy system, mounting hardware, tracking system types for PV panels, wiring, and
installation. For instance, the investment cost of a fixed roof mount PV system is
specified under Homer software at $2,930/kW.

e Payback period: The payback period was calculated using HOMER software by
comparing one system to another. The payback is the number of years it takes for the

cumulative income to equal the value of the initial investment.
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Energy production: The energy performance represents the total amount of electrical
energy produced annually by the renewable components of the power system. For

instance, Homer pro uses the following equation to calculate the output of the PV array:

G
Ppy = Yoy fpy (G_T>[1 + ap (Tc _TC,STC)] (17)

T,STC

Where:
Ypy = the rated capacity of the PV array, meaning its power output under standard test
conditions [kW]
fpv = the PV derating factor [%]
Gy = the solar radiation incident on the PV array in the current time step [KW/m?2]
Grsre = the incident radiation at standard test conditions [1 kW/m2]ap = the
temperature coefficient of power [%/°C]
Tc = the PV cell temperature in the current time step [°C]
Te,stc = the PV cell temperature under standard test conditions [25°C]
CO2 reduction: CO2 reduction was calculated by using the following equation:

COz reduction = CO, emissions of the non-renewable power system

as the base case — CO. emissions of the renewable power system )
Where:
CO- emissions of the non-renewable power system as the base case were calculated by
converting the annual electricity consumption (kWh/year) to CO2 emissions (kg/year).
The conversion factor is 0.547 kg CO- released for each kWh produced from natural
gas resources. The factor is based on the carbon emissions generated by the current
Algerian power stations per kWh generated [95]. CO. emissions of each different

renewable power system were evaluated using Homer software.
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e Usability: The usability was directly expressed on a qualitative scale. It was evaluated

by means of expert judgments during open discussions taking into account how easy the

renewable energy alternatives are to use for the residents as well as the disponibility of

renewable energy technologies on the market.

Subsequently, as it is indicated in table 6, the experts have converted the results of table 5 from

crisp numbers into a fuzzy linguistic scale (step7).

Table 5: Evaluations in crisp numbers of all the alternatives in term of the selected criteria

Renewable |Availability of Energy Item Investment [Payback |Energy CO2 Usability
resource renewable resources (Technology cost period  [production |reduction
on the location of the Us dollar [Years  [(kWh/year) |(kg/year)
case study
Solar Available Fixed roof mount| 222 solar 218,168 13 110,261 |51,066.50 | Very
photovoltaic |panels x 335W good
system
1 Axis tracking 222 solar  [263,983.28 11 133,604 |63,020.75 | Very
photovoltaic |panels x 335W good
system
2 Axis tracking 222 solar  |270,528.32| 10.5 142,252 | 67,100.00 | Very
photovoltaic |panels x 335W good
system
Wind Not available on the - - - -
case study location
Biomass Available Biomass through 75 kKW 187,669.00| 11 109,444 | 51,382.15 |Very bad
direct combustion direct
process of combustion
Municipal Solid | generator
Waste (M.S.W) | power system
Biomass and Auvailable Hybrid biomass | 30 kW direct | 204,867 12 109,993 | 51,855.47 | Medium
Solar through direct | combustion
combustion of generator
M.S.W and power system
photovoltaic +
system 132 solar
panels x 335W
Geothermal | Not available on the - - - - - -
case study location
Hydro Not available on the - - - - - -
case study location

Table 6: Evaluations in fuzzy linguistic scale of all the alternatives in term of the selected

criteria

Energy Technology

Item

Investment cost

Payback
period

Energy
production

CO2 reduction

Usability
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Fixed roof mount 222 solar panels x |Good Bad Good Good \Very good
photovoltaic system 335W
1 Axis tracking 222 solar panels x  [Medium Good \Very good \Very good \Very good
photovoltaic system 335W
2 Axis tracking 222 solar panels x  [Medium \Very good  |Very good \Very good \Very good
photovoltaic system 335W
Biomass through direct 75 kKW Medium Good Good Good \Very bad
combustion process of | direct combustion
Municipal Solid Waste | generator power
(M.S.W) system
Hybrid biomass through 30 kW direct Good Medium Good Good Medium
direct combustion of combustion
M.S.W and photovoltaic| generator power
system system
+
132 solar panels x
335W

After, the FAHP method was implemented in order to assign weights to the evaluation criteria
(Investment cost, Payback period, Energy production, CO> reduction, Usability) taking into
account uncertainties in expert's and decision makers judgments (step8). First, each member of
the group decision has performed a pairwise comparison of the evaluation criteria using a fuzzy
linguistic scale as indicated in figure 2. Then, the linguistic judgments of each member of the
project team were converted to triangular fuzzy numbers as indicated in table 2. Later, the
weighted comparison matrix for all the members of the group decision was calculated using
equations (3) and (4). Then after, using respectively equation (5) and equation (6) the sum of
the individual rows and the total sum of all the rows are calculated. Subsequently, the sum of
each row is divided by the total sum of all the rows using equation (7). Table 7 shows the
weighted comparison matrix for all the group decision members as well as the results of

equations (5), (6), and (7).

Then, the degree of possibility of §i > Ejj where i,j =1,..,n;j #i is calculated using
equations (8) and (9). For instance, the calculations for the degree of possibility of 5‘1 > 5‘2 ,

S§1=55,5 =8,,5 = S5 are presented below:
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Asmzm;, V(S 25,)=1
Asm; = m;,V (S, 2 5;) =1
Asm; = m;, V(S 2 5,) =1
Asm; = m;, V(S 2 S) =1

Consequently, the weight vector W” computed as in equation, (10) and (11) is:

d’(C1) = V(S1>82, $3,84,S5) = min( 1.00, 1.00,1.00,1.00) = 1

Similarly, the computed values for d’ (C2), d’ (C3), d’ (C4), and d’ (C5) were respectively 0.88,

0.94,0.77 and 0.83. Finally, the calculated values d’ (C1), d’ (C2), d’ (C3), d’ (C4), and d’ (C5)

were normalized in order to define the weights (wj) of the objectives. According to the project

team judgments, the weights were as follow: the investment cost (0.222), the payback period

(0.197), the energy production (0.209), the CO2 reduction (0.172), and the usability (0.185).

Table 7: Weighted comparison matrix for the group decision

C1 Cc2 C3 C4 C5 Sum of row Dividing each row
elements sum by sum total
of all rows
Cl | (1,11 (1.25,1.75,2. | (1,1.375,1.75) | (2.125,2.625 | (1.25,1.75, | (6.625,7.5, (0.266,0.259,
25) ,3.125) 2.25) 9.375) 0.245)
C2 | (0.641,0.76 | (1,1,1) (0.79,1,1.25) (1,1.375,1.7 | (1,1.375,1. | (4.431,5.31, (0.178,0.183,
6,1.25) 5) 75) 7 0.183)
C3 | ( (1,1.375,1.75 | (1,1,1) (1.75,2.25,2. | (1.25,1.75, | (5.79, (0.232,0.229,
0.79,1,1.25 |) 75) 2.25) 6.625,9) 0.235)
)
C4 | (0.466,0.68 | (0.79,1,1.25) | (0.79,1,1.25) 1,1,1) (0.641,0.7 | (3.687,4.446, | (0.148,0.153,
3,1.125) 66,1.25) 5.875) 0.153)
C5 | (0.640, (1.25,1.75,2. | (0.641,0.766, | (0.79,1,1.25 | (1,1,1) (4.321,5.349, | (0.173,0.184,
0.833,1.25) | 25) 1.25) ) 7 0.183)
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Sum total of all rows = (24.854,28.92
,38.25)

C1: Investment cost; C2: Payback period; C3: Energy production, C4: CO> reduction C5:

Usability

Then, a global ranking FPROMETHE GDSS according to the expert’s preferences was
performed under Visual PROMETHEE software [71] as indicated in step 9 and 10. The results
point out that 2 Axis tracking PV is the best alternative with a phi net flow of 0.471 followed
respectively by, 1 Axis tracking PV with a phi net flow of 0.321, fixed roof mount PV with a
phi net flow of -0.130, hybrid biomass and PV system with a phi net flow of -0.218, and biomass

with a phi net flow of -0.443 (see figure 9).

f )

0.4713 2 Axis tracking PV

0,3213 I 1 Axis tracking PV
| 0.0

-0,1305 Fixed roof mount PV
-0,2183 Hybrid biomass
-0,4439 Biomass
-1.0

Figure 9: Global ranking FPROMETHEE GDSS
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Good and weak features of each alternative are explained in figure 10 in putting in evidence the
details of Phi net flow for the group decision. Each renewable alternative is represented by a
bar. The features of different criteria on each bar were indicated using a colour coding of the
criteria. The different impacts of criteria on the Phi net flow of an action correspond to the
different parts of a bar. Negative (downward) parts correspond to weak features while positive
(upward) parts correspond to good features. The Phi score is equal to the balance between
positive and negative parts in each bar. The renewable energy alternatives were ranked from
left to right according to the FPROMETHEE GDSS global ranking.

As shown in figure 10, the 2 Axis tracking PV system had very good characteristics in both the
payback period and the energy production. It had good characteristics in the CO> reduction as
well as the usability. However, it had weak characteristics in the investment cost. The 1 Axis
tracking PV system had very good characteristics in the energy production and the CO:
reduction. It had good characteristics in the usability and the payback period and weak
characteristics in the investment cost. The Fixed roof mount PV system had very good
characteristics in the investment cost. It had good characteristics in the usability and weak
characteristics in the energy production and the CO: reduction while it had very weak
characteristics in the payback period. The Hybrid biomass and PV system had very good
characteristics in the investment cost. It had weak characteristics in the usability, the energy
production, the CO reduction and the payback period. The biomass system had good
characteristics in the investment cost. It had weak characteristics in the energy production, the

CO2 reduction and the payback period while it had very weak characteristics in the usability.
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Figure 10: Details of the phi net flow computation for the group decision

The group decision agreed that 2 Axis tracking PV is the best renewable alternative for
electricity generation for the case study, consequently the sensitivity analysis to solve conflicts
was not required. However, since the fuzzy integrated Delphi- FAHP- FPROMETHEE
methodology proposed in this paper includes the definition of subjective judgments, a
sensitivity analysis was performed in order to investigate how changing the weights of the
criteria affects the ranking of renewable alternatives.

The functionality of weight stability intervals on Visual PROMETHEE software [71] was used
in order to perform the sensitivity analysis. The weight stability intervals indicate the range in
term of percentage for each criterion, where changing the criterion weight would not affect the
global ranking of renewable energy alternatives.

Table 8 indicates the criteria weight stability intervals in term of percentage for the group
decision. Accordingly, varying the weight of both CO> reduction and energy production within
the interval [0%, 100%] would not affect the global ranking of renewable energy alternatives.
Likewise, varying the weight of usability within the interval [10%, 100%] would not affect the
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global ranking. Similarly, modifying the weights of investment cost and payback period
respectively within the intervals [5%, 43%] and [0%, 31%] would not affect the global ranking.
The sensitivity analysis indicates that significant variations in criteria weights would not
influence the global ranking of renewable energy alternatives; this demonstrates that the fuzzy
integrated Delphi- FAHP- FPROMETHEE methodology proposed in this paper is robust with
respect to the different preferences.

Table 8: Weight stability intervals of the criteria

Criteria % weight stability intervals
Min Max
Investment cost 5 43
Payback period 0 31
Energy production 0 100
COz2 reduction 0 100
Usability 10 100
5 Discussion

Most applications of MCDA methods reported in the literature focus on the evaluation of
renewable energy alternatives for electricity generation at a global, national, or regional scale
[10-16, 28, 30-36]. However, there are limited uses of MCDA methods for the evaluation of
renewable energy alternatives for electricity generation at the scale of a single residential
building [17, 37-39], which opens a research demand. The originality of this paper is to propose
a new fuzzy integrated multi-criteria decision-making method for the evaluation of renewable
energy alternatives for electricity generation in a single residential building. The suggested
fuzzy integrated method combines the Delphi method, the FAHP method, and the
FPROMETHEE methods, which is completely innovative even in the literature of multi-criteria
decision-making. The integration of these methods allows them to be complementary, with one

method addressing the limitations of the other method. The paper presented a case study in
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Oran (Algeria) in order to demonstrate the effectiveness of the proposed method. This section

includes a comparative analysis of the results obtained from the application of the proposed

methodology with the available literature in order to show its unique contributions. The

following elements were considered: determination of evaluation criteria and renewable energy

alternatives, determination of weights, aggregation approach, stability of the proposed method,

and practical requirements. Table 9 presents a summary of the findings.

Table 9: Summary of the findings.

Parameters of
comparison

Comparison of the results obtained from the application of the
proposed methodology with the available literature

Determination of
renewable energy
alternatives and
evaluation criteria

The combination of Delphi method with experts and decision makers
as well as questionnaires with residents allowed the identification of
priorities and the selection of a limited number of alternatives and
criteria (5 alternatives and 5 criteria). This provides the proposed
method greater agility in the decision process compared to available
methods in the literature [14, 32, 96] where a large number of criteria
considered have undermined their performance.

Determination of
weights

The FAHP method is suitable to deal with imprecision in the
judgments of both experts and decision-makers, which agree with
Junior et al. [98].

The findings of this research indicate that reducing the number of
pairwise comparisons through questionnaires helped not to
compromise human judgment and its consistency. This is in contrast
with available fuzzy methods in the literature [17, 12, 32, 34] where
considerable amount of judgments due to a large number of criteria
considered have increased the probability that the participants
introduce incorrect data.

With only five criteria, the use of the FAHP method was perfectly
viable as indicated in Saaty [43].

The weights of the criteria obtained through FAHP were coherent,
consistent, and precise. This is in agreement with Kabir and Sumi [45].
The FAHP method requires complex computations that can make it
difficult to use that agree with Junior et al. [98].

Aggregation
approach

FPROMETHEE method allowed dealing with vagueness and
approximations in the evaluations of renewable energy alternatives.
This is in contrast with other methods in the literature [10,11,13-
16,29,29,30,31,33,35,36,38,39], which cannot prevent the loss of
valuable evaluation data.

The best alternative was 2 Axis tracking photovoltaic system despite
the fact that it has weak features in the most important criteria, which
is the investment cost. The findings indicate that the proposed
methodology does not allow the compensation between criteria. This is
in contrast with other fuzzy methods in the literature [12, 32, 34, 17]
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that can deal with vagueness but allow the compensation between
criteria, which could lead to biased outcomes.

Stability of the The results of the sensitivity analysis indicate that the proposed method
proposed method | is stable regarding the different preferences. This is in contrast with the
outcomes of other methods in the literature [34], which are strongly
influenced by decision makers’ preferences.

Practical When the number of criteria is more than 7, the proposed methodology
requirements can be time-consuming and difficult for decision-makers to obtain a
clear view of the decision problem as indicated in Macharis [44].

Determination of evaluation criteria and renewable energy alternatives:

Most of MCDA approaches proposed for the evaluation of renewable energy alternatives for
electricity generation used an assessment of the available literature in order to determinate the
evaluation criteria [14,32,96] while few approaches used open discussions and questionnaires
[17]. A strong aspect of the proposed method compared to other methods available in the
literature is its capability to combine Delphi method with experts and decision makers as well
as questionnaires with residents. The results of the case study indicate that this combination
allows the identification of priorities and the selection of a limited number of renewable energy
alternatives and criteria (5 alternatives and 5 criteria) on a participatory base. The Delphi
technique was practical to improve the communication among experts and decision-makers in
order to select a set of renewable energy alternatives for electricity generation, as well as a set
of preliminary evaluation criteria as shown in tables 3 and 5. This is in agreement with Seddiki
et al. [40]. Moreover, the results show that the use of the questionnaires with the residents
significantly decreased the number of criteria (from 9 criteria to 5 criteria see tables 3 and 5).
This provides the proposed method greater agility in the decision process compared to available
methods in the literature [14, 32, 96] where a large number of criteria considered have
undermined their performance.

From the group decision perspective, the relevant criteria were the investment cost, the
payback period, the energy production, CO. reduction, and the usability. The selected criteria

in this paper fulfilled the general requirements listed by Keeney et al. [42]. Accordingly, they
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were considered as appropriate. The residents did not include social criteria and technical
criteria, the causes might be the complexity of data collection and time requirements.
Determination of weights

As indicated in Balin el al. [97], in renewable energy decision-making problems, the
preferences of experts and decision-makers are generally uncertain. Most of MCDA methods
proposed in the literature do not consider this vagueness and imprecision while only few
fuzzy approaches have been proposed in the literature [17, 12, 32, 34].

In this paper, the FAHP method as proposed by Gupta et al [53] has been implemented in order
to determinate criteria weights taking into account the uncertainties in the judgments of experts
and decision-makers since FPROMETHEE method does not provide guidelines for weight’s
elicitations. In order to deal with uncertain data, the FAHP uses pairwise comparisons by means
of comparative linguistic variables. The results indicate that the FAHP method is suitable to
deal with imprecision in the judgments of both experts and decision-makers, which agree with
Junior et al. [98]. The findings of this research indicate that reducing the number of pairwise
comparisons through questionnaires helped not to compromise human judgment and its
consistency. This is in contrast with available fuzzy methods in the literature [17, 12, 32, 34]
where considerable amount of judgments due to a large number of criteria considered have
increased the probability that the participants introduce incorrect data. With five criteria, the
use of the Fuzzy AHP method was perfectly viable as indicated in Saaty [43]. The results show
that the weights of the criteria obtained through FAHP were coherent, consistent, and precise.
This is in agreement with Kabir and Sumi [45]. However, according to the case study presented
in this paper, the FAHP method requires complex computations that can make it difficult to
use, which agree with Junior et al. [98].

Aggregation approach
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Most of MCDA methods applied for the evaluation of renewable energy alternatives use the
complete aggregation approach [10-14,28-30,32-35], while only few methods use the partial
aggregation PROMETHEE [15,16,31,36,39]. The complete aggregation approach presents the
disadvantage to allow the compensation of low score in criteria with good results on several
other criteria while the partial aggregation approach does not allow the compensation between
criteria [40]. To the best knowledge of the authors, this work adds a significant contribution by
implementing the partial aggregation FPROMETHEE for the evaluation of renewable energy
alternatives for electricity generation in a single residential building. The results of the case
study indicate that FPROMETHEE method suited well for this kind of problem as it takes into
consideration vagueness and approximations in the evaluations of different experts and decision
makers and allows to determinate the best renewable energy alternatives for electricity
generation. This is in contrast with other methods in the literature [10,11,13-
16,29,29,30,31,33,35,36,38,39], which cannot prevent the loss of valuable evaluation data. The
best alternative was 2 Axis tracking photovoltaic system despite the fact that it has weak
features in the most important criteria which is the investment cost. This indicates that the best
renewable energy alternative is not the alternative that has the best features in the criteria with
the highest weight, but the alternative that represents the best compromise, which agree with
Macharis et al. [44]. The findings indicate that a strong aspect of the proposed method is to use
the partial aggregation approach, which does not allow the compensation between criteria. This
is in contrast with other fuzzy methods available in the literature [12, 17, 32, 34] that can deal
with vagueness but allow the compensation between criteria, which could lead to biased
outcomes.

Furthermore, another point of the proposed method compared to the available methods in the
literature is to provide specific guidelines (step 11 of the methodology) in order to deal with

possible conflicts among decision makers.
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Stability of the proposed method:

The validity of the results was assessed through sensitivity analysis. The results of the
sensitivity analysis indicate that the fuzzy integrated Delphi- FAHP- FPROMETHEE
methodology proposed in this paper is stable regarding the different preferences. This is in
contrast with the outcomes of other methods in the literature [34], which are strongly influenced
by decision makers’ preferences. Ultimately, the participants confirmed the validity of the
method as they have all agreed on the selected renewable energy alternative. One should notice
that the selected renewable energy alternatives and criteria as well as the criteria weights’ and
the ranking of the alternatives are specific to this case study and are not to be considered
applicable to other buildings. The method proposed in this paper is universal. It is not limited
to the selection of the best renewable energy alternative for electricity generation in residential
buildings.

Practical requirement:

The proposed methodology presents several limitations. When the number of the criteria
selected through Delphi method and questionnaires is more than 7, the method can be time-
consuming and difficult for decision-makers to obtain a clear view of the decision problem as
indicated in Macharis [44]. Furthermore, the application of the proposed method requires a
complete support from residents, project stakeholders as well as the participation of a specific
consultant with necessary skills in decision making which is not often possible.

6 Conclusion

The selection of the best renewable energy alternative for electricity generation in a single
residential building is a complex decision problem involving a large number of alternatives and
criteria, different stakeholder’s, as well as uncertain, inaccurate and subjective data.

The multiple-criteria decision analysis is a practical tool for this type of problem, it supports

decision-makers to select the best alternative. This paper has an innovative value due to the
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proposal of new integrated fuzzy multi-criteria group decision-making method for the selection
of the best renewable energy alternatives for electricity generation in a single residential
building. The proposed method combines Delphi method, questionnaire, FAHP method and
FPROMETHEE methods. The application of the proposed method to a real case study showed
encouraging results as it was possible to select the best renewable energy alternative. The
proposed integrated method helps to formulate the problem and is particularly effective in
handling uncertain data. Delphi technique was practical to improve the communication among
experts and decision-makers in order to select a set of renewable energy alternatives for
electricity generation, as well as a set of preliminary evaluation criteria. The questionnaire with
the residents significantly decreases the number of criteria which reduces the probability that
the participants introduce incorrect data and provides the proposed method greater agility in the
decision process. The FAHP method provides specific guidelines for the determination of the
criteria weight’s and allows to take into account the uncertainties in expert's judgments. The
results of FAHP show that the weights of the criteria obtained through FAHP were coherent,
consistent, and precise. The FPROMETHEE method is effective to determinate the best
renewable energy alternatives for electricity generation. The FPROMETHEE method suited
well for this kind of problem as it can prevent the loss of valuable evaluation data and takes
into consideration vagueness and approximations in the evaluations of different experts and
decision-makers. The sensitivity analysis reveals that the proposed method is robust with
respect to the different decision maker’s preferences. For future works, in addition to the
application of the proposed methodology to other types of energy problems, similar studies can
be conducted using different fuzzy multi-criteria decision-making techniques such as fuzzy
ELECTRE or fuzzy TOPSIS for comparative purposes.
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