Journal of
Marine Science

and Engineering

Article

Selecting Appropriate Water-Energy Solutions for Desalination
Projects in Coastal Areas

Abanoub Shenouda !, Mona A. Hagras 2, Eugen Rusu 3*(), Sayed Ismael (", Hady H. Fayek *

check for
updates

Citation: Shenouda, A.; Hagras, M.A.;
Rusu, E.; Ismael, S.; Fayek, H.H.;
Balah, A. Selecting Appropriate
Water—Energy Solutions for
Desalination Projects in Coastal Areas.
J. Mar. Sci. Eng. 2024, 12, 1901.
https://doi.org/10.3390/
jmse12111901

Academic Editor: Ryan J.K. Dunn

Received: 28 August 2024
Revised: 1 October 2024
Accepted: 15 October 2024
Published: 23 October 2024

Copyright: © 2024 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

and Ahmed Balah 2

Department of Construction and Building Engineering, Faculty of Engineering, Egyptian Chinese University,
Cairo 11786, Egypt; abanoubshenouda_77@yahoo.com

Faculty of Engineering, Ain Shams University, Cairo 11517, Egypt; mona_hagras@eng.asu.edu.eg (M.A.H.);
sayed.ismail@eng.asu.edu.eg (S.I.); a_m_balah@eng.asu.edu.eg (A.B.)

Department of Mechanical Engineering, Faculty of Engineering, “Dunarea de Jos” University of Galati,
800008 Galati, Romania

Department of Energy and Renewable Energy Engineering, Faculty of Engineering, Egyptian Chinese
University, Cairo 11786, Egypt; hadyhabib@hotmail.com

Correspondence: erusu@ugal.ro

Abstract: Selecting the appropriate desalination and renewable energy technologies is crucial for the
success of desalination projects, as each technology offers distinct advantages and disadvantages
tailored to specific project requirements. This research investigates the application of both the analytic
hierarchy process and fuzzy logic techniques to develop four decision-making models: two for
selecting the optimal desalination technology and two for selecting the optimal renewable energy
technology in coastal communities. For desalination technology selection, the analytic hierarchy
process model is structured into four hierarchical levels: the main goal, criteria, sub-criteria, and
alternatives. The criteria level encompasses four groups, while the sub-criteria level comprises 26
factors. The alternatives considered are reverse osmosis, electrodialysis, and multi-stage flash. In
parallel, the analytic hierarchy process model for renewable energy technology selection is similarly
structured, with four criteria groups and 24 sub-criteria factors. The alternatives evaluated include
photovoltaic, concentrated solar power, and wind energy. Additionally, fuzzy logic models are
developed for both desalination and renewable energy technology selection. These models enhance
the decision-making framework by incorporating the uncertainty and vagueness that are inherent in
real-world scenarios. The integration of analytic hierarchy process and fuzzy logic methodologies
provide a robust approach to identifying optimal technologies, thereby supporting sustainable
development in Egypt’s water-energy nexus. The research outcomes highlight the effectiveness
of integrating analytic hierarchy process and fuzzy logic in decision-making processes, offering
decision-makers systematic and reliable approaches for selecting the most suitable technologies to
achieve sustainability in water—energy nexus projects. The results of the research indicate that the
best alternative for desalination was reverse osmosis, and for renewable energy was photovoltaics.

Keywords: AHP; decision-making; multi-criteria; alternatives; desalination technologies; renewable
energy technologies; fuzzy logic

1. Introduction

Access to freshwater is a pressing global concern, with only 1% of freshwater world-
wide considered easily accessible. This scarcity, exacerbated by a growing population,
underscores the critical need to conserve these vital water resources. Despite various
alternative water supply systems, clean drinking water remains elusive on a global scale.
According to Savun-Hekimoglu [1], alternatives such as desalination, irrigation with recy-
cled water, water transfer between regions, and rainwater harvesting were proposed.

The demand for freshwater continues to escalate due to population growth and cli-
mate change, driving substantial growth in the seawater desalination sector. This growth
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is evidenced by the increasing number of reverse osmosis-based desalination plants [2].
Desalination, which harnesses seawater resources, emerges as a pivotal solution among
these alternatives. Globally, over 16,000 desalination facilities are operational, predomi-
nantly in high-income nations. Notably, Middle Eastern countries with arid climates have
significantly contributed to the surge in freshwater production from seawater. Despite
its energy-intensive nature, desalination is also considered for the rejuvenation of ancient
freshwater sources in these regions [3]. In [3], different water desalination technologies are
compared to each other from a project management point of view.

Renewable energy is a vital solution for many loads including desalination, and
solar energy-based water desalination is shaped many times for this purpose [4]. Many
developing countries with water scarcity problems have very good potential for solar
and wind resources to be converted to electricity and other forms of energy through
photovoltaics, concentrated solar power and wind turbines [5]. Energy is considered one
of the major topics technically and economically in the planning and operating of water
desalination units. To integrate the sustainable development goals, especially SDG 6 and
SDG 7, renewable energy is used to power water desalination units [6].

There are a lot of water desalination projects in Egypt with advantages and disadvan-
tages, as mentioned in Appendix A. This study will help to overcome the limitations of
such projects in the future.

AHP is considered one of the most applied methods in multi-criteria selection. In [7],
SWOT analysis of AHP was presented in 2016. In [8], a multi-criteria decision-making
process was presented using different methods. It declared that AHP is better than state-of-
the-art techniques in terms of pairwise comparison. In [9], different applications of decision
making using AHP and state-of-the-art techniques were presented and the results showed
that fuzzy AHP are considered base alternatives. In [10], the authors presented judgment
on an AHP model using experts to validate the results.

AHP is widely used in various applications for decision making such as post-industrial
area management [11], industrial project prioritization [12], a selection of communication
technologies for electrical substation [13], and project selection by international conglomer-
ates [14].

The AHP is used in multi-criteria selection in water desalination and renewable energy
areas but each one alone. In [15], the authors presented the optimal selection of desalination
systems using AHP. The optimal selection of sea water desalination in Oman was studied
using AHP in [16], some of the same criteria are used in this research to build up the model.
In [17], AHP is used to evaluate renewable energy technologies and also renewable energy
technology selection according to criteria that was applied using AHP in [18].

This research compares the AHP with FL, which is widely used in various applications
such as control, power systems, sustainability and decision making. In [19], a hybrid fuzzy
multi-criteria decision-making approach was used for desalination TOPSIS neglecting the
effect of pairwise comparison. In [20], fuzzy logic was applied for selecting the design of a
PV-wind-water desalination unit.

From the reviewed literature, several research gaps were identified. Firstly, a compari-
son between the Analytic Hierarchy Process (AHP) and Fuzzy Logic (FL) in water—energy
solutions has not been thoroughly explored. Additionally, there is a lack of considera-
tion for different geographic locations, particularly inland versus coastal areas. Moreover,
the simultaneous evaluation of desalination and renewable energy technologies remains
under-researched. There is also a need for enhanced decision-making criteria in this field.
Furthermore, real-world case studies are not sufficiently applied to validate the findings.
Finally, a comprehensive evaluation of technology combinations for water desalination and
sustainable energy is missing from the current body of research.

The main contributions of this paper are:

1.  Data Collection and Factor Identification:

Data are collected through interviews with water desalination and renewable energy
experts, as well as a comprehensive literature review. This process led to the identification
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of 26 factors related to desalination technologies and 24 factors related to renewable energy
technologies. These factors play a vital role in selecting the optimal technology for both
desalination and renewable energy applications.

2. Application of AHP for Optimal Technology Selection:

The AHP is applied to select the optimal water desalination technology. The AHP
is also utilized to determine the best renewable energy technology. Both technologies
are selected to obtain the best solution in terms of geographical locations. The criteria
are selected for developing the AHP models in desalination and renewable energy solu-
tions, particularly in relation to marine engineering applications for both offshore and
coastal locations.

3. Application of Fuzzy Logic for Optimal Technology Selection:

FL is employed to enhance the decision-making process for selecting the most suitable
water desalination technology. FL is similarly applied to optimize the selection of renewable
energy technology. The criteria are selected for developing the FL. models in desalination
and renewable energy solutions, particularly in relation to marine engineering applications
for both off-shore and coastal locations.

4. Comparative Analysis of AHP and Fuzzy Logic Results:

The results obtained from both the AHP and FL methodologies are evaluated.
A comparative analysis is conducted to judge the effectiveness of the two approaches.

2. Sample Size

The sample size needed from the population is calculated according to statistical
principles tailored for this exploratory investigation, aiming to achieve a confidence level
of 95%. This calculation is performed using the following Equation (1) [21].

2
N (Zlf%) * 02 M

o2
where N is the sample size, (Z;_s) is the target level of confidence, which determines the
critical Z value, ¢ is the standard deviation, and e? is the square of acceptable sampling error.

2.1. Sample Size for Desalination Industry

For the desalination industry in this research, a 95%-degree confidence level corre-
sponds to « = 0.05. Each of the shaded tails has an area of («/2) = 0.025. The region is
0.5 — 0.025 = 0.475. Then, from the Table of the standard normal distribution (z), an area of
0.475 corresponds to a z-value of 1.96. Therefore, the critical value = 1.96, the margin of
error is assumed as e = 0.25, and from the 20 samples retaken from population, the standard
deviation = 0.84. Accordingly, the sampling size is calculated to be 44 questionnaires, and
the level of confidence based on this value is 95%.

Thirty-seven responses were received. Choosing 37 questionnaires as the sample size,
we substitute this value into (1) with a standard deviation of 0.92 for all 37 respondents.
Accordingly, the critical z-value is calculated by using (1), with a z-value of 1.65 for a
confidence level exceeding 90%. Consequently, the 37 responses received can be considered
highly representative of the population, as the confidence level was calculated through the
application of an interpolation method to be 90%.

2.2. Sample Size for Renewable Energy Industry

Similarly, for the renewable energy industry, the 95%-degree confidence level corre-
sponds to o = 0.05. Each of the shaded tails has an area of (x/2) = 0.025. The region is
0.5 — 0.025 = 0.475. Then, from the Table of the standard normal distribution (z), an area of
0.475 corresponds to a z-value of 1.96. Therefore, the critical value = 1.96, the margin of error
is assumed as e = 0.25, and from the 20 samples retaken from the population, the standard
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deviation = 0.885. Accordingly, the sampling size is calculated to be 48 questionnaires, and
the level of confidence based on this value is 95%.

Thirty-seven responses were received. Choosing 37 questionnaires as the sample size,
we substitute this value into (1) with a standard deviation of 0.922 for all 37 respondents.
Accordingly, the critical z value is calculated by using the (1), Z value of 1.649 for a
confidence level exceeding 90%. Consequently, the 37 responses received can be considered
highly representative of the population, as the confidence level was calculated through the
application of an interpolation method to be 90%.

3. Statistical Analysis

For the collected questionnaire responses, key statistical measures including mean,
mode, standard error (SE), and standard deviation (SD) were calculated for each factor
individually affecting the choice of desalination technology. The standard deviation was
used to assess variability, while the standard error represented the standard deviation of
the sampling distribution of a statistic. Additionally, the standard error of the mean was
evaluated to determine the extent of variation in means from different samples relative to
the population mean due to chance error in the sampling process.

Abdul Gawad demonstrated that comparing the calculated standard error to 0.2 is
significant, as this value indicates a relatively precise point estimate of the results, as
suggested by Montgomery et al. If the SE was found to be less than 0.2, it indicated an
acceptable agreement among experts on the risk significance for most of the examined
factors [22,23].

3.1. Statistical Analysis of Desalination Factors

We conducted a comprehensive statistical analysis encompassing 37 responses related
to desalination factors. The results, summarized in Table 1, demonstrate a consensus among
experts, with all SE values below 0.2. This suggests a unanimous agreement regarding the
significance of the most examined factors in the desalination domain.

Table 1. Statistical results for factors affecting desalination technology choice.

Total No. Sum of

Group No. Factor of Expert Points Mean S.D S.E Mode
11 Time needed for the construction of the civil works. 37 128 3.459 0.918 0.151 3
— g 12 Time needed for the installation of electro-mechanical works. 37 136 3.676 0.988 0.162 4
g £ 13 Time needed for the installation of the desalination process. 37 132 3.568 0917 0.151 3
L 14 Required water production rate. 37 144 3.892 0.980 0.161 4
2.1 Initial costs of desalination process. 37 150 4.054 1.012 0.166 4
a) 2.2 Construction cost of the while desalination plant. 37 143 3.865 0.704 0.116 4
0 é 2.3 Budget and financial limitations of desalination process. 37 151 4.081 0.712 0.117 4
@5 2.4 Running cost of the desalination process (excluding energy cost). 37 134 3.622 0.940 0.155 4
» 2.5 Regular maintenance cost. 37 123 3.324 0.840 0.138 3
2.6 Running cost limitations of desalination process. 37 138 3.730 0.643 0.106 4
3.1 Availability of used material in local market. 37 140 3.784 1.189 0.195 5
B g 3.2 Durability of used material. 37 142 3.838 0.945 0.155 4
ac 3.3 Experience of engineers/consultants with used material. 37 129 3.486 0.976 0.160 4
EE 3.4 Experience of contractors with used material. 37 125 3.378 0.940 0.155 3
_g. Z 3.5 Experience of workers with used material. 37 126 3.405 0.853 0.140 3
g 8 3.6 Availability of supplier in Egypt. 37 123 3.324 1116 0.184 3
a8 3.7 Available storage area for material, equipment, . .. etc. 37 116 3.135 1.070 0.176 3
TR 3.8 Land availability. 37 144 3.892 1.085 0.178 5
41 Experience of engineers/consultant in applied desalination method. 37 133 3.595 0.884 0.145 4
2 =) Cg 42 Experience of contractors in applied desalination method. 37 129 3.486 0.826 0.136 3
A 2 4.3 Experience of operator in applied desalination method. 37 131 3.541 0.918 0.151 3
_UO g 1 4.4 Efficiency level of desalinated water. 37 148 4.000 0.771 0.127 4
e 8 U 45 Unsuitable weather (humidity—temperature). 37 116 3.135 0.935 0.154 3
&8¢ 46 Health and Safety standards. 37 137 3.703 0.866 0.142 4
I g'og' 47 Maintenance requirements. 37 132 3.568 0.790 0.130 4
N 4.8 Environmental regulations (brine quantity, brine disposal, etc.). 37 132 3.568 1.104 0.181 4

3.2. Statistical Analysis of Renewable Energy Factors

Similarly, a statistical analysis was performed for the renewable energy factors using
the same dataset. The findings, presented in Table 2, exhibit consistent trends, with all SE
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values being below 0.2. This indicates a shared perspective among experts regarding the
significance of the various factors influencing renewable energy technologies.

Table 2. Statistical results for factors affecting renewable energy technology choice.

Total No. Sum of

Group No. Factor of Expert Points Mean S.D S.E Mode

11 Time needed for the construction of the civil works of the renewable 37 121 3.270 0.890 0.146 3
9] energy components.

g3 1.2 Time needed for the installation electro-mechanical works. 37 120 3.243 0.882 0.145 3
(30 5 13 Time needed for the installation of energy production. 37 119 3.216 0.990 0.163 4
= 14 Required energy production rate. 37 145 3.919 0.784 0.129 4
2.1 Initial costs of renewable energy provision. 37 161 4.351 0.625 0.103 4
A g) 2.2 Budget and financial limitations of renewable energy. 37 157 4.243 0.633 0.104 4
2.5 2.3 Energy running cost. 37 136 3.676 1.164 0.191 5
T 2.4 Regular maintenance cost of renewable energy system. 37 140 3.784 1.118 0.184 5
3.1 Availability of used material in local market. 37 116 3.135 1.143 0.188 3
8 g 3.2 Durability of used material. 37 145 3.919 0.941 0.155 4
a s 3.3 Experience of engineers/consultants with used material. 37 138 3.730 0.859 0.141 4
E’E 3.4 Experience of contractors with used material. 37 131 3.541 0.825 0.136 3
_g‘ Z 3.5 Experience of workers with used material. 37 125 3.378 0.783 0.129 3
g 8 3.6 Availability of supplier in Egypt. 37 136 3.676 1.041 0.171 4
a8 3.7 Available storage area for material, equipment, etc. 37 105 2.838 1.103 0.181 2
R 3.8 Land availability for renewable energy system. 37 155 4.189 0.833 0.137 5
. 41 Experience of engineers/ cor;setélgirr\zz in applied renewable energy 37 136 3.676 0.807 0133 4
o 4.2 Experience of contractors in applied renewable energy resource. 37 133 3.595 0.821 0.135 4
g 0 43 Experience of operator in applied renewable energy resource. 37 136 3.676 0.840 0.138 4
@3 44 Quality and efficiency level of renewable energy resource. 37 140 3.784 0.810 0.133 4
m@ 5 4.5 Unsuitable weather (humidity-temperature) 37 139 3.757 1.149 0.189 5
T = 4.6 Health and Safety standards. 37 134 3.622 0.911 0.150 4
(BD 4.7 Maintenance requirements. 37 128 3.459 1.029 0.169 3
=4 4.8 Environmental regulations. 37 137 3.703 1.136 0.187 4

4. Water Desalination Models Development

The models developed for water desalination were constructed using the Multi-
Criteria Decision-Making Model (MCDM) process. The (AHP) method was utilized as
one approach, offering a structured framework for decision-making in complex systems.
Additionally, the second approach or technique used was (FL), aiding in the selection of
the optimal desalination technology. There are several reasons for employing the AHP and
FL in the MCDM for desalination projects such as handling subjective and qualitative data,
simplified decision-making, integration of expert opinions, and adaptability and flexibility.
The main reason for using the AHP over TOPSIS and other state-of-the-art techniques is
pairwise comparison [8]. The reason for doing both FL and the AHP is the validation of the
results and criteria.

4.1. Analytical Hierarchy Process (AHP) for Desalination Model

For this research, the hierarchy consists of four levels. The first level is the main goal
of this research, which is “Choose a best technique of desalination”, the second level is
that the criteria consists of four groups: time, cost, material and equipment, and design,
implementation and operation, the third level is sub-criteria, which are time needed for the
construction of the civil works, time needed for the installation of electro-mechanical works,
time needed for the installation of the desalination process, required water production rate,
initial costs of desalination process, construction cost of the while desalination plant, budget
and financial limitations of desalination process, running cost of the desalination process
(excluding energy cost), regular maintenance cost, running cost limitations of desalination
process, availability of used material in local market, durability of used material, experience
of engineers/consultants with used material, experience of contractors with used material,
experience of workers with used material availability of supplier in Egypt, available storage
area for material, equipment, etc., land availability, experience of engineers/consultant in
applied desalination method, experience of contractors in applied desalination method,
experience of operator in applied desalination method, efficiency level of desalinated water,
unsuitable weather (humidity—temperature), health and safety standards, maintenance
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requirements, environmental regulations (brine quantity, brine disposal, etc.). The fourth
level is the alternatives, these alternatives are reverse osmosis (RO), electrodialysis (ED)
and multi-stage flash (MSF), as shown in Figure 1.

Choose a best technique of desalination

Group 4: Design,

Implementation
and Operation

Group3: Material
&Equipment

Group 1: Time Group 2: Cost

Running
cost of the.
desalination| | Regular
process | maintenance materialin
(excluding | | cost. Tocal
2

desalination
nergy market
2

L)nnslmcnan
cost of the.
while
desalination
plant.

Available Experience
of operator
in applied
desalination
method.

Environmenta
reguiations
(brine
fuantity, bing
isposal,etc),

Budget& Rumning ||, | Experence Experience
financial cost | | Avalabilty | o by ofl | of of
oot ofused
limitations ised
of

Required | | Inial costs
f u
materia,

water of
production | desalination
rate. process.

Experience Eficiency
of
level of
desalinated | | (humidity-
water. | femperature).

Unsuitable
weather

Safety and
healthy
standards.

limitations

engineers!
consultants.
with used
material.

of workers
with used
material.

contractors
in applied

desalination
| | method.

Maintenance

contractors.
with used
material.

of supplier
in Egypt.

construction
of the civil
works,

of
|desalination
ocess.

process.

Level 1: Goal Level 2: Criteria

Level 3: Sub- ‘ Level4:

Criteria Alternatives

Figure 1. Hierarchy of research problem for desalination model.

4.1.1. Construct Comparison Matrices and Pairwise Comparison for Desalination Model

In this step, the criteria and sub-criteria previously established are organized into
comparison matrices. Decision-makers evaluate the relative importance of each element
concerning the main goal: “Selection of the Optimal Desalination Technique”. Each criterion
within its group, and subsequently each sub-criterion, is compared pairwise against others
to determine their relative importance.

To facilitate this process, the Analytic Hierarchy Process (AHP) methodology is em-
ployed. This involves decision-makers making pairwise comparisons, using a scale from
1 to 9, where a value of 1 indicates that two elements are equally important. A value of
3 indicates a moderate preference for one element over another based on experience and
judgment. A value of 5 denotes a strong preference for one element over another. A value
of 7 indicates a very strong preference, with significant evidence preferring one element.
A value of 9 signifies an extreme preference, with evidence supporting one element over
another. Intermediate values of 2, 4, 6, and 8 are used to express preferences between the
principal values.

The comparison matrices for the criteria and sub-criteria are developed based on the
survey data collected from the decision-makers. These matrices enable the combination of
judgments into a clear framework, which reflects the relative weights of each criterion and
sub-criterion. This systematic approach ensures that all relevant factors are considered in
the decision-making process.

Matrix 1, which shows the comparison between the main groups, is presented in
Table 3. Matrix 2, which shows the comparison between the factors in the “Time” group, is
presented in Table 4. Matrix 3, which shows the comparison between factors in the “Cost”
group, is presented in Table 5. Matrix 4, which shows the comparison between factors in
the “Material & Equipment” group, is presented in Table 6. Finally, Matrix 5, which shows
the comparison between factors in the Design, Implementation and Operation” group, is
presented in Table 7. Table 8 shows the synthesized matrix for the main criteria and the
sub-criteria.
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Table 3. Water desalination pairwise comparison matrix for criteria groups.

Group 1: Group 2: Gro.up 3: Group 4: Des;gn,
No Group . Material and Implementation
Time Cost . .
Equipment and Operation
1 Group 1: Time 1 0.25 3 3
2 Group 2: Cost 4.000 1 4 4
3 Group 3: Material and Equipment 0.333 0.250 1 1
4 Group 4: Design, Implementation and Operation 0.333 0.250 1.000 1
Table 4. Water desalination pairwise comparison matrix for “Time” group.
S 5 o=
gy = = 23 2 20 o
5 o8 2 E 3 255 2.2
15 Z 28 2 520 82
No Factor =B % 250 BB =y
=g 2 g5 2 o ER g &
s= 3 ~9o & = 5 a = s
g = 2 = =g 53 & = 8
~o sE3 3 o S =
b B R = 0 = a =g ae
. A~ Qe [ S ¢
o 5 = s =
? (] D ¢}
1 Time needed fqr .the construction of 1 025 05 0125
the civil works.
2 Time needed for the: installation of 4000 1 ’ 025
electro-mechanical works.
3 Time needed f.or the installation of 2000 0.500 1 016666667
the desalination process.
4 Required water production rate. 8.000 4.000 6.000 1
Table 5. Water desalination pairwise comparison matrix for “Cost” group.
o) g = w)
g ¥ 2 §_E dop 2 g
[ S=] - [ ) = 0 o =8 DA
- 0 R ® =5 ® S v 5 =] = c
s £ = e O 558 & =T = 53 5
2= 5 52 DBy 5 =B o2 B =5
No Factor o 2o A oo B =3 S g9 o8 B
o 0 oo o= a R B0 2 < e =3
s 2 e =3 5 9 m o= A a5 5 '@
& = =25 =8¢ o R =20
= 9 E A -~ 3 e @ A = @ o
g8 5o g a3 B Fo ) g4
& = 2 g2 Sgm 2 &
@ - & = 08 = : @
gen
1 Initial costs of desalination 1 4 1 7 9 6
process.
’ Constructlc?n cgst of the while 0.250 1 0.25 5 9 3
desalination plant.
3 Budget and .fma.naal limitations 1.000 4000 1 7 9 6
of desalination process.
4 Running cost of. the desalination 0.143 0.200 0.143 1 5 05
process (excluding energy cost).
5 Regular maintenance cost. 0.111 0.111 0.111 0.200 1 0.142857
6 Running cost limitations of 0.167 0.333 0.167 2.000 7.000 1

desalination process.
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Table 6. Water desalination pairwise comparison matrix for “Material & Equipment” group.

es o

SR - ® =IO
- & > C g 55 m c 8= 53 E» 2R3 5
223 = 25 223 & S s = a
No Factor S = S SER 257 Gs == BB >
=28 & 828 —25 2&f gE 283 %
zbs EZ ags E3e a =2 S=z2° B,
BEEx 35 282 za@s RBZ SE fpe  F
< B 22° Hg?C 2= - Z.
2te E% gE2e E2e §8 L9 22 B
CET 5E T E 52 BT ORE®R &

. G . a M

1 Availability of used material in 1 1 5 7 7 3 05

local market.

2 Durability of used material. 1.000 1 5 7 7 8 9 1

3 Experience of engineers/ 0200 0.200 1 2 2 3 6 0.14

consultants with used material.

4 Experience of contractors with 0143 0143 0500 1 1 1 4 0.11

used material.

5  Dxperienceofworkerswithused 145 0943 0500 1.000 1 1 5 0.11

material.

6 Availability of supplier in Egypt. 0.125 0.125 0.333 1.000 1.000 1 0.25 0.11

7 Available storage area for 0111 0111 0167 0250 0200  4.000 1 0.11

material, equipment, etc.

8 Land availability. 2.000 1.000 7.000 9.000 9.000 9.000 9.000 1
Table 7. Water desalination pairwise comparison matrix for “Design, Implementation and Operation”
group.

o = 23
0 x e 5t o 5
gds 93 g 2 om Eco o @ =
@ 2 0 = @ <] o =R 3 5 ) — =
2 e 2 o Hm =3 @ = =N =N ~ 2. ~0
S8 FES Fsg EE EE O EF 2E REE
No Factor S5f £5% £37 S5 F5 SE 47 Lic
§-e 525 &3¢ 3<% 4T f£3 FF g2z
SFn 582 3E: iAp g% S p 55 TQ9E

® ) a s ° 5
S3¢ £fe E%¢ s o3I ER R Lif
S22 52T £ E ®¢ 53 & i 0 58
g2 3g& & = 88 =3 : c<E
oz Ba &8 27 £z
¢ :
@

Experience of engineers/consultant

1 in applied desalination method. ! 2 ! 014 ? 05 1 1

2 Experience o.f coptractors in applied 0.500 1 1 011 6 0.25 1 1

desalination method.

5 [xperienceof operator inapplied 9y 4 oo 1 0.11 9 0.33 1 1

desalination method.

4 Efficiency level of desalinated water. 7.000 9.000 9.000 1 9 5 8 8

5 Unsuitable weather 0111 0167 0111 0111 1 011 0125 0125

(humidity—-temperature).

6 Health and Safety standards. 2.000 4.000 3.000 0.200 9.000 1 3 3

7 Maintenance requirements. 1.000 1.000 1.000 0.125 8.000 0.333 1 1

g  Environmentalregulations (brine 3550 1000 1000 0125 8000 0333 1000 1

quantity, brine disposal, etc.).
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Table 8. Synthesized matrix for main criteria, and sub-criteria for water desalination.
No Factor Normalized Value
1 Group 1: Time 0.1765 0.1429 0.3333  0.3333
2 Group 2: Cost 0.7059 0.5714 0.4444 0.4444
3 Group 3: Material and Equipment 0.0588 0.1429 0.1111 0.1111
4 Group 4: Design, Im}?lementation and 00588 01429 01111 0.1111
Operation
11 Time needed for the construction of the civil 00667 0.0435 00526 0.0811
works.
12 Time needed for the. installation of 02667 01739 02105 0.1622
electro-mechanical works.
13 Time needed for the installation of the 01333 00870 01053 0.1081
desalination process.
14 Required water production rate. 0.5333  0.6957 0.6316  0.6486
2.1 Initial costs of desalination process. 0.3744 04147 03744 0.3153 0.2250 0.3605
pp  Construction cost ‘}’Dflfr‘i while desalination 6936 01037 00936 02252 02250 01803
23 Budget and financial limitations of 03744 04147 03744 03153 02250  0.3605
desalination process.
24  Runningcostof the desalinationprocess o555 0 go07 00535 00450 01250  0.0300
(excluding energy cost).
25 Regular maintenance cost. 0.0416 0.0115 0.0416 0.0090 0.0250  0.0086
26 ~ Runningcostlimitations of desalination o6 0g3s6 00624 00901 01750  0.0601
process.
3.1  Availability of used material in local market.  0.2118 0.2687 0.2564 0.2478 0.2482 0.2286 0.2081 0.1620
32 Durability of used material. 0.2118 0.2687 0.2564 0.2478 0.2482 0.2286 0.2081  0.3239
33  Bxperience of engineers/consultants with 104 00537 00513 00708 00709 00857 01387 0.0463
used material.
3.4  Experience of contractors with used material. ~ 0.0303 0.0384 0.0256 0.0354 0.0355 0.0286 0.0925 0.0360
3.5 Experience of workers with used material. 0.0303 0.0384 0.0256 0.0354 0.0355 0.0286 0.1156 0.0360
3.6 Availability of supplier in Egypt. 0.0265 0.0336 0.0171 0.0354 0.0355 0.0286 0.0058  0.0360
37 Available storage area for material, 0.0235 0.0299 00085 00088 00071 0.1143 0.0231 0.0360
equipment, etc.
38 Land availability. 04236 02687 0.3590 0318 0.3191 02571 0.2081  0.3239
41 Experience of engineers/consultantsin - o755 1043 00584 00742 01525 00636 00620 0.0620
applied desalination method.
42 Experience of contractors in applied 0.0367 0.0522 00584 00577 0.1017 0.0318 0.0620 0.0620
desalination method.
43 Experience of operator in applied 0.0735 0.0522 0.0584 00577 01525 0.0424 0.0620 0.0620
desalination method.
4.4 Efficiency level of desalinated water. 0.5143 0.4696 05260 05192 0.1525 0.6360 0.4961 0.4961
4.5  Unsuitable weather (humidity—temperature).  0.0082  0.0087  0.0065 0.0577 0.0169 0.0141 0.0078  0.0078
4.6 Health and Safety standards. 0.1469 0.2087 0.1753 0.1038 0.1525 0.1272 0.1860 0.1860
4.7 Maintenance requirements. 0.0735 0.0522 0.0584 0.0649 0.1356 0.0424 0.0620  0.0620
4g  bnvironmental regulations (brine quantity, o735 00500 00584 00649 01356 0.0424 00620 0.0620

brine disposal, etc.).
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The resulting pairwise comparison matrices provide a strong basis for evaluating
the alternatives: reverse osmosis (RO), electrodialysis (ED), and multi-stage flash (MSF).
The developed matrices, derived from the collective judgments of the decision-makers,
facilitate the identification of the most appropriate desalination technique for achieving
sustainability in Egypt’s water—energy nexus.

4.1.2. Steps for Calculating Consistency in AHP Desalination Model

The following generalized steps are employed to calculate the consistency in the
Analytic Hierarchy Process (AHP) for the desalination model:

Step 1: Calculating the priority vector:
The priority vector could be obtained by finding the row averages.

Step 2: Calculating Ay

To calculate the Ay, the weighted sum matrices have to be calculated by adding the
multiplying of the priority vector with each column of the pairwise comparison matrix.
After calculating the weighted sum matrix, each element of the weighted sum matrices is
divided by their respective priority vector element to obtain values of consistency measure,
and then the average of these values is computed to obtain A;y.

Step 3: Calculating the consistency index (CI):
The calculation of CI according to (2) [24]:

Amax —n
Cl = SR 2)

where 7 is the number of alternatives in one hierarchy.

Step 4: Selecting Appropriate Value of the Random Consistency Ratio (RI):

An appropriate value of random consistency ratio RI is selected from Table 9 [25],
depending on the matrix size (value of n).

Table 9. RI values.

n RI n RI
3 0.52 11 1.514
4 0.88 12 1.54
5 1.109 13 1.55
6 1.25 14 1.57
7 1.34 15 1.58
8 1.406 16 1.59
9 1.45 17 1.6086
10 1.485

Step 5: Calculate the Consistency Ratio (CR):
The calculation of CR according to (3) [24]:

CI
CR= = 3)

Step 6: Check the Consistency Ratio (CR):

The value of the consistency ratio should be equal to or less than 10%. If it is more
than 10%, the judgments may be somewhat random and should perhaps be revised [26].
All of the previous steps, calculations and results are shown in Table 10.
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Table 10. Calculation and checking consistency for main criteria, and sub-criteria for water desalination.

Row Weighted  Consistency Consistency
No Factor Avg. Sum Measure A c RI CR Check
1 Group 1: Time 0.246 1.018 4.129
2 Group 2: Cost 0.542 2.375 4.386 C"ngiency
3 Group 3: Material and Equipment 0.106 0.430 4.053 4.15518 0.05173 0.88150 0.05868
4 Group 4: Design, Implementatlon 0.106 0.430 4053 5.9
and Operation
11 Time needed fqr 'the construction 0.061 0.244 4009
of the civil works.
Time needed for the installation of Consistency
12 electro-mechanical works. 0203 0821 097 404597 001532 088150 001739 OK
13 Time needed f.or the installation of 0.108 0.437 4027
the desalination process.
14 Required water production rate. 0.627 2.579 4111 1.7%
21 Initial costs of desalination 0.344 2375 6.904
process.
20 Constructhn cost of the whole 0.154 1.047 6.818
desalination plant.
- T Consistency
Budget and financial limitations of
23 desalination process. 0-344 2375 6904 6.54657  0.10931 1.21790 0.08976 OK
24 Running cost of. the desalination 0.055 0.338 6.195
process (excluding energy cost).
2.5 Regular maintenance cost. 0.023 0.139 6.068
26 Runining cost limitations of 0.081 0516 6391 9.0%
desalination process.
31 Availability of used material in 0.229 2.068 9.033
local market.
32 Durability of used material. 0.249 2223 8.921
Experience of
3.3 engineers/consultants with used 0.070 0.647 9.247
material.
Experience of contractors with Consistency
34 . 0.040 0.374 9.288 8.96955  0.13851 1.40560  0.09854 OK
used material.
35 Experience of wor.kers with used 0.043 0.405 9394
material.
3.6 Availability of supplier in Egypt. 0.027 0.236 8.650
37 Available storage area for material, 0.031 0.258 8.230
equipment, etc.
3.8 Land availability. 0.310 2.786 8.994 9.9%
Experience of
41 engineers/consultants in applied 0.081 0.697 8.568
desalination method.
Experience of contractors in
42 applied desalination method. 0.058 0495 8.564
Experience of operator in applied .
43 desalination method. 0.070 0.597 8.519 COnsolienCy
44 Efficiency level of desalinated 0476 4046 8.917 857765  0.08252  1.40560  0.05871
water.
Unsuitable weather
45 (humidity—-temperature). 0.016 0-130 8175
4.6 Health and safety standards. 0.161 1.417 8.811
47 Maintenance requirements. 0.069 0.588 8.534
48 Environmental regulations (brine 0.069 0588 8.534 599,

quantity, brine disposal, etc.).
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The final pairwise comparisons among the desalination technology alternatives of
reverse osmosis (RO), electrodialysis (ED), and multi-stage flash (MSF) are presented in
Table 11. Each alternative is compared against the others across all sub-criteria within the
established groups of time, cost, material and equipment, and design, implementation
and operation. Decision-makers provided judgments that were used to construct the
pairwise comparison matrices for each sub-criterion. The consistency of these judgments
was verified using the consistency ratio (CR) to ensure reliability. The calculations involved
deriving priority vectors and checking consistency for each factor. The synthesized results
combine the weights of all sub-criteria, offering a comprehensive ranking of the desalination
technologies. Table 11 summarizes these results, including the consistency ratios to validate
the decision-makers’ judgments.

Table 11. Final pairwise comparison results and consistency ratios for desalination technologies.

No Factor RO ED MSF A CI RI CR Consistency
Check
11 Timeneeded for thvev(‘;‘r’lr(‘s“umo“ ofthecivil 500 0250 0250 3000 0000 0525 0000 Consistency OK
12 Time needed for the installation of 0681 0201 0118 3025 0012 0525 0024  Consistency OK
electro-mechanical works.
13 Time needed for the installation of the 0653 0251 0096 3018 0009 0525 0017  Consistency OK
desalination process.
14 Required water production rate. 0.548 0.211 0.241 3.018 0.009 0.525 0.017 Consistency OK
2.1 Initial costs of desalination process. 0.557 0.320 0.123 3.018 0.009 0.525 0.017 Consistency OK
2p  Construction cost O}flg;et wholedesalination 10y 0297 0539 3009 0005 0525 0009 Consistency OK
23  Budgetand ﬁ“ama;gz‘el;:t‘ons ofdesalination 550 0400 0400 3000 0000 0525 0000 Consistency OK
24 Running cost of the desalination process 0633 0260 0106 3039 0019 0525 0037 Consistency OK
(excluding energy cost).
2.5 Regular maintenance cost. 0.701 0.213 0.085 3.033 0.016 0.525 0.031 Consistency OK
2.6 Running cost limitations of desalination process. ~ 0.701 0.213 0.085 3.033 0.016 0.525 0.031 Consistency OK
3.1 Availability of used material in local market. 0.690 0.161 0.149 3.006 0.003 0.525 0.005 Consistency OK
3.2 Durability of used material. 0.685 0.221 0.093 3.054 0.027 0.525 0.052 Consistency OK
33  Dxperienceofengineers/consultants withused 705 gog3 137 3035 0018 0525 0034  Consistency OK
material.
34 Experience of contractors with used material. 0.780 0.083 0.137 3.035 0.018 0.525 0.034 Consistency OK
3.5 Experience of workers with used material. 0.780 0.083 0.137 3.035 0.018 0.525 0.034 Consistency OK
3.6 Availability of supplier in Egypt. 0.750 0.125 0.125 3.000 0.000 0.525 0.000 Consistency OK
37  Availablestorage areaei‘c’r material equipment, 333 333 333 3000 0000 0525 0000 Consistency OK
3.8 Land availability. 0.648 0.230 0.122 3.004 0.002 0.525 0.004 Consistency OK
41  xperienceof engineers/consultantsinapplied 70y gog3 0137 3035 0018 0525 0034  Consistency OK
desalination method.

4  Bxperienceof contractos It applied desalination 707 083 0137 3035 0018 0525 0034 Consistency OK
43  Bxperienceof OPerf;‘;rt}‘f; gpphed desalination 76y 0083 0137 3035 0018 0525 0034  Consistency OK
4.4 Efficiency level of desalinated water. 0.648 0.230 0.122 3.004 0.002 0.525 0.004 Consistency OK
4.5 Unsuitable weather (humidity-temperature). 0.556 0.354 0.090 3.054 0.027 0.525 0.051 Consistency OK
4.6 Health and Safety standards. 0.539 0.297 0.164 3.009 0.005 0.525 0.009 Consistency OK
4.7 Maintenance requirements. 0.539 0.297 0.164 3.009 0.005 0.525 0.009 Consistency OK
4  Environmentalregulations (brine quantity, brine 539 (297 0164 3009 0005 0525 0009  Consistency OK

disposal, etc.).
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The final results of desalination technology priority comparison with overall criteria
show that the optimal desalination technology achieving all criteria is reverse osmosis,
with a priority of 49.7%, Electrodialysis and multi-stage flash received second and third
rank with a percentage of 27.5%, 22.8%, respectively.

In this research, a model for water desalination is developed for applying the AHP
in a step-by-step way. This model could calculate all the steps illustrated in the AHP
methodology section and also present numerical information.

4.2. Fuzzy Logic (FL) Desalination Model

The developed model in this research is based on MATLAB (R2018a). This software
was selected for its ease of installation and operation, its fully tested system with a proven
track record, and its flexibility and capacity to handle various types of applications.

4.2.1. Data Organization and Sets for Water Desalination

The first step of the model building is to determine the inputs and the outputs of the
model; the next step is to determine the range of all the variables using the membership
functions. The selected shape of the membership functions is the trapezoidal membership
function. Input variables of the fuzzy logic model are derived to represent the main criteria
affecting the selection desalination technique; the criteria are divided into four which are
time, cost, material and equipment, and design, implementation and operation. Each
group represents an input in the fuzzy model, resulting in four inputs. The membership
function model is illustrated in the next figure. As shown in Figure 2, the following points
were concluded by industry experts during semi-structured interviews and brainstorming
sessions:

e  Scores ranging from 0 to 0.5 are considered to have low significance.
e  Scores ranging from 0.3 to 0.7 are considered to have moderate significance.
e  Scores ranging from 0.5 to 1 are considered to have high significance.

Low Moderate High

o

o

Figure 2. Membership function for input variables of water desalination model.

The output of this model is the optimal desalination technology based on the input fac-
tors, represented by membership functions, as illustrated in Figure 3. The following points
were concluded by industry experts during semi-structured interviews and brainstorming
sessions:

e  Scores ranging from 0 to 0.5 are considered RO.
e  Scores ranging from 0.3 to 0.7 are considered ED.
e  Scores ranging from 0.5 to 1 are considered MSF.
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RO ED MSF

W
{

Figure 3. Membership function for output variables of water desalination model.

4.2.2. Rules Adding for Water Desalination Model

After naming the variables and defining the membership functions with appropriate
shapes and labels, the next essential step is to formulate the rules. This is the most important
phase in building the model. The number of rules required to control a system using fuzzy
logic is determined by the following (4) [26,27]:

R=m" 4)

where R = number of rules, m = number of membership functions, and v = number of input
variables.

For this research, m = 3, and v = 4 then R = (3)* = 81 rules.

There are 81 different combinations of preconditions that affect the selection of desali-
nation technology. These preconditions have to be stored in the form of if-then rules (called
fuzzy rules).

The model includes 81 possible rule combinations, each representing a unique com-
bination of the four main criteria: time (T), cost (C), material and equipment (ME), and
design, implementation and operation (DIO). For example, Rule 1 states that if (T), (C),
(ME), and (DIO), are all high, then the most suitable desalination technology is (RO). Other
rules follow similar structures, adjusting the values of the criteria to determine the best
technology. For example, if (T) is medium, (C) is medium, (ME) is high, (DIO) is low then
the desalination technology remains (ED). If (T) is medium and (C) is low while other
factors are high, then (RO) be the chosen technique, and if (T) is medium (C) is high, (ME)
and (DIO) are low, then (MSF) might be the appropriate choice.

These 81 rules, are designed to cover all possible combinations of the input variables,
ensuring a thorough and flexible decision-making framework. The fuzzy logic model
processes these rules to provide a robust recommendation for the most suitable desalination
technology based on the specified criteria, thereby aiding decision-makers in selecting the
optimal method tailored to specific conditions. The rules can be added using the rule editor,
as shown in the Figure 4.

The rule viewer shows a roadmap of the whole fuzzy inference process; the rule
viewer allows for the interpretation of the entire fuzzy inference process at once. It also
shows how the shape of certain membership functions influences the overall result. Since it
plots every part of every rule, it can become unwieldy for particularly large systems, but
for a relatively small number of inputs and outputs, it performs well, the rule viewer of
this model is shown in Figure 5.

An Excel model is developed to help the user to determine the required percentage of
each group that will be used in the fuzzy model, as shown in Table 12; the user input is an
importance scale from 1 to 9, for example, number 9 indicates the highest important factor
and number 1 indicates the lowest important factor and so on.
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Table 12. Importance scale for input variables in fuzzy desalination model.
. User Fuzzy
Group No. Factor Weights Input Inputs %
11 Time needed for the construction of the civil works. 0.24 4
Q
& . : : } .
é 12 Time needed for the ms‘t;i)lslion of electro-mechanical 0.25 6
- . _ - - 15.5% 64.6%
- 13 Time needed for the installation of the desalination 0.24 5
3 process.
@
1.4 Required water production rate. 0.27 8
21 Initial costs of desalination process. 0.18 9
o 22 Construction cost of the while desalination plant. 0.17 7
§ 2.3 Budget and financial limitations of desalination process. 0.18 9
N : - : 24.1% 72.2%
N 24 Running cost of the desalination process (excluding 016 5
c(o: energy cost).
- 2.5 Regular maintenance cost. 0.15 2
2.6 Running cost limitations of desalination process. 0.16 6
3.1 Availability of used material in local market. 0.13 7
o 3.2 Durability of used material. 0.14 7
%1 é 3.3 Experience of engineers/consultants with used material. 0.12 4
5 ?» 3.4 Experience of contractors with used material. 0.12 3
g 30.0% 50.6%
“5 § 3.5 Experience of workers with used material. 0.12 3
g i—{ 3.6 Availability of supplier in Egypt. 0.12 2
~5
3.7 Available storage area for material, equipment, etc. 0.11 1
3.8 Land availability. 0.14 8
Experience of engineers/consultant in applied
g 41 desalination method. 013 >
= . : . I
*Z 40 Experience of contractors in applied desalination 012 4
W method.
829
2 2. 43 Experience of operator in applied desalination method. 0.12 4
o% . :
=] o 0
E e 4.4 Efficiency level of desalinated water. 30.4% 0.14 9 55.6%
% % 4.5 Unsuitable weather (humidity—temperature). 0.11 1
- S 4.6 Health and Safety standards. 0.13 6
o]
g«- 4.7 Maintenance requirements. 0.12 5
= : : - : :
S 48 Environmental regulations (brine quantity, brine 012 5

disposal, etc.).
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"4 Rule Editor: Fuzzy - desalination model — O X

File Edit View Options

13 ! peration PN
2. If (Time is High) and (Cost is High) and (Material&Equipment is High) and (Design,Implementation&Operation i
3. If (Time is High) and (Cost is High) and (Material&Equipment is High) and (Design,Implementation&Operation i
4. If (Time is High) and (Cost is High) and (Material&Equipment is Moderate) and (Design,Implementation&Opera
5. If (Time is High) and (Cost is High) and (Material&Equipment is Moderate) and (Design,Implementation&Opera
6. If (Time is High) and (Cost is High) and (Material&Equipment is Moderate) and (Design,Implementation&Opera
7. If (Time is High) and (Cost is High) and (Material&Equipment is Low) and (Design,Implementation&Operation i¢
8. If (Time is High) and (Cost is High) and (Material&Equipment is Low) and (Design,Implementation&Operation i¢
9. If (Time is High) and (Cost is High) and (Material&Equipment is Low) and (Design,Implementation&Operation is
10. If (Time is High) and (Cost is Moderate) and (Material&Equipment is High) and (Design,Implementation&Oper v
K >
If and and and Then
Time is Cost is Material&Equipme Design,Implement DesalinationTechn
Low A Low A Low A Low A A
Moderate Moderate Moderate Moderate ED
g High MSF
none none none none none
v v v N v
[ Inot [ not [Inot [ not [ not
~ Connection Weight:
Oor
@ and 1 Delete rule | Add rule | Change rule I << | >> |
FIS Name: Fuzzy - desalination model Help | Close |
Figure 4. Rules editor for desalination model.
‘4 Rule Viewer: Fuzzy - desalination model - O X
File Edit View Options
Time = 0.5 Design,impl tion&Operation = 0.5 pesalinationTechnology = 0.5
3 [ .
i
5  — ~e— C——
6 C——T ) C———
5 .
10 ]
1" :
i —— ——
1 D —m——— ————
16 I =
i —
19 C—1——
20 [ — - ~—
21 C—T C—
24 ]
25
26
27 : = —
%  — ~— C—
20 [ 1 [ — 1T [ 1
Input: [0.50.5050.5] Move et | gt | down [ wp |
Opened system Fuzzy - desalination model, 81 rules Help | Clooe |

Figure 5. Rule viewer for desalination model.
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By entering these values into the model, the output is 0.327, as illustrated in Figure 6.
This result showed that RO is the optimal technology with a percentage of 69.3%, followed
by ED at 27%, as shown in Figure 7.

The results from both the AHP and fuzzy logic models indicate that reverse osmosis
(RO) is the optimal desalination technology. The AHP model determined that RO has
the highest score with a result of 49.7%, while the fuzzy logic model showed RO as the
most suitable technology with a percentage of 69.3%. This consistency between the two
models strengthens the conclusion that RO is the most appropriate choice for desalination
technology in the context of this research.

4. Rule Viewer: Fuzzy - desalination model = ] X
File Edit View Options
Time = 0.646 Cost=0.722 Material&Equipment = 0.506  Design, ion&Operation = 0.556 p Technology = 0.327

1 I m— C——— 1  ———

2 I m— C— — 1 |

3 ————) ——— — 1 C_——1_ 1

4 [ —— | | I S — C —— e 1

5 e s— C— =~ C— =1~ 1 [ —

6 e m— [—  ~—

7 C——T ) (——1 1 . — | ——

8 C———T—9 C—I — 1 | A e — | —

9 e m— C——— 1 e

10 | A E— C—— 1

11 ——= T ] ———— [ — 1

12 | I S—— E— C——— 1

13 | A~ — C— =~ 1 | ————

14 C—= I 1 [ ~— | —— . ~— | ——

15 Z [ ] (—— 1T ] | IS —

16 | ———— C—T C —— ]

17 | IS E— | —— I A B — | — O

18 [ = ST 1 C—I — 1 C——— 1 ] C———  — 1

19 —— T —————— 1 C—  — C—

20 C——— 1 C—— 1 C—= 1T~ 1 C—— 1

21 C——— I 1 C— — 1 C—— 1

22 C———— 1 C—= I~ 1  — —— C— 1

23 (—— T [ ~— | —— . — = ~ 1

24 [ —~—~ | 1 [ ~— ]

25 C—— I 1 C—I — 1 = 1

26 C—I — 1 | —c— . —

27 ] C——1_ 1 —— 1T

28 N ) C——— 1 ——————1

29 N ] ) ——— [ i ]

20 1 1 [ 1 | S 1

Input: [0.646:0.722:0.506:0.556] | Plot points: 101 | | Move: left | right | down up | |
| Opened system Fuzzy - desalination model, 81 rules | | Help l Close l |
Figure 6. Input and output values for desalination model.
A
1 RO ED MSF
0 _ S
=

Figure 7. Results of the fuzzy logic model showing optimal desalination technology.

5. Renewable Energy Models Development

Similarly, two models for renewable energy were developed using MCDM techniques.
Utilizing the AHP method, a systematic evaluation of criteria and alternatives was con-
ducted to support decision-making in the renewable energy sector. Furthermore, the FL
technique was applied to determine the optimal renewable energy technology.

5.1. Analytical Hierarchy Process (AHP) Renewable Energy Model

For this research, the hierarchy consists of four levels. The first level is the main goal
of this research, it is “Selection Optimal Renewable Energy Technology”; the second level is
the criteria which consists of four groups: time, cost, material and equipment, and methods
statement; the third level is sub-criteria, which are time needed for the construction of the
civil works of the renewable energy components, time needed for the installation electro-
mechanical works, time needed for the installation of energy production, required energy
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production rate, initial costs of renewable energy provision, budget and financial limitations
of renewable energy, energy running cost, regular maintenance cost of renewable energy
system, availability of used material in local market, durability of used material, experience
of engineers/consultants with used material, experience of contractors with used material,
experience of workers with used material, availability of supplier in Egypt, available
storage area for material, equipment, etc., land availability for renewable energy system,
experience of engineers/consultant in applied renewable energy resource, experience
of contractors in applied renewable energy resource, experience of operator in applied
renewable energy resource, quality and efficiency level of renewable energy resource,
unsuitable weather (humidity—temperature), health and safety standards, maintenance
requirements, environmental regulations; and the fourth level is the alternatives, these
alternatives are photovoltaic (PV), concentrated solar power (CSP) and wind energy (WE),
as shown in Figure 8.

Choose a best technology of renewable
energy

A

Group 3: Material Group 4: Methods
& Equipment Statement

e — e —

Group 1: Time Group 2: Cost

Time needed

Time
needed for
the

Expérience
of

Budget & Regular
financial Energy | [reintenance
i costof
e renewable
energy
system.

Exporionce | | ¢, prionce

o opersor

inappied

renewable
anerdy

resource.

Quality and
efficiency

Experience
of

Availability

Available
Experience | | »qijability | storage area
of workers

contractors | | /MO | | of supplier | (for material,
with used in Egypt. | | equipment,
‘material.
material. Letc.

construction|
of the civil
works of the| | "Stalaton | | gqayiagion
of electro-
renewable of energy
ener mechanical | | production.
%y works. | |P" 2

e it costs

Experience Unsuitable
of
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femperature)

Required
energy
production
rate.
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resource.
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Figure 8. Hierarchy of research problem for renewable energy model.

5.1.1. Construct Comparison Matrices and Pairwise Comparison for Renewable
Energy Model

Similarly, the criteria and sub-criteria for the renewable energy model are organized
into comparison matrices. Decision-makers evaluate the relative importance of each ele-
ment concerning the main goal: “Selection of the Optimal Renewable Energy Technique”.
Each criterion within its group, and subsequently each sub-criterion, is compared pairwise
against others to determine their relative importance.

The AHP methodology is employed here as well, using the same scale from 1 to 9 for
the pairwise comparisons. The comparison matrices for the criteria and sub-criteria are
developed based on the survey data collected from the decision-makers. These matrices
enable the combination of judgments into a clear framework, which reflects the relative
weights of each criterion and sub-criterion. This systematic approach ensures that all
relevant factors are considered in the decision-making process.

Matrix 1, which shows the comparison between the main groups, is presented in
Table 13. Matrix 2, which shows the comparison between factors in the “time” group, is
presented in Table 14. Matrix 3, which shows the comparison between factors in the “cost”
group, is presented in Table 15. Matrix 4, which shows the comparison between factors
in the “Material & Equipment” group, is presented in Table 16. Finally, Matrix 5, which
shows the comparison between factors in the “methods statement” group is presented in
Table 17. Table 18 shows the synthesized matrix for the main criteria and sub-criteria.
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Table 13. Renewable energy pairwise comparison matrix for criteria groups.

Group 3: Material Group 4: Methods

No Group Group 1: Time Group 2: Cost and Equipment Statement
1 Group 1: Time 1 0.25 1 1
2 Group 2: Cost 4.000 1 3 3
3 Group 3: Material and Equipment 1.000 0.333 1 1
4 Group 4: Methods Statement 1.000 0.333 1.000 1
Table 14. Renewable energy pairwise comparison matrix for “Time” group.
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Time needed for the construction of the
1 civil works of the renewable energy 1 1 0.25
components.
2 Time needed for t}}e installation 1.000 1 1 0.25
electro-mechanical works.
3 Time needed for the 1n§tallat10n of 1.000 1.000 1 025
energy production.
4 Required energy production rate. 4.000 4.000 4.000 1

Table 15. Renewable energy pairwise comparison matrix for “Cost” group.
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provision.
) Budget and financial limitations of 1.000 1 4 3
renewable energy.
3 Energy running cost. 0.250 0.250 1 1
4 Regular maintenance cost of 0.333 0.333 1.000 1

renewable energy system.
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Table 16. Renewable energy pairwise comparison matrix for “Material & Equipment” group.
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gl — a)'. == =3 s (] — ¢} 0%1\2' : 8- g TeE
8 g & EEF BEzs g8 o LE8 )
=8 & EFe TF i BT ERR® gg
p  Availability of used material in 1 0.1667 02 03333 0.5 0.3333 1 0.125
local market.
2 Durability of used material. 6.000 1 1 2 4 2 8 0.5
3 Experience of engineers/ 5000  1.000 1 1 3 1 6 0.3333
consultants with used material.
4  Bxperienceofcontractorswith 5550 o500 1000 1 1 1 5 0.25
used material.
5 Bxperienceofworkerswithused 5 500 0250 333 1.000 1 1 4 0.2
material.
6 Availability of supplier in Egypt. 3.000 0.500 1.000 1.000 1.000 1 5 0.25
7 Available storage area for 1.000 0125 0167 0200 0250  0.200 1 0.1111
material, equipment, etc.
g  Landavailability forrenewable g 00y 5000 3000 4000 5000 4000  9.000 1
energy system.
Table 17. Renewable energy pairwise comparison matrix for “Methods Statement” group.
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Experience of
1  engineers/consultants in applied 1 2 1 0.5 0.5 1 3 1
renewable energy resource.
Experience of contractors in
2 applied renewable energy 0.500 1 0.5 0.3333 0.3333 0.5 2 1
resource.
3 Experience of operator in applied 1.000 2.000 1 05 05 1 3 1
renewable energy resource.
4 Quality and efficiency level of 2000 3.000 2000 1 1 5 3 5
renewable energy resource.
5 Unsuitable weather 2.000 3.000 2.000 1.000 1 2 3 2
(humidity-temperature)
6 Health and Safety standards. 1.000 2.000 1.000 0.500 0.500 1 3 1
7 Maintenance requirements. 0.333 0.500 0.333 0.333 0.333 0.333 1 0.3333
8 Environmental regulations. 1.000 1.000 1.000 0.500 0.500 1.000 3.000 1
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Table 18. Synthesized matrix for main criteria and sub-criteria for renewable energy.
No Factor Normalized Value
1 Group 1: Time 0.1429 0.1304 0.1667 0.1667
2 Group 2: Cost 05714 0.5217 0.5000 0.5000
3 Group 3: Material and Equipment 0.1429 01739 0.1667  0.1667
4 Group 4: Methods Statement 0.1429 0.1739  0.1667  0.1667
11 Time needed for the construction of the civil 01429 01429 01429 0.1429
works of the renewable energy components.
12 Time needed for the installation 01429 01429 01429 0.1429
electro-mechanical works.
13 Time needed for the ms'tallatlorl of energy 01429 01429 01429 01429
production.
14 Required energy production rate. 0.5714 05714 05714 05714
21 Initial costs of renewable energy provision. ~ 0.3871  0.3871  0.4000 0.3750
29 Budget and financial limitations of renewable 03871 03871 04000 03750
energy.
2.3 Energy running cost. 0.0968 0.0968 0.1000 0.1250
24 Regular maintenance cost of renewable 01290 01290 01000 0.1250
energy system.
3.1  Availability of used material in local market. ~ 0.0345 0.0301 0.0260 0.0316 0.0317 0.0316 0.0256  0.0451
3.2 Durability of used material. 0.2069 0.1805 0.1299 0.1899 0.2540 0.1899 0.2051 0.1805
33  Dxperienceof engineers/consultants With 1754 01505 01299 00049 01905 00949 01538 01204
used material.
3.4  Experience of contractors with used material. ~ 0.1034 0.0902 0.1299 0.0949 0.0635 0.0949 0.1282  0.0903
3.5 Experience of workers with used material. 0.0690 0.0451 0.0433 0.0949 0.0635 0.0949 0.1026 0.0722
3.6 Availability of supplier in Egypt. 0.1034 0.0902 0.1299 0.0949 0.0635 0.0949 0.1282  0.0903
37 Available storage area for material, 0.0345 0.0226 00216 00190 00159 0.0190 0.0256 0.0401
equipment, etc.
338 Land avaﬂab‘htsyyfs‘;;f“ewable energy 02759 03609 0.389% 03797 03175 03797 02308 03611
41 Experience of engineers/consultantin =0 1935 01379 01132 01071 01071 01132 01429 01071
applied renewable energy resource.
42 Experience of contractors in applied 0.0566 0.0690 0.0566 00714 00714 00566 0.0952 0.1071
renewable energy resource.
43  bxperience of operatorin applied renewable 113, 1379 01132 01071 01071 01132 01429 0.1071
energy resource.
44  Qualityandefficiency level of renewable 5h0) 02069 02064 02143 02143 02264 01429 02143
energy resource.
45  Unsuitable weather (humidity—temperature) 0.2264 0.2069 0.2264 02143 0.2143 0.2264 0.1429 0.2143
4.6 Health and Safety standards. 0.1132 0.1379 0.1132 0.1071 0.1071 0.1132 0.1429 0.1071
4.7 Maintenance requirements. 0.0377 0.0345 0.0377 0.0714 0.0714 0.0377 0.0476  0.0357
4.8 Environmental regulations. 0.1132 0.0690 0.1132 0.1071 0.1071 0.1132 0.1429 0.1071

The resulting pairwise comparison matrices provide a strong basis for evaluating
the alternatives: PV, CSP, and WE. The developed matrices, derived from the collective
judgments of the decision-makers, facilitate the identification of the most appropriate

renewable energy technique for achieving sustainability in Egypt’s energy sector.
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5.1.2. Steps for Calculating Consistency in AHP Renewable Energy Model

The same steps outlined in Section 5.1.2 for calculating consistency in the AHP for
the desalination model are applied. The priority vector in Table 19 could be obtained by
finding the row averages.

Table 19. Calculation and checking consistency for main criteria and sub-criteria for renewable
energy.
Weighted Consistency Consistency
No Factor Row Avg. Sam Measure A CI RI CR Check
1 Group 1: Time 0.15166 0.60753 4.00597
2 Group 2: Cost 052329 210507 402275 101036 000345 08815 000391 Con%iency
3 Group 3: Material and Equipment 0.16253 0.65114 4.00637
4 Group 4: Methods Statement 0.16253 0.65114 4.00637 0.4%
Time needed for the construction of the
1.1 civil works of the renewable energy 0.14286 0.57143 4.00000
components.
- . - Consistency
12 Time needed for the installation 0.14286 0.57143 4.00000 4 0 0.8815 0 OK
electro-mechanical works.
13 Time needed for the ins'tallatlon of 0.14286 0.57143 400000
energy production.
14 Required energy production rate. 0.57143 2.28571 4.00000 0%
21 Initial costs of rgqewable energy 0.38730 155544 401614
provision.
. T Consistency
Budget and financial limitations of
22 renewable energy. 0.38730 155544 401614 401038 000346 08815 000392 OK
2.3 Energy running cost. 0.10464 0.41905 4.00482
04 Regular maintenance cost of renewable 0.12077 0.48360 4.00445 0.4%
energy system.
31 Availability of used material in local 0.03204 026226 8.18469
market.
3.2 Durability of used material. 0.19208 1.58369 8.24514
33 Experiencg of engineers/ Fonsultants 014216 117389 8.25741
with used material.
34 Experience of contractors with used 0.09942 0.81452 819248 Consistency
material. OK
- - 8.19875 0.02839 1.4056 0.02020
35 Experience of wor_kers with used 0.07319 0.59805 8.17133
material.
3.6 Availability of supplier in Egypt. 0.09942 0.81452 8.19248
37 Available storgge area for material, 0.02479 0.20003 8.07017
equipment, etc.
38 Land availability for renewable energy 0.33690 278829 8.07637 29,
system.
41 Experi.ence of engineers/consultants in 011773 0.95749 8.13294
applied renewable energy resource.
42 Experience of contractors in applied 0.07300 0.59150 8.10250
renewable energy resource.
43 Experlencta)f operator in applied 011773 0.95749 8.13294
renewable energy resource. Consistency
44 Quality and efficiency level of 0.20898 170177 8.14315 811918 001702 14056  0.01211 OK
renewable energy resource.
Unsuitable weather
4.5 (humidity—temperature) 0.20898 1.70177 8.14315
4.6 Health and Safety standards. 0.11773 0.95749 8.13294
4.7 Maintenance requirements. 0.04674 0.37666 8.05940
4.8 Environmental regulations. 0.10911 0.88449 8.10645 1%

The final pairwise comparisons among the renewable energy technology alternatives

photovoltaic (PV), concentrated solar power (CSP) and wind energy (WE) are presented

in Table 20. Each alternative is compared against the others across all sub-criteria within
the established groups of time, cost, material and equipment, and methods statement.
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Decision-makers provided judgments that were used to construct the pairwise comparison
matrices for each sub-criterion. The consistency of these judgments was verified using
the consistency ratio (CR) to ensure reliability. The calculations involved are derived
from priority vectors and check the consistency for each factor. The synthesized results
combine the weights of all sub-criteria, offering a comprehensive ranking of the desalination
technologies. Table 20 summarizes these results, including the consistency ratios to validate
the decision-makers’ judgments.

Table 20. Final pairwise comparison results and consistency ratios for renewable energy technologies.

No Factor PV CSP  WIND A cI RI CR Consistency
Check
11 Timeneeded for the construction of the civil - (335 (5605 01062 3.038715 0.019357 05245 0.036906 Consistency OK
works of the renewable energy components.
12 Time needed for the installation 06232 02395 01373 3.018337 0.009169 0.5245 0.017481 Consistency OK
electro-mechanical works.
13 Time needed for the installation of energy 0.6333 02605 01062 3.038715 0.019357 05245 0.036906 Consistency OK
production.
1.4 Required energy production rate. 0.6530  0.2510  0.0960  3.018347 0.009174 0.5245 0.01749  Consistency OK
2.1 Initial costs of renewable energy provision. 0.6025 0.3151  0.0824  3.001982 0.000991 0.5245 0.001889 Consistency OK
22  Budgetand fma“"‘lzln lelfg“;a“ons ofrenewable a5 02648 0.0796  3.032534 0016267 05245 0.031015 Consistency OK
2.3 Energy running cost. 0.6555 0.2648 0.0796  3.032534 0.016267 0.5245 0.031015 Consistency OK
24  Regularmaintenance cost of renewableenergy 7014 2132 00853  3.032576 0016288 05245 0.031055 Consistency OK

system.

3.1 Availability of used material in local market. 0.6555 0.2648  0.0796  3.032534 0.016267 0.5245 0.031015 Consistency OK

3.2 Durability of used material. 0.5813  0.3092 0.1096 3.003696 0.001848 0.5245 0.003523 Consistency OK

3.3

Experience of engineers/consultants with used
material.

0.5813  0.3092 0.1096  3.003696 0.001848 0.5245 0.003523 Consistency OK

3.4 Experience of contractors with used material. 0.5813  0.3092 0.1096  3.003696 0.001848 0.5245 0.003523 Consistency OK

3.5 Experience of workers with used material. 0.5907 0.3338 0.0755 3.014177 0.007088 0.5245 0.013515 Consistency OK

3.6 Availability of supplier in Egypt. 0.6555 0.2648 0.0796  3.032534 0.016267 0.5245 0.031015 Consistency OK

37

Available storage area for material, equipment,

etc.

0.4720 0.4443 0.0837 3.003696 0.001848 0.5245 0.003523 Consistency OK

3.8 Land availability for renewable energy system. ~ 0.5839  0.3545 0.0616  3.035051 0.017525 0.5245 0.033414 Consistency OK

Experience of engineers/consultants in applied

41 05813 03092 0.1096 3.003696 0.001848 0.5245 0.003523 Consistency OK
renewable energy resource.

4o  Bxperienceof contractors in applied renewable 5913 3090 01096 3003696 0.001848 0.5245 0003523 Consistency OK
energy resource.

43 Experience of operator in applied renewable 5907 (3338 00755 3.014177 0.007088 0.5245 0.013515 Consistency OK
energy resource.

g4 Qualityand efﬁaenfgsieu"recle(’f renewableenergy 7380 01676 00944 3.014201 0.0071 05245 0.013537 Consistency OK

4.5 Unsuitable weather (humidity— temperature) 04444 04444 01111 3 0 0.5245 0 Consistency OK

4.6 Health and Safety standards. 04429 0.3873 0.1698  3.018309 0.009155 0.5245 0.017454 Consistency OK

4.7 Maintenance requirements. 0.4429 0.3873  0.1698  3.018309 0.009155 0.5245 0.017454 Consistency OK

4.8 Environmental regulations. 04577 04160 0.1263  3.009208 0.004604 0.5245 0.008778 Consistency OK

The final results of the renewable energy technology priority comparison with the
overall criteria show that the optimal renewable energy technology achieving all criteria is
photovoltaic (PV), with a priority of 62%, concentrated solar power (CSP) and wind energy
(WE) received second and third rank with a percentage of 29% and 9%, respectively. The
results are aligned with the Egyptian strategies for renewable energy future in terms of
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the availability of materials and equipment, which is really high for PV and then CSP and
wind, respectively.

In this research, a model is developed for applying the AHP in a step-by-step way.
This model could calculate all the steps illustrated in the AHP methodology section and
also present numerical information.

5.2. Fuzzy Logic (FL) Model

The developed model for renewable energy in this research is also based on MATLAB
(R2018a). This software was selected for its ease of installation and operation, its fully
tested system with a proven track record, and its flexibility and capacity to handle various
types of applications.

5.2.1. Data Organization and Sets for Renewable Energy

The first step of the model building is to determine the inputs and the outputs of the
model; the next step is to determine the range of all variables by the membership functions,
the selected shape of membership functions is the trapezoidal membership function. Input
variables of the fuzzy logic model are derived to represent the main criteria affecting the
selection of renewable energy technology; the criteria are divided into four sections which
are time, cost, material and equipment, and methods statement. Each group represents an
input in the fuzzy model, resulting in four inputs. The membership function model for
renewable energy is designed as the membership function in water desalination shown in
Figure 2.

The output of this model is the optimal renewable energy technology based on the
input factors, represented by membership functions, as illustrated in Figure 9. The fol-
lowing points were concluded by industry experts during semi-structured interviews and
brainstorming sessions:

e  Scores ranging from 0 to 0.5 are considered PV
e  Scores ranging from 0.3 to 0.7 are considered CSP.
e  Scores ranging from 0.5 to 1 are considered WIND.

PV CspP WIND

W

Figure 9. Membership function for output variables of renewable energy model.

5.2.2. Rule Adding for Renewable Energy Model

After naming the variables and defining the membership functions with appropriate
shapes and labels, the next essential step is to formulate the rules. This phase is crucial in
building the model. The number of rules required to control a system using fuzzy logic
is determined by the (4). For this research in renewable energy, m = 3, and v = 4 then
R = (3)* = 81 rules.

The model includes 81 possible rule combinations, each representing a unique com-
bination of the four main criteria: time (T), cost (C), material and equipment (ME), and
methods statement (MS).
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For example, rule 1 states that if (T), (C), (ME), and (MS), are all high, then the
most suitable renewable energy technology is (PV). Other rules follow similar structures,
adjusting the values of the criteria to determine the best technology. For example, if (T)
is medium, (C) is medium, (ME) is high, and (MS) is low then the renewable energy
technology remains (CSP). If (T) is medium and (C) is low while other factors are high, then
(PV) is the chosen technology, and if (T) is medium (C) is high, (ME) and (MS) are low, then
(WIND) might be the appropriate choice.

These rules, totalling 81, are designed to cover all possible combinations of the input
variables, ensuring a thorough and flexible decision-making framework. The fuzzy logic
model processes these rules to provide a robust recommendation for the most suitable
renewable energy technology based on the specified criteria, thereby aiding decision-
makers in selecting the optimal method tailored to specific conditions. The rules can be
added using the rule editor, as shown in Figure 10.

"4\ Rule Editor: Fuzzy - RE model = O X

File Edit View Options

. If (Time is High) and (Cost is High) and (Material&Equipment is High) and (MethodsofStatement is Moderate) t

. If (Time is High) and (Cost is High) and (Material&Equipment is High) and (MethodsofStatement is Low) then (I

. If (Time is High) and (Cost is High) and (Material&Equipment is Moderate) and (MethodsofStatement is High) t

. If (Time is High) and (Cost is High) and (Material&Equipment is Moderate) and (MethodsofStatement is Moder:

. If (Time is High) and (Cost is High) and (Material&Equipment is Moderate) and (MethodsofStatement is Low) t

. If (Time is High) and (Cost is High) and (Material&Equipment is Low) and (MethodsofStatement is High) then (I

. If (Time is High) and (Cost is High) and (Material&Equipment is Low) and (MethodsofStatement is Moderate) tt

. If (Time is High) and (Cost is High) and (Material&Equipment is Low) and (MethodsofStatement is Low) then (F
10. If (Time is High) and (Cost is Moderate) and (Material&Equipment is High) and (MethodsofStatement is High) Vv
K >

Co~No oA~ wNE

=

and and and Then
Time is Cost is Material&Equipme MethodsofStateme RenewableEnergy
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qQ

none

[ not [Jnot [ not [Inot [Jnot

~ Connection Weight:

Oeor
@ and 1 Delete rule l Add rule | Change rule | '_’, _,

FIS Name: Fuzzy - RE model

Help | Close I

Figure 10. Rules editor for renewable energy model.

The rule viewer shows a roadmap of the whole fuzzy inference process; the rule
viewer allows for the interpretation of the entire fuzzy inference process at once. It also
shows how the shape of certain membership functions influences the overall result. Since it
plots every part of every rule, it can become unwieldy for particularly large systems, but
for a relatively small number of input and output, it performs well, the rule viewer of this
model is shown in Figure 11.

An Excel model is developed to help the user determine the required percentage of
each group that will be used in the fuzzy model, as shown in Table 21; user input is based
on an importance scale from 1 to 9, for example, number 9 indicates the highest important
factor and number 1 indicates the lowest important factor and so on.
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Table 21. Importance scale for input variables in fuzzy renewable energy model.

Group No. Factor Weights User Input  Fuzzy Inputs %

Time needed for the construction of
1.1 the civil works of the renewable 0.24 3

%3 energy components.
£ Ti ded for the installati
S ime needed for the installation o .
= 12 electro-mechanical works. 15.4% 0.24 3 42.8%
(gD 13 Time needed for the 1n§tallat10n of 024 3
energy production.
14 Required energy production rate. 0.28 6
21 Initial costs of rgngwable energy 0.27 9
a2 provision.
g 29 Budget and financial limitations of 0.26 9
?\') ’ renewable energy. 18.3% ’ 81.9%
(83 2.3 Energy running cost. 0.23 5
24 Regular maintenance cost of 0.24 6
renewable energy system.
31 Availability of used material in local 011 ’
o market.
é 32 Durability of used material. 0.14 7
jae] . .
% 33 Experlencg of engineers/ Fonsultants 013 6
z with used material.
jov)
) Experience of contractors with used
E' 34 material. 0.13 5
o - - 32.5% 57.1%
a 35 Experience of workers with used 012 4
- ’ material. ’
Ne)
_% 3.6 Availability of supplier in Egypt. 0.13 5
E 37 Available stor.age area for material, 0.10 1
- equipment, etc.
Land availability for renewable
38 energy system. 0.15 9
41 Experience of engineers/consultant in 013 6
' applied renewable energy resource. ‘
E 42 Experience of contractors in applied 012 5
_g renewable energy resource.
" 43 Experience of operator in applied 013 6
§ renewable energy resource.
3 Quality and efficiency level of 33.9% 64.0%
Q. 44 0.13 6
vu>) renewable energy resource.
) Unsuitable weather
S 45 (humidity-temperature) 0.13 6
0
= 4.6 Health and Safety standards. 0.12
47 Maintenance requirements. 0.12 5
4.8 Environmental regulations. 0.12 6

By entering these values into the model, the output is 0.339, as illustrated in Figure 12.
This result showed that PV is the optimal renewable energy technology with a percentage
of 64.4%, followed by CSP at 39%, as shown in Figure 13.
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Figure 11. Rule viewer renewable energy model.
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Figure 12. Input and output values for renewable energy model.
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Figure 13. Results of the fuzzy logic model showing optimal renewable energy technology.

The results from both the AHP and fuzzy logic models indicate that photovoltaic (PV)
is the optimal renewable energy technology. The AHP model determined that PV has the
highest score with a result of 62%, while the fuzzy logic model showed PV as the most
suitable technology with a percentage of 64.4%. This consistency between the two models
strengthens the conclusion that PV is the most appropriate choice for renewable energy in
the context of this research.

6. Discussions and Results

The selection of appropriate desalination and renewable energy technologies is param-
ount for ensuring the sustainability and efficiency of water—energy nexus projects. The
sample size applied to achieve a confidence level above 90% is calculated to be 37 ques-
tionnaires, which is sufficient for the type of analysis conducted. While the sample size
might appear small, the high level of confidence ensures that the results are statistically
significant and reliable for the scope of this study.

This research has successfully applied both the Analytic Hierarchy Process (AHP) and
Fuzzy Logic (FL) methodologies to develop robust decision-making models for technology
selection in these critical areas.

For desalination technology, the AHP model evaluated 26 sub-criteria across four pri-
mary criteria groups, ultimately recommending Reverse Osmosis (RO), Electrodialysis (ED),
and Multi-stage Flash (MSF) technologies. Similarly, the AHP model for renewable energy
technology assessed 24 sub-criteria to choose between Photovoltaic (PV), Concentrated
Solar Power (CSP), and Wind Energy alternatives.

The results from both the AHP and fuzzy logic models indicate that reverse osmosis
(RO) is the optimal desalination technology. The AHP model determined that RO has
the highest score with a result of 49.7%, while the fuzzy logic model showed RO as the
most suitable technology with a percentage of 69.3%. This consistency between the two
models strengthens the conclusion that RO is the most appropriate choice for desalination
technology in the context of this research.

Similarly, the results from both the AHP and fuzzy logic models indicate that photo-
voltaic (PV) is the optimal renewable energy technology. The AHP model determined that
PV has the highest score with a result of 62%, while the fuzzy logic model showed PV as
the most suitable technology with a percentage of 64.4%. This consistency between the two
models strengthens the conclusion that PV is the most appropriate choice for renewable
energy in the context of this research.

The integration of Fuzzy Logic in parallel with AHP provided a comprehensive
approach that accommodates the inherent uncertainty and vagueness in the decision-
making process. This dual-method framework enhances the reliability and robustness of
the selection process, ensuring that the chosen technologies are well-suited to the specific
conditions and requirements of each project.

Our findings highlight the significant potential of combining the AHP and FL method-
ologies to guide decision-makers in selecting optimal desalination and renewable energy
technologies. This integrated approach not only streamlines the decision-making process
but also supports sustainable development goals by promoting efficient resource utilization
and minimizing environmental impact.

Ultimately, the application of these models offers a systematic, transparent, and
adaptable method for addressing the complex challenges associated with technology
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selection in the water—energy nexus, thereby contributing to the broader objective of
sustainable development.

In the future, more artificial techniques will be applied such as neuro-fuzzy, will
include other prospectives in the study such as brine disposal, employing nanomaterials
in water—energy nexus solutions as in [28], and will employ more indicators such as
environmental impact assessment.

7. Conclusions

The selection of suitable desalination and renewable energy technologies is crucial for
the sustainability and efficiency of water—energy nexus projects in both marine and inland
communities. This research addressed several key gaps in the literature by comparing the
performance of the AHP and Fuzzy Logic (FL) in evaluating these technologies. The study
applied 26 sub-criteria for desalination and 24 for renewable energy, with Reverse Osmosis
(RO) and Photovoltaic (PV) emerging as the optimal technologies. RO achieved scores of 49.7%
in the AHP and 69.3% in FL, while PV scored 62% in the AHP and 64.4% in FL, demonstrating
consistent results across both methods. By integrating the AHP and FL, this research enhances
the decision-making process, offering a comprehensive evaluation of technology options for
different locations, including offshore and coastal areas. Additionally, the application of real-
world data and models bridges the gap in the literature regarding the simultaneous evaluation
of desalination and renewable energy technologies. This integrated approach supports
sustainable development by optimizing resource use, reducing environmental impact, and
providing a robust framework for decision-making in water-energy nexus projects.
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Nomenclature

AHP Analytical Hierarchy Process

FL Fuzzy Logic

MCDM  Multi-Criteria Decision Making Model
MSF Multi-Stage Flash

RO Reverse Osmosis

ED Electrodialysis

PV Photovoltaics

CSP Concentrated Solar Power

WE Wind Energy

CcI Consistency Index

RI random consistency ratio

CR Consistency Ratio

SDG sustainable development goals

SWOT  Strengths, Weaknesses, Opportunities, and Threats
T Time

C Cost

ME material and equipment

DOI design, implementation and operation

MS Methods Statement
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Appendix A

Table Al. Desalination Projects in Egypt.

Desalination Project Technology Advantages Disadvantages
Efficient for small-scale High energy
operations consumption

Al-Arish Desalination Plant

Reverse Osmosis (RO)

Proven technology
worldwide

Requires regular
maintenance

Al yosr Hurghada
Desalination Plant

Reverse Osmosis (RO)

Provides fresh water

High operational costs

Suitable for coastal areas

Impact on marine
ecosystems

Safaga Desalination Plant

Reverse Osmosis (RO)

Vital for supporting
industrial and mining

Requires a stable energy
source

Sharm El-Sheikh Desalination

Plant

Multi-Stage Flash (MSF)

activities High brine discharge
. . Very high energy
High capacity consumption

Reliable in extreme

Requires large

environmental .
.. infrastructure
conditions
Susceptible to fouling
Critical for supplyin: ;
Marsa Matrouh Desalination PPiymg and scaling

Reverse Osmosis (RO)

drinking water in

Plant remote coastal regions Energy-intensive
operation
More energy-efficient Limited scalability

Ain Sokhna Desalination Plant

Multi-Effect Distillation

compared to MSF

Ras Sedr Desalination Plant

(MED) Robust in industrial Complex operation and
% p
settings maintenance
Provides fresh water for High cost

Reverse Osmosis (RO)

military and residential
use in remote areas

Environmental concerns
related to brine disposal

Abu Qir Desalination Plant

Multiple Effect Distillation
with Thermal Vapor
Compression (MED-TVC)

High energy efficiency

Limited to use in power
plant contexts

Minimizes brine
discharge

Requires complex
infrastructure
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