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Abstract: Relative to other renewable energy technologies, concentrated solar power
(CSP) is only in the beginning phases of large-scale deployment. Its incorporation into
national grids is steadily growing, with anticipation of its substantial contribution to
the energy mix. A number of emerging economies are situated in areas that receive
abundant amounts of direct normal irradiance (DNI), which translates into expectations
of significant effectiveness for CSP. However, any assessment related to the planning
of CSP facilities is challenging because of the complexity of the associated criteria and
the number of stakeholders. Additional complications are the differing concepts and
configurations for CSP plants available, a dearth of related experience, and inadequate
amounts of data in some developing countries. The goal of the work presented in this
paper was to evaluate the practical CSP implementation options for such parts of the world.
Ambiguity and imprecision issues were addressed through the application of multi-criteria
decision-making (MCDM) in a fuzzy environment. Six technology combinations, involving
dry cooling and varied installed capacity levels, were examined: three parabolic trough
collectors with and without thermal storage, two solar towers with differing storage levels,
and a linear Fresnel with direct steam generation. The in-depth performance analysis
was based on 4 main criteria and 29 sub-criteria. Quantitative and qualitative data, plus
input from 44 stakeholders, were incorporated into the proposed fuzzy analytic hierarchy
process (AHP) model. In addition to demonstrating the advantages and drawbacks of each
scenario relative to the local energy sector requirements, the model’s results also provide
accurate recommendation guidelines for integrating CSP technology into national grids
while respecting stakeholders’ priorities.

Keywords: renewable energy sources; concentrated solar thermal power; fuzzy analytic
hierarchy process; energy planning in developing countries; direct normal irradiance (DNI)

1. Introduction

Widespread reliance on electricity has made its generation an indispensable element
in the progress of modern society. The current operators of national grids must address
numerous challenges associated with an expanding world population that still includes
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more than one billion people who lack adequate access to electricity. Other difficulties
are linked to the increasing number of features of today’s world that now require power
generation. Such considerations represent additional concerns over and above addressing
ever-increasing demand, combined with pressures to reduce greenhouse gas emissions
through the integration of renewable energy into the grid arising due to increasing global
awareness of the urgent necessity to develop sustainable renewable energy sources (RESs).
To this end, the total installed RES capacity has risen from close to 60 GW (2000) to
more than 2628 GW (2023), with CSP accounting for 6.8 GW, generating 12,828 GWh of
electricity in 2022 [1]. Figure 1 illustrates detailed global RES capacities, with the exception

of hydropower.
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Figure 1. Cumulative installed RES capacities worldwide. Source: IRENA, 2025 [1].

In particular, the past decade has seen notable advances with respect to solar power
technology, and continual new developments are anticipated. Close examination of Figure 1
reveals that the bulk of solar technology development features photovoltaic (PV) elements,
which extract power from solar global horizontal irradiance (GHI), in contrast to concen-
trated solar power (CSP), which harvests only from direct normal irradiance (DNI). The
preponderance of PV technology is attributable to the higher exposure levels of and thus
greater opportunities with GHI than with DNI, as indicated in Figure 2. The result has
been huge sales of residential and large-scale PV installations, that have then led to lower
costs for PV modules through economies of scale, plus research and development (R&D).
With respect to both technological advances and diminished costs, CSP still fails to match
PVs. On the other hand, CSP can offer important benefits, such as the use of thermal
energy storage (TES) and opportunities for hybridization with conventional power plants
and auxiliary burners, which can improve the effects of dispatchability and lengthen the
electrical production times. These advantages favor the advancement of CSP, as does the
forecast from the International Energy Agency (IEA) roadmap, which predicts that by 2050,
a total of 22% of the power generated worldwide will be derived in equal parts from solar
thermal technologies and PVs [2].

To effectively integrate CSP systems into national electrical grids, several factors must
be considered, including grid stability, dispatchability, and energy storage capabilities.
CSP plants with TES can provide a stable and controllable power output, reducing the
fluctuations caused by variable DNI levels. This makes CSP particularly advantageous
compared to other intermittent renewable sources, as it can supply electricity even after
sunset. Additionally, integrating CSP into existing grids requires proper grid infrastruc-
ture enhancements, including high-voltage transmission lines to transport electricity from
sun-rich regions to demand centers. Policymakers and grid operators must also establish



Energies 2025, 18, 1957 3 of 25

regulatory frameworks that accommodate CSP’s unique generation characteristics, ensur-
ing smooth grid synchronization and load-balancing. By leveraging hybridization with
conventional power plants and advanced forecasting techniques, CSP can play a significant
role in improving the grid’s reliability while supporting the transition toward sustainable
energy systems. This study aids in this integration by identifying key parameters such
as TES capacity, reliability, and economic feasibility, among other parameters, helping
policymakers and planners select CSP configurations that align with grid requirements.

T
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Figure 2. World map for DNI (Left) and GHI (Right). Source: SolarGIS, 2025 [3].

Previous financial backing of electrical installations based on fossil fuels means that
changing to new methods of power generation requires government-mandated facilitation.
This state of affairs, which is called the lock-in effect, is prevalent in developed countries,
where long-established capital interests underpin the national grids that provide electricity
to most populated areas [4]. Conditions are drastically different in more economically
advanced countries, which must meet ongoing demands for sizable expansion of the
generation capacity in response to fast growth. In these countries, grid operators must
decide on complicated issues surrounding their choice of mechanisms for augmenting their
electrical networks. Despite their motivation to explore new technologies, many developing
countries that enjoy abundant solar radiation, with a corresponding potential to exploit
solar energy, are also deficient in adequate experience to authorize and initiate CSP projects.
A further impediment is the early emergent stage of widespread CSP deployment, the lack
of a requisite blend of conceptually disparate technical components, and a dearth of the data
necessary to correctly evaluate possible solutions. Together, these barriers compound any
related reservations that might have a bearing on an investor’s desire to underwrite CSP
projects. A crucial need thus exists for frameworks that can draw on all of the obtainable
data and address intangible factors to provide a systematic decision-making procedure
that incorporates all related paths and perspectives: technical, economic, environmental,
social, and political. A vital consideration to underscore is that electrical systems must be
viewed as complex systems, comprising numerous elements and disparate entities whose
interactions through networks result in new properties, as well as evolving adaptive and
learning techniques [5]. Taking this point into account in the overall decision-making is
essential. A World Bank study directed at investigating the scaling up of CSP in emerging
economies highlighted India, South Africa, and the Middle East and North Africa (MENA)
as regions where large-scale CSP projects might be feasible [6].

The Literature Review

The literature provides reports of RES evaluations based on both regular and fuzzy
multi-criteria decision-making (MCDM) techniques [7] With respect to investigations of
CSP in particular, numerous researchers have assessed CSP technology in terms of its power
generation, but most of these have concentrated primarily on technical and economic fac-
tors [8-13]. Few have considered solar thermal power from a multi-criteria perspective.
Nixon et al. [14] employed the analytic hierarchy process (AHP) to choose the optimal



Energies 2025, 18, 1957

4 of 25

methodology for solar thermal collection in northwestern India. For future research, the
authors recommended obtaining more accurate outcomes by applying further assessment
criteria and consulting with additional experts. They concluded that using linear Fres-
nel (LF) technology in combination with secondary compound parabolic trough (PT) or
parabolic dish (PD) reflectors would be the most desirable solution. Rai [15] proposed
a quantitative evaluation model for a comparative analysis of the development of the
installed solar energy capacity in various geographical alternatives. They employed a
combination of modified CRITIC and VIKOR methods and identified areas with a strong
performance and those that needed improvements in solar energy development. Ingen-
hoven et al. [16] conducted a techno-economic assessment of a CSP system that could
deliver process heat at a temperature of 1100 °C, with the levelized cost of heat (LCOH)
for the solar component ranging between 37 and 39 USD/G]J, achieving an annual solar
share of 28% to 53% of the total heat demand for industrial processes. Their analysis
indicated that while the system was not yet optimized for the lowest cost of industrial heat,
the sensitivity analysis showed that the solar share could be nearly doubled with only a
5% increase in the LCOH, highlighting the potential for an improved performance with
further optimization.

With the goal of prioritizing CSP projects to maximize the profits of medium-sized
Spanish companies, Aragonés-Beltran et al. [17] evaluated economic feasibility and ana-
lyzed project risk. They divided their work into three phases, each with a set of decision
criteria as stipulated by local project teams and decision-makers. To examine the use of
CSP approaches in Italy, Cavallaro [18] chose the preference ranking organization method
for enrichment evaluation (PROMETHEE). He specified 12 explicit alternatives, designated
according to the methodologies and components employed in the CSP plants, establishing
seven decision criteria for assessment. The criteria were derived from technical, environ-
mental, and economic perspectives, as set out mainly in the European concentrated solar
thermal road mapping report [19]. In other work, Peterseim et al. [20] used the AHP to
assess how well CSP technologies could be hybridized with both conventional energy
technologies and RESs. Nixon et al. [21] analyzed novel LF collector designs by develop-
ing a model based on both MCDM and quality function deployment (QFD) techniques.
Abouhawwash and Jameel [22] evaluated solar power installations using a neutrosophic
MCDM approach, emphasizing criteria such as technological feasibility, economic viabil-
ity, environmental impact, legal frameworks, and social acceptance. They employed the
CRITIC method to determine the weights of these criteria, providing insights for informed
decision-making in solar power solutions.

To contribute additional knowledge to the findings already reported in the literature,
the goal of this research was to develop a basis for evaluating practical alternative CSP tech-
nologies and implementation strategies in developing countries. Because fuzzy analytics
are an effective means of successfully dealing with uncertainty, such as that associated with
CSP, MCDM was applied in a fuzzy environment to assess a variety of possible CSP scenar-
ios. The complexity inherent in centralized power plants projects arises from the multiple
parameters and numerous stakeholders engaged in the process. For this reason, some level
of uncertainty and subjectivity is always present, and in the particular conditions under
study, the lack of CSP experience and insufficient data prevalent in the countries of interest
only exacerbate these challenges. The analysis undertaken for this research was reliant
on numerous assessment factors. As explained in Kassem et al. [23], the criteria adopted
were determined based on comprehensive definitions developed through a structured
analytic deliberative process (ADP) derived from a solid consensus of experienced experts
in the CSP domain. With respect to the alternatives explored, rather than targeting only the
collection technologies, this work involved the examination of scenario-based possibilities
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as a means of widening the scope of the analysis. The inclusion of varied scenarios in the
evaluation served to emphasize more practical solutions and increased the accuracy of
the results. The goal was to provide planners in developing countries with a method for
honing in on the practical possibilities during the early planning phases so that they would
be able to discern the CSP technologies and configurations that could enhance the support
for sustainable development in ways that met the local requirements.

2. The CSP Assessment Background

The planning involved in providing electrical generation is complicated. Such projects
are usually subject to national development stipulations, with numerous interconnected
parameters, stakeholders, investments, and affected consumers. A further element is the
vital process of incorporating RESs into national grids, which adds enormous difficulties
and unpredictable hurdles [5]. A successful analysis of all relevant assessment criteria must
take into account not just crucial technical and economic factors but also environmental,
social, and political elements. Generation facility planners must therefore carefully appraise
a myriad of often incompatible constraints and diverse stakeholder perspectives. For this
reason, a fully optimal solution that provides the best outcomes from all points of view
is thus unfeasible in practice; instead, rather than providing perfect answers, MCDM
techniques can indicate the possibilities in order of priority. An important benefit of using
MCDM is its ability to analyze multiple options based on consideration of a variety of
criteria, expressed in differing units of measurement [24].

Many MCDM methods, such as VIKOR, PROMETHEE, TOPSIS, and the Best-Worst
Method, have been developed and widely adopted for decision-making problems. How-
ever, none of the many versions of MCDM available can effectively address all problems:
each has both advantages and disadvantages. For this study, the AHP was chosen because
of a number of elements that make it especially appropriate for tackling the challenges
associated with CSP planning. First, the AHP clarifies and streamlines the decision-making
mechanism by decomposing complicated issues hierarchically. A second benefit is that
the AHP establishes a baseline for the computational requirements involved in both quan-
titative data and any associated qualitative and intangible elements, thus offering the
mathematical capability to merge such diverse forms of input into one matrix, leading
to a unified final solution. The third asset of the AHP is its unique review opportunity
to check for and screen out inconsistent stakeholder input values, thus enhancing the
accuracy of the outcomes. Mapping the qualitative preferences derived from the judgment
of stakeholders without at least potentially introducing subjectivity is difficult. Additional
ambiguity accompanies the insufficient data and inexperience with large-scale CSP projects
that characterize conditions in many emerging economies, and the fact that CSP itself is still
in the early development stage only compounds these problems. Also, the AHP features a
crisp numerical scale that has received negative reviews in some literature reports because
it cannot satisfactorily handle the uncertainty and imprecision involved in delineating
human perceptions [25]. For these reasons, using a fuzzy environment in which to employ
the AHP can enhance the accuracy of the assessment outcomes since this technique en-
ables any associated vague language, uncertain parameters, and inadequate knowledge to
be addressed.

While alternative weighting methods exist, each comes with specific limitations that
make them less suited to this study. VIKOR and PROMETHEE, for instance, are primarily
ranking-based methods that focus on identifying compromise solutions and preference
outranking, respectively. However, they do not provide the needed structured hierarchical
decomposition, making them less effective for handling multi-level decision problems
involving both qualitative and quantitative factors. The Best-Worst Method (BWM), al-
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though useful in reducing the number of comparisons and improving consistency, relies on
the accurate identification of the most and least important criteria, which can introduce
subjectivity and bias. Although the BWM offers simplicity and enhanced consistency
through fewer comparisons, we specifically selected the AHP over the BWM for two main
reasons. First, the AHP enables the comprehensive capture of stakeholders” input and
representations of their judgments without explicitly identifying a single best and worst
criterion, as in the BWM, or an ideal solution, as in TOPSIS. This feature is crucial for
this research, as the goal is to thoroughly evaluate various CSP scenarios, clearly deter-
mining their strengths and weaknesses, thereby supporting informed and flexible current
and future decision-making rather than pinpointing one optimal solution. Second, the
structured hierarchical evaluation provided by the AHP makes it particularly suitable
for the complexities tackled in this study. CSP assessments involve detailed considera-
tion of numerous interconnected technical, economic, environmental, and social criteria
and sub-criteria. The structured nature of the AHP effectively manages and transpar-
ently presents these multifaceted evaluations, enhancing stakeholders” understanding
and facilitating more robust decision-making. By integrating fuzzy logic into the AHP
framework (FAHP), the chosen approach further enhances the handling of ambiguity and
uncertainty inherent in CSP planning, systematically incorporating both expert judgment
and quantitative data into a coherent assessment. This combination effectively balances
the computational feasibility with structured, expert-driven evaluations, thus supporting
robust and informed decision-making.

The literature mentions a number of fuzzy AHP extent analysis techniques that have
been applied to provide a variety of systematic and computational methods for resolving
issues related to the uncertainties associated with alternative selections and problem justifi-
cations by means of employing a fuzzy concept. Bozbura et al. [24] and Demirel et al. [26]
published comprehensive comparisons that detailed the benefits and drawbacks of AHP
fuzzy extent methods. For the work presented here, the choice was to employ Chang’s
extent analysis method [27,28], which relies on triangular fuzzy numbers (TFNs) rather
than crisp values. Because the Chang extent technique adheres to the same structure as the
original AHD, it offers the previously mentioned critical advantage of checking for inconsis-
tent stakeholder-supplied variables so that they can be screened out. The Chang extent also
circumvents the enormous computational loads associated with other approaches, such
as those of Van Laarhoven and Pedrycz [29] and Buckley [30]. A further bonus is that to
limit the pressure that questionnaire respondents might feel when they have no opinion
about or knowledge of particular questions, the Chang extent permits blank responses.
Building on these foundational advantages, we specifically selected the triangular fuzzy
numbers (TFNs) within Chang’s extent framework due to their straightforward, easily
understandable format, crucial for engaging our diverse group of stakeholders effectively.
This method not only simplifies the interpretation of fuzzy logic for non-experts but also
integrates seamlessly with the rank number of alternatives (RNA) method used in this
study, ensuring robust data handling across both qualitative judgments and quantitative
metrics. By maintaining methodological rigor without excessive computational demands,
TFNs optimize the balance between the depth of the analysis and its practical feasibility,
thus enhancing our capacity to manage the uncertainties inherent in evaluating various
CSP scenarios efficiently and transparently.

Evaluating the development of a CSP facility requires the establishment of adequate
assessment criteria. When power generation is owned primarily by private sector entities,
the development focus tends to lean more toward technical and commercial practicality.
This perspective is the norm in developed countries where governments enact legislation
that provides financial incentives to help less established technologies reach equal footing to
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that of more full-fledged ones. This strategy serves to diversify energy initiatives, creating
more sustainable electricity generation alternatives. In contrast, the usual arrangement in
evolving nations is state-owned power production, which has the effect of expanding the
focus of electric generation projects beyond techno-economic drivers. In prior work, we
conducted extensive research to examine combinations of assessment criteria for CSP plants
in emerging economies [23]. The resultant aggregated value tree is displayed in Figure 3,
and the alternatives were assessed for this study according to the process indicated.
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Figure 3. CSP evaluation value tree for use in developing countries [23,31].

In terms of alternatives, six alternative scenarios were defined in a previous study,
including combinations of different potential CSP technologies, as shown in Figure 3 [31].
These alternatives were defined based on comprehensive research into the merits of the
different technologies involved in CSP power plants through a strength, weakness, op-
portunities, and threats (SWOT) analysis. Simulations were carried out of the alternative
scenarios to evaluate technical and economic parameters that essentially had high influence.
The different capabilities of the alternatives urge for consideration of all of the related crite-
ria and the inclusion of stakeholders’ evaluations for the criteria and sub-criteria weights;
this helps overcome the shortcomings of a mere techno-economic evaluation in that when
certain alternatives perform better technically with the compromise of higher costs, the
evaluation matrix considers these differences based on stakeholders’ interests. The alter-
native scenarios are presented below; they were defined to support the concentration on
practical potential configurations of CSP technologies to support sustainable electrification
in developing countries in the early stages of CSP adoption, whereas Saudi Arabia was
taken as a case study [31].

e Alternative 1: Gross capacity of 100 MW, parabolic trough (PT) with synthetic oil as
the heat transfer fluid (HTF), no storage, and dry cooling;

e  Alternative 2: Gross capacity of 170 MW, PT with synthetic oil as the HTF, molten salt
for 3 h of TES, and dry cooling;
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Define decision
criteria and
alternatives

e  Alternative 3: Gross capacity of 200 MW, PT with synthetic oil as the HTFE, molten salt
for 6 h of TES, and dry cooling;

e  Alternative 4: Gross capacity of 110 MW, solar tower (ST), molten salt as the HTF and
for 10 h of TES, and dry cooling;

e  Alternative 5: Gross capacity of 200 MW, ST, molten salt as the HTF and for 12 h of
TES, and dry cooling;

e  Alternative 6: Gross capacity of 125 MW, linear Fresnel (LF) with direct steam genera-
tion (DSG), no storage, and dry cooling.

3. Methodology

The goal of the methodology proposed in this paper, as summarized in Figure 4, was
to evaluate potential alternative CSP scenarios based on hierarchal consideration of all
pertinent criteria. Stakeholders” opinions about the decision criteria and sub-criteria were
obtained through the application of pairwise comparisons of TENs. Rigorous research was
directed at acquiring alternative assessments that took into account both quantitative and
qualitative factors. Achieving this objective entailed the calculation of priority weights,
comparison of the levels of possibility, and the establishment of weight vectors. To screen
out inconsistent outcomes, the checking feature was engaged to verify the parameter evalu-
ations: any assessments that exhibited discrepancies were sent back to the stakeholders
with feedback reports so that these parameters could be re-evaluated. In this way, the
model was synthesized, an evaluation matrix was acquired, and findings were output. The
next step was the sensitivity analysis, followed by the final recommendations.

} B 1 Feedback Re-evaluate
i F asedon | report
I previous research}
L 77777777 ) Not
I consistent
Build FAHP . o Compare degrees of
N model for N Obtain quantitative Ls| possibilities for TFNs and F»] Construct fuzzy Measure

assessment

and qualitative data

evaluation matrix

consistenc,

determine weight vectors

,,,,,,, I

: ]
} Based on literature,
I previous research, and

|
|
|

I .

| stakeholder evaluations J

Consistent

Sensitivity
analysis

Synthesize model
and obtain results

Figure 4. Proposed methodology.

To enable quantification of the ambiguity inherent in imprecise human thoughts and
perceptions, as well as the uncertainty that characterizes the planning of early-phase re-
newable energy initiatives, the AHP method was combined with fuzzy set theory [24,25].
Chang’s extent analysis method enables the use of TFNs to handle uncertainty and ambi-
guity through representation and processing in a fuzzy environment [32]. Normally, a TFN
is defined as a triplet and denoted as M, which can be represented by (I, m, 1) in which
(I <m < u). For greater values of u — [ and fuzzier degrees and if | = m = u, then M is not a
fuzzy number. Table 1 indicates the TEN scale employed to convert the language of the
stakeholder input based on data elicitation.
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Table 1. Triangular fuzzy conversion scale [33].
Linguistic Scale TFN Scale TFN Reciprocal Scale
Just equal (1,1,1) (1,1,1)
Equally important (1/2,1,3/2) (2/3,1,2)
Weakly important (1,3/2,2) (1/2,2/3,1)
Strongly more important (3/2,2,5/2) (2/5,1/2,2/3)
Very strongly more important (2,5/2,3) (1/3,2/51/2)
Absolutely more important (5/2,3,7/2) (2/7,1/3,2/5)
The basic TFN mathematical operations employed were as follows:
Addition: My @ My = (Iy, my, u1) & (lp, M, ) = (ly + Lo, 1y + 1mp, Uy + Up) (1)
Multiplication: My ® My = (I3, mq, uq) © (Ip, my, up) = (I11, mymy, ujuy) 2)
Inversion: (M1) ™" = (h, my, ) ™" & (1/u1,1/m1, 1/1) (3)

The Chang extent analysis method smooths the process of comparing fuzzy numbers
in order to prioritize factors and alternatives. The following subsections detail the specific
steps in the proposed methodology.

3.1. Data Collection

Before the fuzzy analytic hierarchy process (FAHP) calculations were performed,
both qualitative and quantitative data were collected, with the latter having measurable
parameters. A review of prior analyses of RESs and solar technology revealed the frequent
heavy weighting given to a number of technical and financial parameters: the conversion
efficiency, annual energy output, initial cost, and energy cost. Pursuant to these findings, in
a previous comprehensive examination, we established accurate data for these quantitative
parameters [31]. Additionally, for the work presented here, further quantitative and
qualitative data were acquired in conjunction with an assessment of tangible and intangible
parameters as a means of establishing the sub-criteria, which were based on an in-depth
search of the literature, industrial reports, and international databases. The qualitative
assessments, however, involved evaluation of the criteria relative to the primary objective
of prioritizing the CSP alternatives and establishing appropriate sub-criteria for the parent
criteria. These qualitative data were extracted from responses to a questionnaire completed
by stakeholders representing economically emerging countries whose environments were
deemed to be suitable for CSP. The questionnaire asked the respondents to weight a large
number of assessment parameters according to a linguistic scale, and the resulting linguistic
values were then converted into TFNS.

3.2. Establishing Priority Weighting

This phase of the methodology entailed the use of TFNs for pairwise comparisons.
The findings with respect to the use of AHP applications reported in previous publications
showed that greater numbers of decision criteria and sub-criteria led to frequently contra-
dictory answers from participants, which was attributable to the complexities arising from
the consequently larger number of pairwise comparisons. In an effort to alleviate this issue,
for this study, an FAHP-integrated scaling method was employed to gather participants’
responses. The answers were then aggregated as rank numbers of alternatives (RNA) for
conversion into pairwise comparisons suitable for inclusion in the FAHP scale. Equation (4)
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defines the calculation of a scoring value (SV) introduced in order to establish a pairwise

comparison of two alternatives (A and B) [34].
S (RNA(1)~RNA@g +1) i RNA(y) —RNA@) >0 "
(1/(RNA(g ~ RNA(4)+1)) ,if RNA(z) —RNA( <0

In contrast, for quantitative parameters, values that designated sub-criteria alternatives
were translated into TFNs with the use of a specified step value (h) in the range from Kpin
to Kmax based on Equations (5) and (6) [34].

o Kinax — Kmin

: 5

)

where Kmax and K, are the maximum and minimum values of the alternative quantitative
data associated with a particular parameter. The RNAs were determined according to
Equation (6) and transposed into TFNs using the mapping values listed in Table 2.

INT (5 %) . if Ko is preferred
RNA;) = INT (K(i) *}Il((mm)) )

wherei=1,2,...,n, and n is the number of alternatives.

if  K(nax) is preferred

Table 2. Individual pairwise comparison of decision criteria with respect to the overall evaluation goal.

Technical Economic Environmental Social
(1/2,2/3,1) - (2,5/2,3)
Technical (1,1,1) (1/2,2/3,1) (1/3,2/5,1/2) (2/5,1/2,2/3)
(1/3,2/51/2) (1/2,2/3,1) -
(1,3/2,2) - (5/2,3,7/2)
Economic (1,3/2,2) (1,1,1) (2/5,1/2,2/3) (1/2,2/3,1)
(2,5/2,3) (3/2,2,5/2) -
Environmental (2,5/2,3) (3/2,2,5/2) (1,1,1) (1,3/2,2)
(1,3/2,2) (2/5,1/2,2/3) -
(1/3,2/5,1/2) (2/7,1/3,2/5) -

Social (3/2,2,5/2) (1,3/2,2) (1/2,2/3,1) (1,1,1)

Priority weight values were then acquired from the synthetic extent value S for the ith
object, as expressed in Equation (7).

m i n m - 1-—1
5= Ezl M]gi @ {Zizl Zj:l M]gi} (7)
where

Z;n:l M({;z‘ - {27:1 ljs Z?:l mj, Z?:l ] (8)

. I 1 1 1
o) = (e o ) ®
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3.3. Comparing the Degrees of Possibility

The next action was to compare the fuzzy numbers. For pairwise comparisons, the big-
ger number in each set of two TFNs was identified as a means of computing approximations
for the sets of weight values. The degree of possibility was established as follows:

V(M 2 M) = sup,, [min(pn (x), pme(y))] (10)

where sup represents the supremum, which is the least upper bound of a set, and x and y
represent the values on the axis of the membership function [32,35]. M; and M, are convex
fuzzy numbers; the following equations were employed to calculate their comparisons:

VM, >M)=1, iff my>m (11)
V (M; > M) =0, iff h>up (12)
where iff stands for if and only if; otherwise,

(lh —u)

(i — w2) — (1 — 1) (13)

V(Mz > Mz) = hgt(Ml ﬂMz) = ‘uMl(d) =

where hgt represents the height, and 4 is thus the ordinate of the highest intersection
point between jip11 and o, that is, the highest intersection point between the two fuzzy
numbers My and My, as displayed graphically in Figure 5:

r

1+

V(M, = M) 1

0

Figure 5. Comparison of two fuzzy numbers M1 and M2 [27].

3.4. Obtaining the Weight Vector

The next step was to establish the weight vector W’ in a non-fuzzy form, as follows:
W' =[d' (A1), d" (A2) ... d" (An)] (14)
where d’(A;) is assumed to be
d (A;) =min V (S; > Sy) k=1,2...nand k # I (15)

The degree of possibility associated with a convex fuzzy number can be defined to be
greater than k convex fuzzy number M; (i = 1, 2.. . k), as given in the following equation:

V(M2> My, My... My) =V [(M > M), M>M)...(M2> M) (16)

V =min V(M > M) i=1,2...k (17)

Normalizing W’ then gives W, which is a non-fuzzy number that can be used to assess
alternatives based on Saaty’s main AHP approach [36,37], whereby

W =1[d (A1), d (Az). .. d (An)] (18)
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4. The Case Study

The next stage of this work was to conduct a sample case study of the process of
choosing CSP plant technologies in developing countries. However, the model developed
is also appropriate for use with different technologies and other geographic areas.

4.1. Criteria and Sub-Criteria Priority Weighting

This section explains how the second- and third-level hierarchical priority weights
were established. The opinions of 44 stakeholders associated with renewable energy in a
number of developing countries that exhibit significant potential to successfully employ
CSP were solicited by means of a questionnaire. Table 2 presents the individual pairwise
comparisons, for which the responses of three stakeholders are designated by the three
rows in each cell of the matrix, employed to assess the primary criteria related to the overall
evaluation goal. Then, Table 3 provides the aggregated pairwise comparisons according
to the TEN geometric means for all of the participants with respect to the decision criteria
associated with the goal.

Table 3. Aggregated pairwise comparison of decision criteria with respect to the overall evaluation goal.

Technical Economic Environmental Social
Technical (1,1,1) (0.54,0.95,1.39) (0.77,1.22,1.70)  (0.98,1.46,1.94)
Economic (0.72,1.05,1.85) (1,1,1) (0.801.28,1.77)  (1.01,1.53,2.04)
Environmental (0.59,0.82,1.30) (0.56,0.78,1.25) (1,1,1) (0.75,1.21,1.70)
Social (0.52,0.69,1.02)  (0.49,0.65,0.99)  (0.59,0.82,1.34) (1,1,1)

Based on the aggregated pairwise comparison, the synthetic extents were determined
using Equations (7)—(9) as follows:

S1 =(0.15,0.28,0.49), S, = (0.16,0.30,0.54), S3 = (0.13,0.23,0.43), S4 = (0.12,0.19,0.35).

Then, the degrees of possibilities were found through Equations (10) to (13):

V(51 >5,)=0.96, V(S; > S3) =1, V(51 > S4) =1: So, V(S1 > Sy, S3, S4) = 0.96

V(S2>51)=1, V(S >S3) =1, V(S > Sg) =1: So, (S2 > 51, S3,54) = 1

V(S3 > 51) =0.85, V(S3 > Sp) =0.81, V(S3 > S4) = 1: So, V(S3 > 51, Sy, S4) = 0.81

V(S4 > 51) =0.70, V(S4 > Sp) = 0.66, V(S4 > S1) = 0.85: So, V(S4 > 51, Sp, S3) = 0.66

Priority weights were, in turn, established for the four parent decision criteria accord-
ing to Equations (14)-(18), and the sub-criteria priority weights associated with each parent
criterion were then calculated in a similar manner.

Guidelines for assessment of the alternatives were derived from comprehensive re-
search in the literature, industrial reports, international databases, and previous simu-
lation results. All of this information played a role in ascertaining how well each al-
ternative performed in regard to each sub-criterion. Table 4 specifies the quantitative
and qualitative factors employed to assess the alternatives vis-a-vis each sub-criterion.
Furthermore, an extended analysis of the data presented in Table 4 can be found in the
Supplementary Materials.

4.2. Results and Discussion

An FAHP model was applied to assessing the CSP alternatives relative to the primary
goal, criteria, and sub-criteria. The findings were derived from quantitative and qualitative
data extracted from the literature, simulation results, industrial reports, and international
databases, as well as stakeholders’ feedback and opinions.
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Table 4. Measurement factors for evaluation of alternatives with respect to sub-criteria.

Label Sub-Criteria M‘f;z‘;:g:g:nt Type Unit Summarized Information
Technical
Total installed PT with synthetic oil (no storage):
T1 Maturity capacit Continuous MW 2234 MW, PT with TES: 1180 MW; solar
pacity tower (ST): 640 MW; LF: 181 MW
ST has a concentration level of up to
T2 Optical efficiency Concentration level Continuous Suns 1000 suns, PT 70-80 suns, and
LF 60 suns
The capacity factors of alternatives 1 to 6
T3 Conversion efficiency Capacity factor Continuous % were 22.4%, 30%, 39.9%, 59.5%, 64.1%,
and 27.1%, respectively
Ability to support PT (no TES): medium reliability (75%
T4 Reliability rigl] stabillia tp Discrete 1-5 Likert scale capacity credit); PT (TES): high (98%);
& y ST (TES): high (98%); LF: medium (75%)
. . Development: 18 months (all
T5 Deployment time {i{equllred tmte foé Continuous Months technologies); construction:
ploy eve opment an uou 18-36 months, depending on plant
construction . . .
capacity and configuration
Severe accidents 0.035-0 zgzsf falt_amy/lg‘t;:h (i
. . .035-0. atalities owest
Té6 Safety throughot}llt Fhe Continuous Fatalities/GWh/y among RESs); PVs: 0.245; wind: 1.89
energy cham fatalities/GWh
PT and LF: high scalability (e.g., SEGS:
T7 Scalability.and Ability to scale and Discrete 1-5 Likert scale 354 MW in 9 phas'es) ; ST: limited, but
modularity augment technology potential shown with modular designs
like Sierra SunTower (5 MW)
Total time thermal . :
energy can operate a ) 8-12 h storage capacity v.v¥th TES
T8 Storage hours Continuous Hours systems, ensuring flexibility and
plant at the id stabilit
rated capacity grid stabrity
Hybridization costs reduced by 28%; LF
Cqe Suitability for . . best for applications <450 °C, ST for
T Hybridization hybridization Discrete 1-5 Likert scale >450 °C; common models: ISCC plants
(e.g., Ain Beni Mathar)
PT: 15-30% cost reduction potential,
it improvement ST 15,25 cos
T10 advancement increased efﬁc1gncy Discrete 1-5 Likert scale improv emznt; LF-1 5_§5% cost
potential and cost reduction . -
reduction potential, very
significant improvement.
Key components and Availability of crucial MENA: lack of a skilled workforce for
T11 availability of hardwgrﬁ, software, Discrete 1-5 Likert scale keg/ CSbP corrlljpor.ler;lts (e.g.(,ir'ntalten s_alt,
expertise and human absorber tubes); advanced industries
resources expertise required for local production
Economic
Cost ranges: LF (444-495 MUSD) < PT
. . : (941-1290 MUSD) < ST
EC1 Capital cost Initial plant cost Continuous MUSD (1878-1948 MUSD): PT: lowest cost
among TES systems
Operation and . . Annual O&M costs of alternatives 1 to 6
EC2 maintenance F1xeg érl\l/?c\gi?sable Continuous USD/kWh were estimated to be 4.1,12.9, 17, 16,
(O&M) costs 27.3, and 4 MUSD, respectively
. LCOE for alternatives 1 to 6, which were
EC3 Energy cost Le‘;:’eerhze&‘:c"gﬁﬂ‘;f Continuous Cent/kWh found to be 24.61, 26.29, 23.94, 14.99,
8y 15.59, and 14.95 cent/kWh
Number of PT: high (10+ providers); ST: medium
EC4 Market maturity Technology providers Discrete companies (5+ providers); LF: medium

(4+ providers)
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Table 4. Cont.

Measurement

Label Sub-Criteria Indicator Type Unit Summarized Information
Economic
Net present NPVs of alternatives 1 to 6 were 36.9,
EC5 Economic feasibility 1 p NPV Continuous MUSD 96.2,140.2,70.3, 145.4, and
value ( ) 33.1 MUSD, respectively
Highest consumption: LF with DSG
. (250-350 °C); PT with synthetic oil
EC Potential fuel . . (350-400 °C); ST with molten salt (up to
6 Fuel cost consumption needed Discrete 1-5 Likert scale o . . .
f 565 °C, no fossil fuel). A higher capacity
o operate a plant . .
requires more fuel; freeze protection fuel
is minimal.
The annual capacity values for
Offsetting : . alternatives 1 to 6 were found to be 0.35,
EC7 infrastructure cost Capacity value Continuous USD/MWh 6.04,9.45,7.76,15.16, and
0.53 MUSD, respectively
. ) Direct and indirect National The nor_malize? values fcf>r the national
EC8 National economic impact on the Continuous economic benefit ~ €conomic benefit index of alternatives 1
benefit tional index to 6 were found to be 0.07, 0.18, 0.27,
national economy 0.14, 0.28, and 0.06, respectively.
Environmental
PT: 15.8 m?>/MWh/y; ST: 12.9
EN1 Required area Land-use factor Continuous m2/MWh/ y m2/MWh/y; LF: 16.2 m?2/MWh/ y; LE:
more land required for larger capacities
Emissions: ST: 23 g-CO, /kWh;
- . Life cycle greenhouse . 3 PT: 26 g-CO, /kWh; LF: 31 g-CO, /kWh;
EN2 Emission reduction gas (GHG) emissions Continuous 8-CO2q/kWh/y CSP emissions lower than PVs
(43 g-CO, /kWh)
Water usage: LF: 15 L/MWh;
EN3 Water consumption Water consumptlon Continuous L/MWh/y PL: 75 L/ MWh;. ST: 114 L/ Mw h;
for cleaning efficient robotic cleaning with
flat LF mirrors
Impact on Minimal disruption; PT: risk of oil leaks;
EN4 Ecosystem disruption surrounding Discrete 1-5 Likert scale ST: greater impact on avian species due
environment to high solar flux
EPBT values: LF: 8.2 months;
EN5 Life cycle assessment Er:ergy E;}S?Ck Continuous Months ST: 12.2 months; PT: 12.5 months; LF:
ime ( ) best energy payback performance
Impact of L . .
impactof  slling Py Slling impac 1 e ST L
EN6 environmental temperature, and Discrete 1-5 Likert scale heliostats; molten salt systems:
conditions wind on depend i
. pendent on freeze protection
energy production
Social
Employment One-year Jobs created: LF: 1500 jobs; PT:
S1 Job creation opportunities Continuous jobs /MW 2454—'2940 jobs; ST: 2900 jobs; large'r
plants: greater employment potential
Social and Community and politicians’ attitudes
2 political acceptance  Acceptance rate Piscrete o Hkertscale (subjective via questionnaire)
Potential f Local industrialization: 45% initial costs,
Local mam;)f:cr’lni?inngSP 90% O&M covered locally, 45% for local
S3 industrialization lant components Discrete 1-5 Likert scale manufacturing; key components
possibilities p 1 P (e.g., mirrors, absorbers): international
ocally collaborations needed
Potential for Strong government incentives required;
_— s supporting . T feed-in tariff (FiT) and R&D policies
S4 Logistical feasibility mechanisms and Discrete 1-5 Likert scale critical for CSP deployment
regulations (e.g., Spain, USA)
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Figure 6 provides a graphical representation of the local assessment of all of the sub-
criteria of the parent nodes, as indicated by the sub-criteria codes given in Figure 3. For
the technical node, their responses revealed that the stakeholders deemed reliability to be
the greatest priority, followed closely by maturity and conversion efficiency. In emerging
economies, the desire is for reliable mechanisms that can maintain and improve the grid’s
stability in burgeoning national networks. Another reason why maturity and conversion
efficiency were judged to have significant value is that investors require assurance that such
costly expenditures will be safeguarded by adequate operational experience and highly
efficient power generation. With respect to the economic sub-criteria, capital cost and energy
cost were awarded the highest weighting priority, unsurprising ratings given that for all
energy systems, the initial energy expenses are the primary factors in their implementation.
Among the environmental sub-criteria, water consumption and emission reductions were
identified as having the greatest priority. Water consumption is a recognized critical
concern for operators of generation facilities, particularly since the majority of possible CSP
sites tend to be arid with high DNI values and a notably limited water supply. The top
priority within the social sub-criteria was considered to be job creation: the employment
opportunities that could be anticipated for each alternative scenario.
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Figure 6. Priority weights for criteria and sub-criteria.

The local priority weights for each alternative with regard to the technical sub-criteria
are displayed in Figure 7. As can be seen, alternative 1 received the highest priority
rating at 0.24, followed by alternative 5 at 0.19. Alternative 1 fared particularly well
with respect to maturity because a PT with no storage is the most mature technology.
This alternative also outperformed the others in terms of deployment time, safety, and
hybridization capability. The next highest weights were earned by alternatives 4 and 5,
with both being credited with a high-performing optical and conversion efficiency linked to
their large concentrations of solar tower (ST) systems and consequently their high operating
temperatures. Those systems are also strengthened by their long-lasting thermal energy
storage (TES). Alternatives 2, 3, and 6 received low overall scores for technical priority
weighting, which could be attributed to their low degrees of maturity, optical efficiency,
and conversion efficiency. Regarding maturity, as indicated in Table 4, even though PTs are
the most mature collection technology, they are less mature when molten salt is integrated
for TES. However, this kind of arrangement still has potential, as evidenced by several
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facilities in operation, primarily in Spain, along with others being constructed that will
have up to 9 h of storage. Other examples in the development stage are expected to provide
up to 16 h of storage.

m Alternative 2 Alternative 3 ® Alternative 4 m Alternative 5 Alternative 6

i ||” "l h| “u A ‘I”
T4 TS5 T6 T7

T8 T9 T10 T11 Local

. o overall
Technical sub-criteria weights

Figure 7. Local priority weighting for each alternative with respect to the technical decision criterion.

Figure 8 indicates the local priority weighting of the sub-criteria in the economic
category for each alternative. Despite being subject to the greatest capital and O&M costs,
alternative 5 clearly surpassed the others. Its priority weight of 0.24 is testimony to its
outstanding performance, which, either singly or along with other alternatives, garnered it
the highest priority weights in relation to multiple factors. Alternative 5 offers advantages
associated with the low energy costs arising from the high system operating temperatures
of STs and long-running TES, which result in substantial capacity factors. For these reasons,
and since the high levels of cost-effective energy production that it provides compensate
for its considerable initial expense, alternative 5 offers significant economic feasibility. With
respect to the other choices, both alternatives 3 and 5 represent serious contributions to
the national economy because of the anticipated significant increases in local industrializa-
tion and job opportunities such massive investments engender. However, an additional
but crucial consideration is that in some countries, the implementation of alternatives
3 and 5 is hindered by the difficulty of attracting the requisite financing. In such cases,
alternatives 1 and 6, which rely on PTs and LF technology, could be acceptable substitutes
that come with economic compromises: the diminished practicality of both alternatives
and the inferior market maturity in the case of LF technology. Overall, alternative 2 was
given the lowest priority weight in the economic domain because of its inferior perfor-
mance with respect to a number of characteristics: the steep capital and energy costs
stemming from a low capacity factor per initial cost. Alternatives 3, 4, and 6 received
similar overall weights, with varied degrees of efficacy at the individual sub-criteria level.
Consequently, slight changes in the assessments could create marked discrepancies in the
overall economic weights.

Figure 9 reveals the local priority weights given to the alternatives for the environmen-
tal sub-criteria. As is evident from the figure, alternative 6 earned a top-ranking value of
0.34 and exhibited unequalled features in regard to ecosystem disruption and the impact
on environmental conditions. This outcome is attributable to the fact that this method uses
direct steam generation (DSG) rather than synthetic oil and molten salt, employs linear flat
mirrors positioned near the ground, and circumvents the need for tracking systems. Alter-
native 6 also demonstrated standout levels for the life cycle assessment (LCA) sub-criterion
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because relative to comparable non-storage PT plants for high DNI levels, it featured a low
degree of material demand and a respectable amount of annual energy production per net
capacity. Alternatives 3 and 5, at 0.07 and 0.08, respectively, received the lowest priority
weighting. The less than satisfactory required area and emission reduction values for both
alternatives were the result of their substantial installed capacities. Alternative 5 was also
given the lowest score for water consumption owing to its requirements for an extensive
solar field and inherently separated heliostats.

H Alternative 1 u Alternative 2 Alternative 3 ® Alternative 4 ® Alternative 5 Alternative 6

EC1 EC2 EC3 EC4 ECS5 EC6 EC7 EC8 Local
overall

Economic sub-criteria weights

Figure 8. Local priority weighting for each alternative with respect to the economic decision criterion.

B Alternative 1 B Alternative 2 Alternative 3~ ® Alternative 4 M Alternative 5 Alternative 6

Local overall
weights

Environmental sub-criteria

Figure 9. Local priority weighting for alternatives with respect to the environmental decision criterion.

Figure 10 depicts the local priority weighting of the social sub-criteria for each alterna-
tive. The priority weight of 0.28 awarded to alternative 5 is patently superior to those given
to the other alternatives. The preference for alternative 5 is a consequence of its top rating
for local industrialization possibilities, along with its respectable score for job creation,
the social priority that stakeholders ranked as most significant. With priority weights of
0.18 and 0.17, respectively, alternatives 3 and 4 were placed third and fourth. As the two
biggest projects, alternatives 3 and 5 were strong contenders because of their considerable
associated opportunities for job creation. The robust support for local industrialization
engendered by alternative 4 netted it a priority weight second only to that of the larger ST
system offered by alternative 5. Both were characterized by extensive material demands
that could be partially met by local manufacturers. Alternative 1 was the recipient of the
lowest overall social priority weight: 0.10. Its poor result was a combined outcome of its
inadequate performance in all of the social sub-criteria. The only exception was logistical
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feasibility, for which it fared well because of the excellent maturity of PTs with no storage.
However, since the stakeholders considered logistical feasibility to be the least important
parameter, this sub-criterion consequently had very little influence on the overall weight.

® Alternative 2 Alternative 3 ® Alternative 4 ® Alternative 5 Alternative 6

Local overall
Social sub-criteria weights

Figure 10. Local priority weighting for each alternative with respect to the social decision criterion.

The goal of developing this analysis was to provide recommendations for the adoption
of CSP projects in the context of the local requirements and objectives. Figure 11 displays
the main criteria derived from the stakeholder input obtained for this research. The highest
priority was assigned to the economic criterion, followed closely by the technical criterion.
This outcome aligns with the essential necessity of techno-economic dimensions as the
primary impetus for sustainable development. Environmental and social criteria were
placed third and fourth, respectively. In many emerging economies, the government owns
the national power companies and initializes large energy plant projects, which means that
the scope of such projects goes beyond purely financial determinants. Figures 7-10 indicate
the local overall weights that signify the priority weights of each alternative with regard
to each parent criterion. These weights were calculated based on the assessment of the
alternatives relative to the associated sub-criteria, plus an evaluation of the sub-criteria in
relation to the parent nodes. In Figure 11, the overall global weights indicate the priority
weights calculated with respect to the goal of ranking the CSP alternatives to meet the
stakeholders’ requirements based on their evaluation of the main criteria, as displayed in
the FAHP matrix provided in the figure.

Figure 11 reveals that alternative 5 received the top overall global priority weight,
with alternatives 1 and 6 only slightly behind. These leaders involved conceptually varied
technologies and configurations, thus demonstrating that concentrating on the primary
objectives and barriers can expedite decision-making. The aim of this study was not to
identify a particular alternative as the optimal choice in every respect but instead to assist
those responsible in prioritizing alternative courses of action depending on the relative
benefits and drawbacks of each choice as measured against stakeholder and energy sector
needs. In the particular case examined for this study, the superlative results for alterna-
tive 5 with respect to a number of parameters justified its highest overall global priority
weighting. In regard to technical considerations, alternative 5 provided the best capacity
factor, reliability, and storage hours, which made it the most suitable choice for ST systems
because of the superior optical efficiency that translates into high operating temperatures.
The fact that alternatives 4 and 5 involved comparable technologies but with diverse in-
stalled capacity and storage hour configurations indicates that bigger plants and extended
TES can meet stakeholders’ needs. Alternative 6 entailed the use of LF technology as a
promising technology, which features less material demand but exhibits fewer advantages
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in the technical category as a whole. From an economic perspective, alternative 5 was
stronger because of its low energy cost based on the LCOE as the measurement indicator
and because of the national economic benefit, which nonetheless came at the expense
of significant capital and O&M costs, plus a low degree of market maturity. Likewise,
alternative 6 featured a low energy cost in the LCOE while at the same time offering the
benefit of lower capital and O&M costs. Environmentally, alternative 6 was found to have
a definite edge over the other options, whereas alternative 5 placed next to last. Alternative
1, featuring a PT with no storage, received higher weights for most of the main criteria
than did alternatives 2 and 3, which also employed PTs but with TES and greater capacities.
Alternative 3 received high marks, especially because of its significant reliability since it
offered 6 h of storage and mature PT technology. Also, because it involved a supersized
project, alternative 3 was characterized by substantial economic feasibility, job creation, and
national economic benefits. These assets meant that alternative 3 outperformed alternative
2 but nonetheless occupied only second last place after the calculation of the global weights
for all alternatives. As additional PTs become operational with longer-lived TES than ST
plants (i.e., more than 9 h), the balance of advantages could shift to improve the overall
performance of PTs. It will therefore be imperative to note whether the stakeholders for a
specific geographic area favor the factors that characterize alternative 3. Alternative 2, on
the other hand, cannot be judged as preferable to either alternative 1 or alternative 3 since
these options provide two PT configurations that can meet the needs set out in the defined
objectives better.

Local weights of the alternatives by Criteria Global weighting
criterion weights of the alternatives
T EC EN S
[ 0.189
0.24 0.16 023 0.10 T 0.28 | 0.127
0.12 0.12 0.13 0.15 . EC 029 _ 0.137
012  0.17 0.07 0.18 EN 0.24 0.165
019 0.15 0.15 0.17 S 0.19 0.196
019 0.24 0.08 0.28 0.186
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Figure 11. Global priority weights of alternatives with respect to the goal.
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5. Conclusions and Implications

Burgeoning recognition of the crucial necessity of RES implementations is mirrored
in the constantly expanding capacities of these types of technology. Of these, CSP offers
major possibilities for widespread deployment in a number of developing economies, with
potential for integration into their national electrical generation grids. However, CSP is still
too early in the development stage for large-scale power plant implementation. Additional
restrictive factors only exacerbate the already inherently complicated planning procedures
for RES plant operation: the disparate configurations of CSP plants and supporting tech-
nologies and the inadequate data and expertise available in some emerging countries.

The goal of the research presented here was to provide a basis for assessing practical
alternative scenarios for the possible early integration of CSP plants in appropriate devel-
oping regions. This work entailed the creation of an MCDM model in a fuzzy environment
as a means of analyzing the quantitative and qualitative parameters that featured in the
evaluation. The decision was to employ a four-level processing hierarchy: the first level
expressed the goal of prioritizing CSP alternatives, the second comprised 4 primary criteria
for the evaluation, the third included 29 sub-criteria extracted from the main trajectories,
and the fourth encompassed six alternatives that characterized a range of possible CSP plant
configurations. A questionnaire was administered to elicit the evaluations of 44 diverse
stakeholder participants from South Africa, India, and the MENA region. Their responses
were used to assess the main criteria with respect to the goal, as well as to evaluate the
sub-criteria relative to the parent criteria. The appraisal of the alternatives according to
each sub-criterion was achieved based on a comprehensive examination of the literature,
industrial reports, international databases, and results from prior simulations. The devel-
oped model successfully processed the uncertainty and ambiguity that accrue from human
judgment and also proficiently analyzed both the quantitative and qualitative data in order
to promote effective decisions.

Six previously defined alternative scenarios were examined: three PT plants using
synthetic oil, two of which employed molten salts for three and six hours of storage; two ST
plants with 10 and 12 storage hours provided by molten salt as the heat transfer fluid (HTF);
and one LF plant with DSG and no TES. The primary assessment criteria were technical,
economic, environmental, and social factors. The aggregated stakeholder rankings gave
the greatest overall priority to economic and technical elements, with just small variations
between the two categories. With respect to the priority weighting of the sub-criteria under
each parent criterion, the following components were assigned the top priorities: reliability,
maturity, and conversion efficiency (technical); energy cost and capital cost (economic);
water consumption and emission reductions (environmental); and job creation and local
industrialization possibilities (social).

Based on the combined priority stakeholder ranking, alternative 5 (200 MW, a ST with
12 h of TES) exhibited impressive overall results, with exemplary individual outcomes in a
number of contributing considerations: reliability, conversion efficiency, energy cost, job
creation, and local industrialization. On the other hand, its advantages might be offset by
its possible limitations: the requirement for the most formidable capital investment among
the options and a maturity rating that ranked below that of the PT choices. In regard to the
three PT alternatives, alternative 2, featuring a midrange installed capacity and TES level,
failed to surpass the other two PT alternatives in any of the evaluation factors. This outcome
confirms that subject to the specific needs and priorities of a particular energy sector and
its stakeholders, PT solutions tend to be regarded as peripheral because of their lengthier
or non-existent TES and greater capacity. From an overall perspective, alternatives 1 and
6, which provide no storage, were awarded second and third priority, with only marginal
discrepancies between them. Compared to the other options, alternative 1 (a PT with
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synthetic oil as the HTF) offered exceptional maturity, a modest level of water consumption,
and lower amounts of GHG emissions. The benefits of alternative 6 (LF technology with
DSG) included the lowest energy cost and respectable rankings for all of the environmental
sub-criteria. An added advantage of both alternatives is their low associated capital costs.
In summary, the overarching verdict is that constant, careful consideration is of the utmost
importance when alternatives are under review so that all of the benefits and drawbacks
can be taken into account and balanced against the specific requirements and barriers in
each case.

The proposed methodology was developed with the goal of assisting decision-makers
in honing in on the most preferable options to meet their requirements during the initial
phases of CSP integration. The new framework will help stakeholders in their efforts to
comprehend and evaluate the advantages and disadvantages associated with each course
of action relative to the local energy sector needs, weather conditions, stakeholder objec-
tives, and obstacles to CSP integration. The model was focused on an assessment of CSP
alternatives suitable for the conditions in developing economies. However, it is also appro-
priate for evaluating a variety of technologies in diverse regions if the decisions involve
issues characterized by comparable parameters featuring uncertainty, numerous and varied
criteria, and input from diverse stakeholders. Enhancements to this research could include
broadening the analysis to encompass an assessment of alternatives hybridizing conven-
tional and renewable power, as well as exploration of the possibilities for enabling local
grid integration. The effects of local differences, such as interest rates, lifetime expectations,
and geopolitical factors, could also be topics for additional examination. A wider range
of future research could encompass complex adaptive systems and complexity theory:
these studies could be directed at the behavioral dynamics and interactions among varied
system elements.
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Nomenclature

Abbreviation =~ Meanning

ADP Analytic Deliberative Process

AHP Analytic Hierarchy Process

CRITIC Criteria Importance through Intercriteria Correlation
CSP Concentrated Solar Power

DNI Direct Normal Irradiance

FAHP Fuzzy Analytic Hierarchy Process

GHI Global Horizontal Irradiance

IEA International Energy Agency

LCA Life Cycle Assessment

LCOE Levelized Cost of Energy

LCOH Levelized Cost of Heat

LF Linear Fresnel

MCDM Multi-Criteria Decision-Making

MENA Middle East and North Africa

PD Parabolic Dish

PROMETHEE Preference Ranking Organization Method for Enrichment Evaluations
PT Parabolic Trough

PV Photovoltaic

QFD Quality Function Deployment

R&D Research and Development

RES Renewable Energy Source

RNA Rank Number of Alternatives

DSG Direct Steam Generation

ST Solar Tower

TES Thermal Energy Storage

TEN Triangular Fuzzy Number

TOPSIS Technique for Order of Preference by Similarity to Ideal Solution
VIKOR Multi-Criteria Optimization and Compromise Solution
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