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ABSTRACT

The study presents a comprehensive evaluation of optimal locations for solar energy facilities in Yemen by com-
bining Geographic Information System (GIS) technology with Multi-Criteria Decision-Making (MCDM) methodolo-
gies. It identifies twelve crucial criteria, assigning weights through the Analytical Hierarchy Process (AHP) and
subsequently validating them using the Best-Worst Method (BWM). A weighted overlay analysis conducted in
GIS resulted in a national suitability map, indicating that the eastern, southern, and northern regions of Yemen are
particularly well-suited for solar energy development. The findings reveal that 30.84% of the country is classified
as highly suitable, while 69.16% is moderately suitable, and merely 0.0022% is deemed less suitable for solar
installations. The sensitivity analysis highlights the significant influence of weighting the criteria, as even slight
modifications to factors such as Global Horizontal Irradiance (GHI) and slope can lead to substantial changes in
suitability assessments. Overall, the integration of AHP, BWM, and GIS is shown to create a robust framework
for solar site selection, providing practical guidance for policymakers and energy planners in Yemen.
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1. INTRODUCTION lated with equatorial proximity [5]. Ambient temperature
is another critical factor affecting photovoltaic efficiency.
1.1. BACKGROUND High temperatures can diminish energy conversion by

increasing electrical resistance, while extremely low tem-
peratures may also degrade component performance
[3]. Although Yemen possesses significant solar energy
potential, its development is impeded by formidable chal-
lenges, such as inadequate energy infrastructure, limited
financial resources, and persistent political instability [5—
7]. Therefore, optimizing the performance and economic
feasibility of solar projects in Yemen requires meticulous
site selection based on a rigorous analysis of solar ra-
diation, temperature, land suitability, and geographical
constraints [8, 9].

Driven by the global imperative to adopt sustainable re-
sources, solar energy has emerged as a key alternative
to conventional fossil fuels, playing a vital role in satisfy-
ing global energy requirements [1, 2]. Due to its potential
to reduce greenhouse gas emissions, solar energy has
become integral to international energy policy and cli-
mate change mitigation frameworks [1, 2]. Nevertheless,
the successful implementation of solar energy projects is
contingent upon specific environmental and geographical
conditions, including solar irradiance, ambient tempera-
ture, and topography. These factors are critical in deter-
mining the operational efficiency and economic viability

of photovoltaic systems [3, 4]. 1.2. LITERATURE REVIEW

The availability of solar energy varies significantly by
location. Consequently, the optimal performance of pho- Site suitability evaluation is fundamental to sustainable
tovoltaic panels is typically observed in regions character- energy strategy. An extensive body of literature demon-
ized by high solar radiation, a condition frequently corre- strates the application of Multi-Criteria Decision-Making
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(MCDM) techniques, such as the Analytical Hierarchy
Process (AHP) and the Best-Worst Method (BWM), in
conjunction with Geographic Information Systems (GIS)
for locating optimal solar energy sites [10, 11]. This
research consistently emphasizes the importance of cri-
teria like solar irradiance, land use/land cover (LULC),
topography (slope and aspect), and proximity to key fea-
tures, including transportation networks, urban centers,
heritage sites, and coastlines.

The AHP, introduced by Saaty [12], is valued for its
capacity to deconstruct complex problems into a hier-
archical structure and synthesize quantitative data with
qualitative expert opinion. This method, frequently cou-
pled with GIS, has been applied in numerous solar site
suitability studies globally. For instance, Koc et al. [8]
in Turkey highlighted the primary importance of solar
radiation. Uyan [9] applied an integrated AHP-GIS ap-
proach to map suitable locations in Turkey’s Karapinar
region. Saraswat et al. [13] identified solar farm sites
in India using GIS-based MCDM, considering solar radi-
ation, LULC, and proximity to the electrical grid. Other
studies by Jbaihi et al. [14] and Ali et al. [15] further
demonstrate the effectiveness of AHP-GIS in renewable
energy planning.

The BWM, developed by Rezaei [11], offers an alter-
native approach requiring fewer pairwise comparisons
than AHP, improving consistency and reducing expert
cognitive load [11, 16]. BWM focuses on comparisons
relative to the best and worst criteria, enhancing relia-
bility [16]. Studies integrating BWM with GIS, such as
Trivedi et al. [17] and Pamucar et al. [18], have high-
lighted its efficiency and applicability in renewable energy
assessments.

GIS technology plays a crucial role by providing a
platform for spatial data management, analysis, and
visualization. Integration with MCDM techniques en-
ables the incorporation of diverse geographical, environ-
mental, and infrastructural factors into suitability assess-
ments [10]. GIS facilitates the creation of suitability maps
through weighted overlay analysis, visually representing
the spatial distribution of suitable areas [19, 20]. Despite
these advancements, reliance on expert judgment intro-
duces subjectivity, and data availability or quality can
constrain analyses, particularly in Yemen [21-24].

1.3. RESEARCH GAP AND JUSTIFICATION

While GIS and MCDM have been widely applied for solar
site suitability worldwide, research explicitly focused on
Yemen remains scarce despite its vast solar potential
and urgent energy needs [25, 26]. Existing studies of-
ten address broader regional assessments [27, 28] or
focus on policy issues [29, 30] and solar irrigation [31],
without providing a comprehensive, nationwide suitabil-
ity analysis. Yemen’s distinctive context—characterized
by prolonged conflict, infrastructural deficits, and unique

geographical conditions [31]—requires a customized as-
sessment framework.

Three primary research gaps are evident:

» Geographic gap: Neighboring countries, such as
Saudi Arabia and Oman, have been studied, but de-
tailed national analyses for Yemen are missing.

+ Methodological gap: Although AHP is commonly ap-
plied, its results are rarely validated against other
MCDM methods, such as BWM, within this regional
context.

» Contextual gap: Models designed for stable regions
cannot be directly applied to Yemen due to conflict,
political instability, and infrastructural limitations.

To address these gaps, this study develops an integrated
AHP-BWM-GIS methodology tailored to Yemen, enhanc-
ing both methodological rigor and practical applicability.

1.4. RESEARCH AIms,
CONTRIBUTION

QUESTIONS, AND

This study aims to develop a robust decision-support
framework for solar energy site selection in Yemen by
integrating the Analytic Hierarchy Process (AHP), the
Best—Worst Method (BWM), and Geographic Informa-
tion Systems (GIS). The framework addresses Yemen'’s
urgent energy challenges by identifying optimal solar
development zones, ensuring methodological rigor, and
providing policy-relevant guidance.

To achieve this aim, the study is guided by the fol-

lowing research questions:

+ What are the most influential environmental, geo-
graphical, and infrastructural criteria for solar site suit-
ability in Yemen?

» How do criteria weights derived from AHP compare
with those obtained from BWM in terms of consistency
and reliability?

+ What is the spatial distribution of suitable zones when
applying an integrated AHP-BWM-GIS framework?

* How sensitive are suitability outcomes to variations
in key criteria such as Global Horizontal Irradiance
(GHI) and slope?

» What actionable recommendations can be drawn for
energy planning, investment, and policy design in
Yemen'’s renewable energy sector?

These questions are addressed through the follow-

ing hypotheses:

« H1:Eastern, southern, and northern regions of Yemen
possess the highest suitability due to favorable solar
irradiance and topography.

+ H2: BWM produces more consistent and reliable
weighting results than AHP alone.

» H3: The integration of AHP and BWM within a GIS
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framework yields more accurate suitability maps com-
pared to single-method approaches.

» H4: Sensitivity analysis will show that minor changes
in GHI and slope weights significantly affect suitability
classifications.

The innovations and contributions of this study are

fourfold:

+ Methodological Integration: A novel application of
AHP and BWM within a GIS-based MCDM framework
tailored to Yemen.

» National-Scale Assessment: The first comprehensive
solar site suitability mapping study covering Yemen’s
entire territory.

 Sensitivity and Validation: Robustness tested through
sensitivity analysis and validation against expert feed-
back.

+ Policy-Relevant Insights: Actionable recommenda-
tions addressing energy security, infrastructure plan-
ning, and private-sector investment.

Accordingly, the objectives of this study are to:

« Identify and prioritize the criteria influencing solar suit-
ability.

» Derive and validate weights using AHP and BWM.

+ Generate a national solar suitability map using GIS-
based weighted overlay.

+ Test robustness through sensitivity analysis.

+ Provide practical recommendations for strategic solar
energy development in Yemen.

2. METHODOLOGY

This study employed an integrated Multi-Criteria
Decision-Making (MCDM) and Geographic Information
System (GIS) framework to identify and evaluate suitable
locations for solar energy plants in Yemen. The method-
ology comprised three main stages: (1) data acquisi-
tion and preprocessing, (2) criteria weighting using AHP
and BWM, and (3) GIS-based spatial analysis through
weighted overlay to generate the final suitability maps
[32].

2.1. DATA AcaQuisiTION AND PREPROCESS-
ING

Twelve criteria were selected to assess solar site suitabil-
ity in Yemen, structured into three groups: environmental
(GHI, temperature, precipitation), topographic (elevation,
slope, aspect, LULC), and infrastructural/proximity (dis-
tance to roads, urban centers, airports, rivers, coastlines,
and heritage sites) [8, 14, 15, 33-35].

Datasets were obtained from sources including the
Global Solar Atlas, DIVA-GIS, OpenStreetMap, ASTER
GDEM V2, meteorological stations, and government GIS
repositories [3, 4, 9, 19, 25, 33, 34]. Vector data were

converted to raster, harmonized to 3030m resolution
in WGS 1984 UTM Zone 38N, and normalized using
min—max scaling to ensure comparability across criteria
[10, 19]. Environmental layers (e.g., GHI, temperature)
captured solar energy potential, topographic datasets in-
formed construction feasibility and solar exposure, while
LULC and proximity measures accounted for land suit-
ability, infrastructure accessibility, and ecological/cultural
constraints.

2.2. CRITERIA RECLASSIFICATION

To standardize suitability across all factors, each raster
layer was reclassified on a 1-5 scale using the Reclassify
tool in ArcGIS, where 1 represents least suitable and 5
represents most suitable areas. Classification thresholds
were derived from established literature on solar energy
site selection [8, 14, 36] and adapted to Yemen’s geo-
graphic and environmental context to ensure the results
were regionally applicable.

2.3. CRITERIA WEIGHTING

The relative importance of each of the twelve criteria was
determined using two distinct MCDM methods: AHP and
BWM.

2.3.1. AHP Methodology

The Analytical Hierarchy Process (AHP) was employed to
hierarchically structure the decision problem and derive
the weights for each criterion. This involved perform-
ing pairwise comparisons of criteria, a process typically
carried out by experts or, in this study’s context, likely
the authors based on their literature review and under-
standing of the specific context in Yemen. Saaty’s 1-9
scale was used for these comparisons, where a value of
1 signifies equal importance between two criteria, and
9 indicates extreme importance of one criterion over
another. Intermediate values (3, 5, 7) represented mod-
erate, strong, and very strong importance, respectively,
with reciprocal values (1/3, 1/5, etc.) used for inverse
comparisons [12, 14].

A pairwise comparison matrix (PCM) was constructed
from these judgments. This matrix was then normalized
by dividing each element by the sum of its respective
column, as shown in Equation 1:

a]'k
Z?:1 aj’
where a;; represents the judgment comparing criterion j
to criterion k. The criterion weight vector (W) was subse-
quently obtained by averaging the rows of the normalized
matrix, as presented in Equation 2:

(1)

Anorm = ﬁjk =

W;

()

where n is the number of criteria. The consistency of the

- 2]?:1 ajk
n 7
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Figure 1. The eight key criteria layers: (a) GHI, (b) annual mean temperature, (c) levation, (d) slope, (e) aspect, (f) land use and

(f) Land Use/Land Cover

(h) Distance to Rivers and Stream

land cover, (g) infrastructure proximity, and (h) distance to rivers and streams.

judgments was evaluated using the Consistency Ratio

(CR). First, the principal eigenvalue (A;,x) was calcu-
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lated using Equation 3:

A . Z?:1 (Anorm : W)]-

max — I/V] .
Then, the Consistency Index (Cl) was calculated using
Equation 4:

@)

Amax — 1
Cl=—"%——. (4)
Finally, the CR was computed by dividing the ClI by the
Random Index (RI), a standard value based on the ma-
trix size (n) [12, 19]. A CR value below 0.10 (or 10%)
was considered to indicate acceptable consistency in
the pairwise comparisons. All AHP calculations were

performed using MATLAB [37, 38].

2.3.2. BWM Methodology

The BWM, developed by Rezaei [11], was utilized as an
alternative approach to determine criteria weights, offer-
ing the advantage of requiring fewer comparisons than
the Analytical Hierarchy Process (AHP). In this method,
the decision-maker initially identifies the best (most im-
portant) criterion (C) and the worst (least important) crite-
rion (Cyy) from the set of identified criteria. Subsequently,
pairwise comparisons are performed in a structured man-
ner: first, comparing the best criterion (Cg) against all
other criteria (referred to as the Best-to-Others vector),
and then, comparing all other criteria against the worst
criterion (Cyy) (referred to as the Others-to-Worst vector).
These comparisons utilize a 1-9 scale, similar to that
employed in AHP.

The optimal weights (w1, w»,..., wiy) for the twelve
criteria are then derived by solving a constrained opti-
mization problem. This problem is formulated to minimize
the maximum absolute differences between the com-
parison ratios (established from the Best-to-Others and
Others-to-Worst vectors) and the corresponding weight
ratios [11, 38]. To ensure the reliability of these compar-
isons, a consistency ratio is also calculated for BWM. All
BWM calculations in this study were performed using
MATLAB [37, 38].

2.4. WEIGHTED OVERLAY ANALYSIS

The final step involved integrating the reclassified criteria
layers (Section 2.2) with their corresponding weights
derived from both AHP and BWM (Section 2.3) using
the Weighted Overlay tool in ArcGIS 10.8 [20]. This tool
combines multiple raster layers based on their assigned
importance (weights) and suitability scores within each
layer.

Two separate suitability maps were generated: one
using the AHP-derived weights and one using the BWM-
derived weights. The tool calculates a final suitability
score for each cell based on the sum of the products of
the reclassified suitability score and the criterion weight,

typically normalized to a common scale.

Suitability_Score =} _ (w; xs;) , (5)

1

where w; is the weight of criterion i and s; is the reclassi-
fied suitability score of the cell for criterion i.

The resulting continuous suitability scores were then
classified into distinct categories (e.g., optimal, highly
suitable, suitable) based on defined thresholds or nat-
ural breaks in the data distribution, producing the final
suitability maps (as shown conceptually in Figure 2).

2.5. SENSITIVITY ANALYSIS

A sensitivity analysis was performed to assess the im-
pact of variations in criteria weights on the final suitability
classification. This involved systematically adjusting the
weights of key criteria (specifically GHI and slope) and
observing the resulting changes in the spatial distribution
and extent of the suitability categories. This analysis
helps understand the robustness of the results and iden-
tifies criteria to which the model is particularly sensitive.

3. RESULTS

3.1. CRITERIA WEIGHTS FROM AHP AND
BWM

The relative importance of the twelve selected criteria for
solar energy plant site suitability in Yemen was quantified
using both the Analytical Hierarchy Process (AHP) and
the Best-Worst Method (BWM). AHP involved construct-
ing pairwise comparison matrices following Saaty’s scale,
with consistency verified through the Consistency Ratio
(CR) [12, 18]. BWM required identification of the best
and worst criteria and subsequent pairwise comparisons
relative to them, optimizing weights using a constrained
minimization approach [11, 16].

The normalized weights derived from both methods
are presented in Table 1. Both AHP and BWM consis-
tently identified Global Horizontal Irradiance (GHI) as
the most influential factor, followed by elevation and dis-
tance to main roads, underscoring the significance of
climatic and topographic variables in determining solar
site suitability. Intermediate importance was assigned to
criteria such as temperature, distance to cities, aspect,
land use/land cover (LULC), and slope, while spatial
constraints such as distance to coastline, rivers/streams,
airports, and archaeological sites received comparatively
lower weights [8, 10, 18].

The calculated Consistency Ratio (CR = 0.002551) for
the AHP comparisons is well below the 0.10 threshold, in-
dicating excellent consistency and reliability in the expert
judgments. The close alignment between AHP and BWM
weights further strengthens confidence in the robustness
of the criteria weighting, providing a solid foundation for
subsequent GIS-based site suitability analysis [8, 9, 11].
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Table 1. Normalized Weights of Criteria Derived from AHP

and BWM.

Criterion BWM Weight | AHP Weight
Global Horizontal Irradiance (GHI) | 0.2696 0.267
Elevation 0.1643 0.166
Distance to Main Roads 0.1067 0.093
Temperature 0.0600 0.068
Distance to Cities 0.0578 0.060
Aspect 0.0578 0.060
Land Use/Land Cover (LULC) 0.0566 0.059
Slope 0.0566 0.059
Distance to Coastline 0.0538 0.052
Distance to Rivers & Streams 0.0538 0.052
Distance to Airports 0.0345 0.035
Distance to Archaeological Sites 0.0286 0.030

3.2. SITE SUITABILITY MAP

Given the strong consistency between the AHP- and
BWM-derived weights, the AHP weights were applied in
a weighted overlay analysis using ArcGIS 10.8. This pro-
cess combined the normalized weights with reclassified
spatial layers for each criterion, producing a comprehen-

sive solar energy site suitability map for Yemen .

The final suitability map classifies the study area
into three categories based on composite suitabil-
ity scores:

+ Highly Suitable (Level 3): Areas with optimal con-
ditions for solar plant development, meeting most
criteria at high levels.

» Moderately Suitable (Level 2): Areas with substantial
potential, generally fulfilling the requirements but with
minor limitations.

» Less Suitable (Level 1): Areas that remain viable
but face significant constraints, requiring mitigation or
adaptation strategies.

The spatial analysis shows that 30.8389% of Yemen’s
land area is highly suitable, while 69.1589% is moder-
ately suitable, concentrated mainly in the eastern, south-
ern, and northern regions. Only 0.0022% falls into the
less suitable category, primarily within the western high-
lands and mountainous areas. These patterns reflect the
combined influence of Global Horizontal Irradiance (GHI),
moderate temperatures, flat topography, and favorable
land cover conditions.
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Table 2. Distribution of Site Suitability Classifications for Solar
Energy Plants in Yemen

Suitability Level | Suitability Category | Percentage of Study Area (%)
3 Highly suitable 308389
2 Moderately Suftable 69.1589
1 Less suitable 0.0022

3.3. SENSITIVITY ANALYSIS

A one-at-a-time sensitivity analysis was conducted to
assess the robustness of the site suitability results, fo-
cusing on the most influential criteria: Global Horizontal
Irradiance (GHI) and slope. Weight variations of £10%
and +20% were applied to evaluate their impact on the
spatial distribution of suitability categories [8, 9, 16, 18].

Key findings include:

* GHI: Increasing the weight by 10—-20% slightly ex-
pands highly suitable areas, particularly in the east-
ern and southern regions, highlighting its critical role
in solar potential.

« Slope: Increasing the weight reduces highly suitable
zones in mountainous regions, emphasizing slope’s
importance in photovoltaic efficiency.

+ Other factors: Infrastructural and proximity-related cri-
teria exhibited minimal influence on the spatial extent
of suitability categories.

4. DISCUSSION

This study provides the first comprehensive national-
scale solar energy suitability assessment for Yemen,
applying an integrated MCDM-GIS framework that
combines the Analytical Hierarchy Process (AHP), the
Best—Worst Method (BWM), and weighted spatial overlay.
The findings highlight Yemen’s substantial solar energy
potential while emphasizing the methodological and pol-
icy considerations required for effective implementation.

4.1. CRITERIA WEIGHTING AND METHOD-
OLOGICAL INSIGHTS

The comparative use of AHP and BWM demonstrated
high consistency in criteria weighting, with Global Hor-
izontal Irradiance (GHI) consistently emerging as the
most influential factor, followed by elevation and prox-
imity to roads. This outcome is aligned with both the
physical fundamentals of solar energy generation and
previous studies across the MENA region [12, 27, 39, 40].
The strong agreement between AHP and BWM confirms
the robustness of the weighting process, while the lower
comparison burden of BWM highlights its practical advan-
tage for expert-based assessments. Nonetheless, AHP’s
hierarchical structure remains valuable for decomposing
complex decision problems.

5. SPATIAL DISTRIBUTION AND RE-
GIONAL POTENTIAL

The suitability map confirms that nearly all of Yemen'’s ter-
ritory is favorable for solar energy development. Specif-
ically, 30.8389% of the country is classified as highly
suitable (Level 3), while 69.1589% is moderately suitable
(Level 2). Less than 0.01% is categorized as less suit-
able (Level 1), mainly within mountainous western zones.
The most promising regions are concentrated in the east,
south, and north, where high irradiance, relatively flat
topography, and accessible land dominate [41].

6. SENSITIVITY AND ROBUSTNESS OF
THE MODEL

Sensitivity testing showed that modest adjustments in
the weights of GHI and slope substantially reshaped the
distribution of suitability categories, with optimal areas
decreasing by half when GHI weight was reduced. This
underscores both the importance of accurate weight as-
signment and the inherent vulnerability of MCDM results
to expert assumptions. Such findings reinforce the need
for iterative validation and incorporation of local expertise
when scaling this framework to project-level planning. In
addition to the significance of selecting optimal sites for
solar projects, the performance and efficiency of photo-
voltaic modules are highly influenced by local climatic
conditions. A recent study in Sana’a demonstrated that
polycrystalline silicon PV modules exhibited noticeable
degradation rates after 8.65 years of operation under the
city’s weather conditions (Dahesh & Al-Matwakel, 2025)
[42].

6.1. LimitaATiIoONS AND RESeEARCH BoOuND-
ARIES

While this study provides a robust national-scale frame-
work, it is important to acknowledge its limitations, which
also define clear boundaries for its application. First, the
study is constrained by its reliance on global or national-
scale datasets (e.g., DEM, satellite-derived GHI, gener-
alized LULC), which may overlook local-scale variability.
The uncertainty in our model stems from two primary
sources: the inherent accuracy of these input spatial
datasets and the subjectivity in the criteria weighting pro-
cess. Datasets like Global Horizontal Irradiance (GHI)
are derived from satellite imagery and meteorological
models, not a dense network of ground stations in Yemen,
and thus carry inherent model uncertainty. Similarly, the
30m resolution of the DEM can smooth out fine-scale
topographical features, and data for infrastructure like
roads may have positional inaccuracies or be incomplete.
Errors in these inputs can propagate into the suitability
classification, particularly given the model’s sensitivity to
highly weighted criteria like GHI.Second, the weighting
process, while systematic and validated for consistency,

©2025 JAST

Sana’a University Journal of Applied Sciences and Technology 1005


https://journals.su.edu.ye/index.php/jast
https://journals.su.edu.ye/index.php/jast

‘ A. N. Algawbery, M. A. Shukri, and M. K. AL-Moutawakel

&

retains an element of subjectivity based on the expert
judgments that inform it.shaped by on-the-ground real-
ities, including governance, security, and institutional
stability. These "soft" factors represent a necessary
next step for analysis to ensure that technical recom-
mendations align with the socio-political landscape of
Yemen. Overall, these limitations point to the importance
of complementing national-scale assessments with finer-
resolution, locally validated analyses and incorporating
socio-political and conflict-sensitive considerations into
future frameworks.

7. CONCLUSIONS AND FUTURE RE-
SEARCH DIRECTIONS

7.1. CONCLUSION

This study successfully developed an integrated multi-
criteria decision-making framework, utilizing AHP, BWM,
and GIS, for a comprehensive nationwide site suitabil-
ity analysis for solar energy facilities in Yemen. The
consistent criteria weights obtained through AHP and
BWM validate the importance of various factors. No-
tably, Global Horizontal Irradiance (GHI) emerged as
the foremost determinant of site suitability, closely fol-
lowed by elevation and proximity to road infrastructure,
emphasizing the significance of logistical considerations
alongside resource availability. The GIS-based weighted
overlay analysis revealed that a substantial portion of
Yemen’s land—approximately 100%-is either highly suit-
able (30.84%) or moderately suitable (69.16%) for solar
development. These findings delineate promising zones
concentrated in the eastern, southern, and northern re-
gions, underscoring the country’s immense solar poten-
tial. This research addresses a critical knowledge gap
and offers a foundational spatial framework and strategic
tool for policymakers and investors. It provides data-
driven insights to support the development of Yemen’s
solar infrastructure and informs a national solar mas-
ter plan. By identifying high-potential areas, the study
facilitates targeted investments in transportation and en-
ergy infrastructure, ultimately promoting the sustainable
harnessing of Yemen'’s significant solar resources.

7.2. FUTURE RESEARCH DIRECTIONS

Building on this work, future studies should:

+ Enhance data resolution and validation by integrat-
ing high-resolution, locally sourced datasets (LULC,
meteorological, grid infrastructure) and conducting on-
site ground-truthing to validate the model’s findings at
a project scale.

* Incorporate socio-economic and governance factors
such as land tenure, energy demand, political stabil-
ity, and community acceptance, which are critical for
determining practical feasibility and ensuring social
license to operate.

» Advance environmental and climate integration by ac-
counting for biodiversity impacts, water availability for
panel cleaning, and disturbed land suitability. Cru-
cially, future work should develop dynamic models
that account for future climate change impacts. This
would involve leveraging downscaled climate models
(e.g., from CMIP) to project future changes in cloud
cover and aerosol concentrations, which affect solar
irradiance, as well as projecting future temperature
increases that can decrease the operational efficiency
of photovoltaic panels.

» Explore hybrid energy solutions and grid resilience,
including solar—wind complementarity, energy storage
systems, and micro-grid applications to ensure stable
integration into Yemen’s fragile energy systems.

» Strengthen participatory and policy-oriented ap-
proaches through stakeholder engagement (e.g., Del-
phi method, participatory GIS) and detailed pol-
icy/regulatory analysis to translate suitability maps
into actionable deployment strategies. By bridging
technical analysis with socio-political realities, future
research can transform suitability assessments from
academic exercises into operational roadmaps that
advance Yemen’s renewable energy transition and
contribute to sustainable development under challeng-
ing conditions.
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