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The energy transition becomes feasible when decisions regarding renewable energy
development are consistent with spatial realities and territorial constraints, while
their implications are also evaluated at the level of the energy system as a whole.
Despite the rapid expansion of studies on GIS-based renewable energy potential
assessment and energy system modeling, the mechanisms through which these two
streams of research converge have not yet been systematically articulated. This
study adopts a comparative approach to examine the patterns of evolution, degree of
maturity, collaboration structure, and conceptual pathways of these two domains
and to identify points at which spatial analysis can be connected to system-level
energy planning. Bibliographic data from articles indexed in the Scopus database
between 2011 and 2026 were extracted into two independent datasets and analyzed
using VOSviewer and Bibliometrix. The first dataset comprised 8,277 documents
and 250,254 citations in the field of spatial assessment and renewable energy
potential evaluation, while the second comprised 1,536 documents and 62,552
citations in the field of energy system modeling and planning. The findings showed
that the spatial stream is broader and more diverse in terms of knowledge
production, whereas the system-oriented stream has a higher average citation impact
and relatively faster growth. In the first domain, concepts such as GIS, site selection,
multi-criteria decision-making, solar and wind energy, sustainability, and land-use
constraints constitute the core of the research network. In the second domain,
energy transition, decarbonization, scenario analysis, energy storage, sector
coupling, smart grids, and energy communities are prominent. The comparative
analysis revealed that a fundamental gap in the literature is the absence of a clear
data flow from “spatially developable capacity” to “implementable energy system
scenarios.” Accordingly, the main contribution of this study is the development of
an interpretive framework for translating GIS outputs and suitability assessment
results into inputs for energy system models and establishing reciprocal feedback
from system-level results to spatial priorities. Such integration can improve the
quality of decision-making, enhance the realism of decarbonization scenarios, and
improve the coordination of investments in grids, energy storage, and infrastructure.
Because the 2026 records were incomplete at the time of data retrieval, the results
for this year should be interpreted with caution.
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1. Introduction

The energy transition requires renewable energy deployment to be consistent with spatial conditions,
land-use constraints, infrastructure availability, and the requirements of the energy system as a whole.
Although spatial assessment of renewable energy potential using Geographic Information Systems
(GIS) and energy system modeling have both expanded rapidly, the mechanisms through which these
two research streams can be effectively integrated remain insufficiently understood. Spatial studies
generally focus on identifying suitable locations and estimating deployable potential, whereas energy
system models primarily examine scenarios, costs, emissions, flexibility, and long-term transition
pathways. These two domains were selected for comparison because they represent complementary
scales of the same underlying problem: planning renewable energy development and energy transition.
Spatial assessment determines where renewable resources can be developed and under which
technical, environmental, infrastructural, and land-use constraints, whereas energy system modeling
evaluates how much of this potential can be utilized at the system level, when it should be deployed,
and how it interacts with other energy technologies. Comparing these domains therefore provides an
appropriate basis for identifying the gap between spatial developability and system-level usability and
for examining potential pathways through which spatial information can be incorporated into
integrated energy system planning. The present study therefore aims to comparatively investigate the
evolution, scientific maturity, collaboration structures, conceptual clusters, and potential convergence
pathways of these two fields and to identify how spatial outputs can be connected to integrated energy
system planning.

2. Materials and Methods

This study employed a comparative scientometric and science-mapping approach. Bibliographic data
were extracted from the Scopus database for the period 2011-2026 and organized into two
independent datasets. The first dataset covered GIS-based spatial assessment and renewable energy
potential studies, while the second included energy system modeling and integrated energy planning
studies. After data extraction and preparation, descriptive, structural, temporal, collaboration, keyword
co-occurrence, and thematic analyses were conducted using Bibliometrix in the R environment and
VOSviewer. The two datasets were analyzed independently to preserve their specific characteristics
and were subsequently compared in terms of publication growth, citation patterns, scientific
collaboration, conceptual structures, and emerging research topics

3. Results

The spatial assessment dataset comprised 8,277 documents and 250,254 citations, whereas the energy
system modeling dataset included 1,536 documents and 62,552 citations. Thus, the spatial research
stream was considerably larger and more diverse in terms of publication volume, while the system-
oriented stream recorded a higher average number of citations per document (40.72 compared with
30.23). Both fields experienced substantial growth during the study period. Spatial publications
increased from 47 documents in 2011 to 1,491 in 2025, while energy system modeling publications
increased from 6 to 332 over the same period. The results therefore indicate greater absolute growth in
the spatial field but faster relative expansion in the system modeling field.

Keyword analysis showed that the conceptual core of the spatial domain was formed by GIS,
renewable energy, site selection, wind energy, solar energy, AHP, MCDM, sustainability, and climate
change. In contrast, the system modeling domain was primarily structured around energy transition,
energy planning, energy efficiency, decarbonization, carbon neutrality, energy storage, sector
coupling, smart grids, and scenario analysis. Thematic evolution further demonstrated that spatial
studies have gradually moved from simple resource mapping toward broader spatial planning and
multi-resource assessment, while system modeling has shifted toward integrated, flexible, low-carbon,
and multi-sector energy systems.

The collaboration analysis revealed a broader and more multi-clustered author structure in the
spatial field, whereas the energy system modeling network was more concentrated around specialized
research groups. China was the leading contributor in both fields, while countries such as the United
States, the United Kingdom, Ttrkiye, India, Germany, Italy, and Denmark also played important roles.
The comparative analysis of conceptual clusters identified the principal gap between the two domains:
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the absence of a clear and operational data pathway for transforming spatially deployable capacity into
implementable energy system scenarios.

4. Discussion and Conclusion

The findings demonstrate that the two research streams represent complementary scales of the same
energy transition problem. Spatial assessment determines where renewable resources can realistically
be developed and under what technical, environmental, infrastructural, and land-use constraints,
whereas energy system modeling determines how much capacity should be developed, when it should
be deployed, and how it affects system cost, emissions, flexibility, storage, and network requirements.
Consequently, placing the two approaches alongside each other without data integration cannot fully
support realistic energy planning.

The study proposes a four-layer convergence framework consisting of spatial data generation,
transformation of theoretical potential into deployable capacity, system optimization and scenario
development, and feedback of system-level results into spatial investment priorities. For effective
integration, spatial outputs should include deployable capacity, connection costs, environmental
constraints, development phasing, and uncertainty rather than merely suitability maps. Conversely,
energy system models should return information such as the system value of each resource, storage
and grid reinforcement requirements, optimal development timing, and emission impacts to the spatial
planning process.

Such bidirectional integration can prevent overestimation of renewable energy potential, improve
the spatial and infrastructural realism of transition scenarios, and support coordinated investment in
renewable generation, storage, and networks. The results also emphasize the importance of
harmonizing spatial and temporal resolutions, managing uncertainty, standardizing data, and
strengthening interdisciplinary collaboration. Overall, the transition toward a low-carbon energy
system requires moving beyond isolated spatial potential assessment or system-level scenario
modeling toward an evidence-based, iterative framework in which where renewable energy can be
developed and how much, when, and with what infrastructure it is valuable to the system are
addressed simultaneously.
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(("EnergyPLAN" OR "Energy Plan" OR "Integrated Energy
System" OR "Energy System Modeling" OR "Energy
System Analysis" OR "Energy Scenario" OR "Scenario
Analysis" OR "Smart Energy System") AND (“Provincial
Energy System" OR "Regional Energy System" OR "Local
Energy System" OR "Urban Energy System"” OR "Integrated
Energy Planning” OR "Regional Energy Planning” OR
"Sustainable  Energy  Planning”) AND  ("Energy
Management" OR "Energy Consumption Management" OR
"Demand Side Management” OR "DSM" OR "Load
Management” OR "Energy Efficiency Management" OR
"Energy Demand” OR "Energy Consumption”) AND
("Energy  Optimization” OR "Energy Consumption
Optimization" OR "Energy Efficiency” OR "Energy Saving"
OR "Optimal Energy Use"™ OR "Energy System
Optimization" OR "Multi-Objective Optimization"™) AND
("Green Management” OR "Sustainable Management" OR
"Environmental Management" OR "Green Governance" OR
"Sustainability Governance” OR "Green Policy" OR
"Environmental Policy" OR "Sustainable Development" OR
"Green Development” OR "Climate Governance” OR
"Environmental Sustainability”) AND (“Energy Transition™
OR "Sustainable Energy Transition™ OR "Low Carbon
Transition” OR  "Clean Energy Transition" OR
"Decarbonization” OR "Carbon Neutrality” OR "Net Zero"
OR "Low Carbon Development* OR "Climate Change
Mitigation" OR "Green Energy Transition" OR "Transition
Pathways"))

(("GIS" OR "Geographic Information System" OR "ArcGIS"
OR "Spatial Analysis" OR "Geospatial Analysis" OR
"Boolean Logic*® OR "Boolean Overlay" OR "Boolean
Analysis" OR "Boolean GIS" OR "Spatial Decision Support
System" OR "GIS-Based Decision Making" OR "MCDA"
OR "MCDM" OR "Spatial Optimization" OR "Suitability
Mapping”) AND ("Renewable Energy” OR "Renewable
Energy Resources" OR "Clean Energy" OR "Sustainable
Energy" OR "Green Energy") AND ("Site Selection" OR
"Site Suitability" OR "Land Suitability" OR "Location
Analysis" OR "Spatial Siting" OR "Spatial Planning" OR
"Renewable Energy Potential® OR "Energy Infrastructure
Planning") AND (("Wind Energy" OR "Wind Power" OR
"Wind Farm") OR ("Solar Energy" OR "Solar Power" OR
"Photovoltaic" OR "PV System") OR ("Hydropower" OR
"Hydroelectric Energy") OR ("Geothermal Energy" OR
"Geothermal Power") OR ("Biomass Energy" OR
"Bioenergy")) AND ("Criteria® OR "Factors" OR
"Indicators" OR "Spatial Criteria" OR "Suitability Criteria")
AND (("Economic Factors" OR "Distance to Road" OR
"Distance to Cities" OR "Distance to Urban Areas" OR
"Distance to Airport” OR "Distance to Infrastructure” OR
"Transmission Line Distance” OR "Grid Proximity” OR
"Distance to Substation”) OR ("Technical Factors" OR
"Slope" OR "Elevation" OR "Aspect" OR "Solar Irradiation"
OR "Global Horizontal Irradiance” OR "GHI" OR "Wind
Speed" OR "Wind Density" OR "Energy Potential" OR
"Capacity Factor") OR ("Environmental Factors" OR "Land
Use" OR "Land Cover" OR "Vegetation Cover" OR
"Distance to River" OR "Protected Areas" OR "Distance to
Historical ~Sites” OR "Ecological Constraints" OR
"Environmental Sensitivity") OR ("Geological Factors" OR
"Distance to Fault" OR "Fault Zones" OR "Seismic Risk"
OR "Lithology" OR "Terrain Stability"))
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