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Abstract. The transition to renewable energy requires regional planning ap-
proaches that integrate spatial, environmental, and social dimensions. This study
develops a Multi-Criteria Spatial Decision-Support System (MC-SDSS) to sup-
port regional energy planning by combining geospatial data analysis, future sce-
nario development, and multi-criteria evaluation techniques. The methodology is
structured into four phases: contextual analysis, energy potential mapping and
future scenarios, integrated evaluation and decision support, and implementation
and monitoring. The approach is applied to Gotland, Sweden, a region with am-
bitious decarbonization goals and unique geographic characteristics. Renewable
energy potential is assessed through thematic mapping using Geographic Infor-
mation Systems (GIS) tools, focusing on wind, solar, and biomass resources. In
the evaluation phase, a Spatial Multi-Criteria Analysis (SMCA) is conducted to
assess and compare the scenarios. Five main criteria are identified - Society and
Culture, Technology and Infrastructure, Economy, Land-use, Environment - each
associated with specific measurable spatial indicators. Criteria weights are de-
rived using the Simple Multi-Attribute Rating Technique Exploiting Ranks
(SMARTER) method with the purpose of weighting the indicators maps and then
aggregating them into suitability maps for new Renewable Energy Sources (RES)
power plants installation. By embedding the decision-support system within a
spatial planning perspective, this study promotes a transparent, replicable, and
stakeholder-sensitive approach to regional energy planning. The proposed frame-
work supports the identification of hybrid scenarios and fosters alignment be-
tween energy objectives, territorial characteristics, and community needs—con-
tributing to more resilient and place-based energy transitions.

Keywords: Spatial Multi-Criteria Analysis, Regional Energy Planning, Deci-
sion-Support System.

1 Introduction

Energy planning has become increasingly crucial across Europe, as the sector contrib-
utes over 75% of the EU’s greenhouse gas emissions [1]. Achieving climate neutrality
by 2050, as outlined in the European Green Deal and Climate Law, requires energy



2 L. Petronio et al.

policies across all governance levels, with regional planning playing a key role. Spatial
planning links energy infrastructure to land use and environmental considerations, pro-
moting holistic and sustainable approaches. However, integrating energy and spatial
planning requires decision-support tools that can tackle multi-dimensional problems
and conflicting objectives. The regional spatial planning level is suitable to reflect local
consumption, environmental, and socio-economic conditions, requiring context-spe-
cific approaches [2]. Spatial Multi-Criteria Analysis (SMCA), combining GIS and de-
cision tools, enables the assessment of renewable energy scenarios while managing
land-use trade-offs.

This study proposes an integrated methodology to support the assessment and the
localisation of Renewable Energy Sources (RES) to bridge the current gap of standard-
ized methodologies in regional energy planning. The main research question explores
how spatial and decision-making tools can aid regional integration of renewables, that
is unpackaged into three sub-questions. Each sub-question allowed to develop the study
following three main phases (Fig. 1). In detail: (1) literature and case study review, (2)
development of a framework combining SMCA, scenario building, and Geographic In-
formation Systems (GIS) into a unique framework, and (3) application of the method-
ology to Gotland.

The study is organized accordingly, concluding with a discussion on findings, repli-
cability, and limitations. The Gotland case demonstrates the method’s flexibility and
stresses the relevance of data and stakeholder input.

General research question
L
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T

[ ) |

What spatial analysis and How can the proposed
Is there a robust i -
5 decision-support tools are most methodological framework be
methodological framework . e . . o :
: ; suitable for optimizing the integration applied in practice, and what
available to be applied to . :
: : of renewable energy sources in lessons can be drawn from its
regional energy planning? ; 5 e
regional energy planning? application to Gotland?
I T I
Answer research Answer research Answer research

T Research Phase 2.

: Development of a Research Phase 3.
Theoretical and . ; i 3
- - replicable planning Application of the
empirical review of - 5
e framework integrating methodology to
g SMCA, scenario building, Gotland

A
gilEast oy and GIS analysis

Fig. 1. Research questions and methodology.

The paper is organized accordingly, concluding with a discussion on findings, replica-
bility, and limitations.
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2 Setting the framework for regional energy planning

The Brundtland Commission (1987) defined Sustainable Development (SD) as meeting
present needs without compromising future generations. This powerful concept contin-
ues to address global challenges today (e.g. climate change, resource depletion, or so-
cial justice). Over time, the concept has evolved from mere conservation efforts to in-
clude resilience—the ability of systems to adapt to disruptions [3, 4]. This vision shapes
global agendas like the UN’s Agenda 2030 and the Paris Agreement, with the Sustain-
able Development Goals (SDGs) replacing the Millennium Development Goals in
2015. Yet, global crises such as COVID-19, conflicts, and climate emergencies con-
tinue to slow progress [5].

Renewable Energy Sources (RES)— i.e. wind, solar, bioenergy, hydropower, ocean,
and geothermal—play a key role in sustainable development, offering an alternative to
fossil fuels, which are the primary contributors to Greenhouse Gas (GHG) emissions
and air pollution. As a matter of fact, the energy sector might be one of the engines for
sustainability, but it accounts for approximately 73% of GHG emissions [6]. Despite
their high potential, RES technologies can carry health and environmental risks, noise
pollution, visual impact, and land-use conflicts [7]. For this reason, SDG number 7,
“Affordable and Clean Energy”, highlights the sector’s foundational role in achieving
broader sustainability [8], since RES efficiency could be capable of cutting the 94% of
energy-related CO2 emissions by 2050 [9].

However, the transition must also address social and spatial impacts. Renewable en-
ergy projects can affect ecosystems, cultural heritage, and local communities [10].
Moreover, the environmental impact of RES installations is inherently spatial, involv-
ing traduce in physical alterations of land, proximity to and ecosystem integrity, visual
eyesores to nearby residential areas, and implications for human health and ecosystem
integrity. For this reason, Aa multidisciplinary approach is essential to align energy
development with long-term sustainability, especially as energy demand grows and fos-
sil fuels decline [11].

At the European level, policies such as the European Green Deal, Fit for 55 package,
or the Energy Union Strategy aim to reach climate neutrality by 2050 [12-14] or even
the Renewable Energy Directive (RED), the Energy Efficiency Directive (EED), and
the Energy Performance of Buildings Directive (EPBD) guide EU countries members
in adopting sustainable practices across sectors. Complementary instruments such as
the Hydrogen Package and REPower EU aim to accelerate the deployment of clean
energy technologies and reduce reliance on fossil fuel imports, by considering geopo-
litical disruptions [15, 16]. EU states have developed National Energy and Climate
Plans (NECPs), to align with EU-wide targets (i.e. security, integration, efficiency, de-
carbonization, and innovation). For example, Sweden and Italy follow different energy
scenarios—Sweden aims for 100% renewable electricity by 2040, whereas Italy in-
cludes a potential nuclear role [17, 18]. However, some knots must still be solved. If
revised NECPs are expected to increase ambition, their success closely depends on
more effective coordination, investment, and stakeholder engagement [19, 20]. In Swe-
dish government system, the Covenant of Mayors supports municipalities in adopting
Sustainable Energy and Climate Action Plans (SECAPs), targeting emissions, climate
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resilience, and energy poverty [16, 21-23]. Yet regional authorities often lack resources
or legal authority due to centralized governance traditions, particularly in Eastern and
Scandinavian countries [24]. Closing these gaps demands better policy alignment, in-
clusive governance, and capacity-building at the regional level [16, 25].

3 A spatial planning approach to regional energy planning

Spatial planning is crucial in managing human activities and mitigating their impact on
ecosystems. Evolving from urban planning, it now integrates environmental, social, and
economic factors across all governance levels international, national, regional, and lo-
cal. The European Spatial Development Perspective (ESPD), adopted in 1999, helped
promote this approach, encouraging cross-border cooperation and subsidiarity [26].

The regional level emerges as a strategic scale for addressing cross-sectoral chal-
lenges such as energy, biodiversity, and infrastructure. Regions act as intermediaries,
tailoring national strategies to local contexts and supporting participatory governance
[27]. Sectoral planning, including energy, water and transport, benefits from integration
into regional frameworks, improving policy coherence. For instance, coordinating re-
gional energy infrastructure with land use supports sustainable renewable energy de-
ployment [28, 29].

Energy planning itself has transitioned from a purely technical domain to a multi-
faceted discipline that integrates environmental and social objectives. Energy planning
has shifted from a technical field to a multidimensional discipline that includes envi-
ronmental and social goals. Regional energy planning can address local resource vari-
ations and encourage stakeholder involvement. Integrated Spatial and Energy Planning
(ISEP) offers a holistic model linking land use with energy supply and demand [30].
As the energy transition advances, spatial planning helps manage decentralization, in-
frastructure upgrades, and public acceptance by aligning renewable energy develop-
ment with ecological and cultural concerns [31, 32].

Community participation is vital for effective spatial and energy planning. It builds
trust, improves acceptance, and ensures that local needs are reflected [33]. While re-
source and methodological challenges remain, participatory tools like workshops and
digital platforms can help bridge technical planning with community priorities [34, 35].

In this context, participatory planning is essential for a fair and sustainable regional
energy transition. Even if economic and/or social resources are not always available to
open participation process to a wider pool of stakeholders and community (e.g. work-
shops, or digital platforms) these can make the difference in fostering sustainable in-
clusive development in REP scenarios [35].

4 Decision-support toolbox for regional energy planning

Regional energy planning needs for addressing sustainability challenges by enabling
strategies tailored to local environmental, socio-economic, and infrastructure condi-
tions. Unlike top-down national policies, it offers a more detailed, place-based ap-
proach. REP can integrate a diverse set of decision-support tools, ranging from spatial
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analysis like GIS, strategic analysis tools as SWOT Analysis, scenario-building, or par-
ticipatory analysis, and decision-aiding techniques like Multi-Criteria Decision Analy-
sis (MCDA). These aid Decision and Policy Makers in providing data-driven, inclusive,
and spatially grounded planning for renewable energy deployment.

This paper lays the groundwork for developing a methodological framework capable
of generating spatial energy scenarios aligned with regional needs and guiding deci-
sion-making processes.

4.1  Spatial and strategic analysis tools

Geographic Information Systems (GIS) have evolved from logic mapping systems to
sophisticated and interoperable platforms for aiding public bodies and urban planners
freelancers, and other specialists to take decisions [36-38]. Despite their potential, GIS
applications in energy planning remain limitedly widespread due to technical, financial,
and institutional barriers [39]. Similarly, SWOT (Strengths, Weaknesses, Opportunities
and Threats) Analysis—while often criticized for its subjectivity— remains the most
common used method in strategic planning [40, 41] since its added value significantly
increase when combined with other analysis and evaluation methods [42].

4.2  Decision-making tools

Given the multidimensional nature of energy planning, structured decision-aiding
tools are essential. Drawing on foundations in operational research and decision theory
[43-45], these tools support structured evaluations and take long-term decisions.

Multi-Criteria Decision Analysis (MCDA) is used to compare and prioritize alterna-
tives based on multiple criteria, providing a robust framework for integrating environ-
mental, technical, economic, and social factors into planning processes [46-48]. Within
the MCDA family, several specific methods are particularly relevant in regional energy
planning.

The Analytic Hierarchy Process (AHP) can assess the impact of renovation measures
addressing consumer behavior in different scenarios or rather aiding the definition and
implementation of policy decisions for energy saving in buildings [23]. Therefore, pref-
erences elicited from stakeholder input are crucial. SMARTER [49, 50], on the other
hand, has recently been considered more expedient than AHP for weights elicitation,
since facilitate experts in the ranking of elements, often in contexts where time or data
availability are limited [51]. SMCA extends the traditional MCDA approach by inte-
grating spatial data and criteria within GIS environments, making it particularly valua-
ble for territorial energy planning where location-based trade-offs are essential [52].

Therefore, MCDA can support in structuring fostering transparency, especially when
combined with participatory inputs and spatial analysis.

4.3  Stakeholder and participation tools

Stakeholder analysis ensures that diverse interests are acknowledged and balanced us-
ing tools such as social network analysis or power-interest grids [53, 54].
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Participation methods are analyzed through democratic, social learning, and policy-
driven lenses. Arnstein’s ladder illustrates power dynamics in participation, while au-
thors like Rowe and Frewer [55] and Palm & Thoresson [56] highlight practical short-
comings. Participatory tools such as ESTEEM, MCDA, and participatory GIS enhance
inclusiveness, yet challenges such as cost, time, and unequal power relations often limit
their effectiveness [33, 35].

4.4  Scenario Building

Scenario building, whether qualitative or quantitative, helps explore plausible energy
futures, often including baseline, trend, and policy-driven trajectories [56, 57]. When
integrated with GIS and MCDA, scenario methods become powerful tools for testing
the implications of planning decisions under uncertainty.

4.5  Insights from regional energy plans and research case studies

The literature review on regional energy planning included both real-world planning
documents and academic case studies, each offering different contributions to the de-
velopment of the proposed framework. This review focused on frameworks from the
Central-Western Europe government systems such as the Schéma Régional Climat Air
Energie (SRCAE) de la Corse (France) and the Integriertes Energie- und Klimaschutz-
konzept (IEKK) of Baden-Wiirttemberg (Germany).

The review of actual plans focused on understanding the practical structure, content,
and outputs of existing strategies—generally aligned with national and EU directives,
but often lacking in the use of MCDA techniques, with limited GIS application and
varying levels of community participation.

By contrast, academic case studies reflected evolving research trends, highlighting
integrated methods (e.g., MCDA with GIS), participatory approaches, and scenario
modeling. The findings can bridge the gap between practical issues (e.g. how to engage
stakeholders more effectively) and methodological innovation in regulatory frame-
works.

5 A decision-support framework for regional energy planning

A flexible four-phase framework for regional energy planning is proposed (Fig. 2), in-
tegrating spatial analysis, decision-support tools, and participatory processes to create
tailored, evidence-based strategies. Each phase targets specific components of the en-
ergy planning process, from baseline assessments to strategic recommendations and
performance tracking.
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Fig. 2. Methodological workflow

The first phase, Contextual analysis, assesses geographic, climatic, socio-economic,
and energy system features. GIS is employed to analyze topography, climate, land use,
and demographic patterns, whereas a spatial SWOT analysis summarizes strengths,
weaknesses, opportunities, and threats. An organigraph is suggested to map governance
structures, clarifying institutional roles and responsibilities. This phase identifies initial
renewable energy opportunities.

In the second phase, Energy potential mapping and future scenarios, RES are evalu-
ated through GIS and scientific datasets. Areas with development constraints are spa-
tially excluded to produce maximized energy scenarios. These conceptual maps serve
as discussion tools to gather stakeholders and community feedbacks. This process fa-
vors negotiation between technical assessments and local perceptions, involving a di-
verse range of stakeholders—such as regional and municipal authorities, energy pro-
viders, environmental organizations, local businesses, and citizen associations—each
bringing specific knowledge, interests, and priorities. Negotiation gaps can be mitigated
through transparent communication, early involvement, and simple elicitation tech-
niques such as surveys or facilitated workshops. In this phase, scenario building is sup-
ported by storytelling techniques, which help communicate alternative development
paths during the ongoing evaluation phase.

The third phase, Integrated evaluation and decision support, applies SMCA with
weighted criteria via the SMARTER method [49, 50], incorporating community input
to generate suitability maps and prioritize interventions. A sensitivity analysis tests the
robustness of the outcomes by adjusting criterion weights, while comparative surface
analysis supports the identification of priority intervention zones and informs policy
directions.

In the fourth phase, Implementation and monitoring, guidelines are defined for ac-
tion prioritization, financial planning, and institutional responsibilities. A set of quali-
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quantitative indicators monitor and review performance and adaptability to new data,
technologies, and policy shifts.

To ensure an active participation, it is important to involve a diverse range of stake-
holders—including regional and municipal authorities, energy providers, environmen-
tal organizations, local businesses, and citizen associations—each bringing specific
knowledge, interests, and expectations. Differences in influence and technical under-
standing may lead to negotiation gaps, which can be mitigated through transparent com-
munication, early involvement, and simple elicitation techniques such as surveys or
facilitated workshops. In this phase, scenario building through storytelling can help ac-
tors in better communicating alternative development paths during the ongoing evalu-
ation process.

6 Application to the case study of Gotland

6.1 Introduction and contextual analysis

Gotland, Sweden’s largest island, is both a municipality and a region, making it a
unique setting for testing regional energy planning. Its governance reflects the Scandi-
navian model of local autonomy and state coordination. Gotland’s energy ambitions, as
a pioneer in renewables, are guided by national and regional strategies aimed at sus-
tainability and decarbonization. The contextual analysis shows strong potential for
wind, solar, and biomass energy on the island, while other RES are constrained by nat-
ural limitations. The island’s context—defined by dispersed rural settlements, an aging
population, and an economy rooted in tourism and clean energy—highlights both the
challenges and opportunities of sustainable development in insular regions.

6.2  Energy potential mapping and Scenario Building

The second phase mapped energy potential using spatial data from authoritative
sources: Global Wind Atlas, Global Solar Atlas, and Swedish Forest Agency. The final
energy potential maps, rasterized into five levels of potential, are shown in Fig. 3. Ex-
clusion layers—military zones, protected areas, and 1 km building buffers—were over-
laid to create optimized development scenarios for each energy source (Fig. 4). The
intention was to use the outcomes of this hypothetical consultation as one of the criteria
in the subsequent phase, serving as a spatial indicator for the socio-cultural criterion.
However, due to time and resource limitations, this was not possible, and alternative
approximations were considered for this evaluation.



Spatial Multicriteria Decision Aiding for Regional Energy Planning and Assessment 9

¢ Wind energy 57 Solarenergy
potential potential
Very low Very low
Low Low Bioenergy
Medium 1 Medum potential
High I High W Very low
Very high Il Very high Il Very high Il
Fig. 3. Energy potential maps: wind (left), solar (middle), biomass (right)
A © o
e
AN
3 ok
Y M\m{\v(

Electricily grid

W Flectricity grid
" N Solar energy
.

Wind energy
potential k .
Very low potential o Hecticiy grid
Low Very low
v Bioener
Medium B Low . : u!;y;
igh I Medium I potential
e Viigh 2 Very low
Very high I igh j
' Very high
Very high Il ¢ ‘ery high Il

Fig. 4. Maximized development scenarios for wind (left), solar (middle), bioenergy (right)

6.3 Integrated evaluation and spatial decision support

The third phase implemented a SMCA to integrate qualitative and quantitative factors
using the SMARTER method, including technical-infrastructural, environmental, eco-
nomic, social-cultural, and land-use conflict dimensions, each further broken down into
measurable sub-criteria. The obtained decision tree is represented in Fig. 5.
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Fig. 5. Decision tree

These sub-criteria were translated into spatial indicators, represented as score maps,
each displaying performance values from 1 to 5 across the regional territory from the
perspective of that specific sub-criterion. Fig. 6 provides examples of these maps,
where darker shades consistently indicate higher scores, representing areas most suita-
ble for RES development according to that criterion.

Fig. 6. Score map examples

Next, a qualitative ranking of the five main criteria was established in consultation with
local university experts (see Table 1). A similar ranking process was applied at the sub-
criteria level when a criterion included multiple sub-criteria. A linear weighted sum
was then used to aggregate the scores into calibrated suitability maps, providing overall
suitability values from 1 to 5. These values accounted for all criteria, each weighted
according to the ranking-based weights derived from the SMARTER method.

The weights, which range from 0 and 1 and sum to 1 by convention, can be calcu-
lated using the following formula:

=B ()

i=k

(1
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where K represents the total number of attributes, and wy, is the weight assigned to the
k™ attribute.

These weights were then used in the final aggregated utility calculation, following
the additive model proposed by Barron and Barrett [50]:

K
U, = Z Wiy (Xpi)
k=1
(2)

where U, is the total utility score for each evaluation unit h (in this case, a 50 x 50 m
pixel of the regional territory). The term u,(Xp) represents the single-dimensional
utility scores for each criterion, while w;, denotes the weights assigned to each criterion
or value dimension.

Tab. 1. Criteria ranking using the Rank Order Centroids by SMARTER.

Rank Criterion ROC weight
1 Economy 0,4567
2 Land-use 0,2567
3 Environment 0,1567
4 Society and culture 0,0900
5 Technology and infrastructure 0,0400
Total | 1,0000

Despite limited stakeholder involvement, expert input from Campus Gotland guided
the weighting process. The analysis produced four suitability maps—general and
source-specific—identifying optimal areas for RES development (Fig. 7). Results indi-
cated that central Gotland is the most suitable area for renewable energy development,
while coastal and protected zones were deprioritized due to land-use and regulatory
constraints. The contrast between energy potential maps and overall suitability maps
underscores how contextual factors like infrastructure and land-use outweigh raw re-
source availability, validating the robustness of the adopted criteria hierarchy.

Suitabilily ® g _ N Suitabilily
or

score | Ya score | 2 e
. : . U .
: b : by

im S y: /F =

Fig. 7. Suitability maps
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6.4  Sensitivity Analysis and final reflections

The final phase tested the model’s resilience through sensitivity analysis, revealing how
prioritizing individual criteria—such as technical and infrastructural factors—ex-
panded high-suitability zones, particularly for wind energy. However, this often came
at the expense of environmental and land-use considerations, reinforcing the need for a
balanced, multi-criteria approach. While infrastructure and resource availability shape
feasibility, long-term planning must also account for biodiversity, cultural heritage, and
social acceptance. The study concludes that Gotland’s conditions support diversified
renewable energy development, and the methodology is broadly replicable, with ad-
justments for governance, geography, and data availability.

7 Discussion of results

The proposed methodological framework for regional energy planning demonstrates a
strong capacity to integrate spatial analysis, scenario building, and participatory pro-
cesses into a coherent and structured planning tool. The proposed framework for re-
gional energy planning effectively combines spatial analysis, scenario building, and
participatory processes into a structured, adaptable planning method aligned with na-
tional and EU sustainability goals.

Applied to Gotland, the framework successfully identified renewable energy poten-
tials, mapped spatial constraints, and generated plausible future development scenarios.
As previously discussed, the final suitability maps revealed that central areas of the
island are the most promising zones for renewable energy deployment. Conversely,
coastal and environmentally protected areas, although rich in physical energy potential,
were deprioritized due to regulatory or land-use constraints. The comparison between
source-specific and aggregated suitability maps showed that, in this case, the low
weight assigned to the technological and infrastructural criterion—including source-
specific energy potential—resulted in minimal differences among the RES options,
with development priorities shaped primarily by socio-environmental constraints.

However, in other regional contexts, differing priorities or needs may elevate the
influence of specific criteria, making one energy source consistently more favorable
than others. These specific spatial findings confirm that the methodology is capable of
translating complex trade-offs into clear, actionable outputs—an essential condition for
effective planning.

The study confirms the framework’s replicability, with adjustments for regional gov-
ernance, data access, and technical capacity. Gotland’s streamlined governance and
strong renewable resources eased implementation, but challenges such as data require-
ments and stakeholder engagement remain. Overall, the framework’s strength lies in
generating context-sensitive strategies through spatial data, local insights, and a trans-
parent, replicable workflow using GIS and SMCA.
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8 Conclusions and future perspectives

This study proposed a flexible methodological framework for regional energy planning
that integrates GIS, scenario modeling, multi-criteria assessment, and participatory
tools. Developed to address fragmented governance and implementation gaps, the
framework aligns with EU and national sustainability goals and is adaptable to various
territorial contexts.

Demonstrated its effectiveness in identifying renewable energy potential, managing
spatial constraints, and structuring development scenarios. While the island’s simplicity
and resource availability aided implementation, limitations in data resolution and stake-
holder engagement pointed to areas for refinement. The results help answer the core
research question on how spatial and decision-support tools can strengthen regional
planning, along with sub-questions on tool selection, coherence, and applicability.

To support broader adoption, the framework could be embedded within the Strategic
Environmental Assessment (SEA) process, as required by Directive 2001/42/EC. The
procedural compatibility between SEA and the framework—across phases such as
scoping, environmental reporting, and stakeholder consultation—offers opportunities
to strengthen the spatial and participatory dimensions of energy planning. A compari-
son with both the Italian Valutazione Strategica Ambientale e Territoriale (VALSAT)
and the Regional Energy Plan of Emilia-Romagna confirms the frameworks feasibility
for institutional integration. However, effective implementation will require improved
data infrastructures, technical training, and long-term political commitment.

Looking forward, research should focus on enhancing participatory components, in-
creasing the resolution and reliability of spatial data, and applying the framework in
more complex regional contexts. Integrating emerging technologies—such as artificial
intelligence and dynamic geospatial platforms—may further increase planning respon-
siveness and support evidence-based decision-making. As energy transitions acceler-
ate, structured yet adaptable tools such as the one developed here will be crucial to
support inclusive, data-informed, and spatially grounded regional energy strategies.
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