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Considerable pressure is placed on wind power in Sweden due to the country’s goal of generating 100% of its
electricity from fossil free resources. The aim was to develop the REWIND methodological framework to support
wind power planning, built on spatial multi-criteria analysis (SMCA). In addition, the purpose was to develop a
conflict score as a novel component of this framework, for handling goal conflicts. This framework includes the
scoping, design and evaluation stages. It was applied in a case study of Vasternorrland County with extensive
involvement of stakeholders throughout the process.

The conflict score allows a separate analysis of trade-offs between factors, highlighting potential conflicts
across the landscape to increase transparency. Thus, users are allowed to decide on a threshold on how much
conflict among factors should be allowed for areas to qualify as planning alternatives. Critical issues that will
need further attention concern quality and availability of data, creation of representative spatial indicators for
the factors, weighting methods, and uncertainty analysis. The REWIND framework is open-ended and allows for
further development to provide planning support that gives more control of factors and conflicts to be acceptable
in real-world planning. Capacity building involving stakeholders in the design of planning alternatives are
crucial. In Sweden, it can promote a more proactive planning process in the municipalities, supported by the
regional actors, leading to a more predictable permitting process for developers. This will be useful for inclusive
wind power planning in any country, since it is applicable on different scales.

and Good health and well-being as well as Life on land on the other side
[11]. Therefore, it is important to understand the interlinkages among
sustainability goals, interpret these based on the regional and local
circumstances and integrate them into the planning process for the siting

1. Introduction

Climate change and its impacts has compelled the energy sector to

look for renewable forms of energy generation with less greenhouse gas
emissions. This has led to an increase in the share of renewables in global
electricity generation to 28% in year 2021, largely due to the increase of
wind power to 6.6% [1]. Ambitious climate policies and reduction in
technology costs has further enhanced the growth of the wind sector.
However, wind energy development also faces a multitude of ecological
[2-4] and societal impacts [5,6], which affects the social acceptance of
this technology [7,8]. Noise and visual impacts on residential areas [6,9,
10], collision risks for birds and bats, and habitat fragmentation
affecting biodiversity [3,4] are a few examples. Thus, on-shore wind
power development comes with synergies and conflicts between sus-
tainability goals, such as the United Nations Sustainable Development
Goals on Climate action and Affordable and clean energy on one side,
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of wind farms. This can pave way for a sustainable expansion of wind
power in the long term.

In Sweden, the share of renewable energy has been increasing in
recent years, particularly wind energy, which contributed 27.5 TWh or
about 17% of the total electricity production (160.9 TWh) in Sweden
[12]. Furthermore, a Swedish energy and climate goal is to obtain 100%
of the country’s electricity production from fossil free sources by the
year 2040. In this context, the Swedish Energy Agency (SEA) and the
Swedish Environmental Protection Agency have developed a common
national strategy for sustainable wind power development (NWS) within
the framework of the Environmental Objectives Council [13]. The NWS
estimates that to achieve the goal of 100% renewable electricity pro-
duction by 2040, at least 100 TWh of wind power is required, of which
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Nomenclature

Abbreviations

AHP Analytical hierarchy process

CAB County Administrative Board

HS-HC areas Areas with high suitability and high conflict

NWS National strategy for sustainable wind power
development

SEA Swedish Energy Agency
SMCA  Spatial multi-criteria analysis
TWh Terra Watt hours

WLC Weighted linear combination
Notations/Symbols

CS conflict score

SFM standardised factor map

#SFM  number of standardised factor maps

80 TWh would come from onshore production. In addition, a balanced
assessment of what is a reasonable distribution for each county was
estimated by the NWS, partly based on a spatial analysis to indicate
where future onshore wind power could be located across Sweden, with
varying degrees of expected conflict [14]. However, further analyses on
regional and municipal levels were considered necessary to gain a more
comprehensive understanding of potential suitable sites [13].

In Sweden, the municipalities play a key role in the wind power
planning process, due to their planning monopoly. In addition, for a
permit for a wind farm to be given, formal approval by the municipality
isrequired [15]. According to Wretling et al., 2022 [16], there is a large
heterogeneity within wind power planning practice concerning how
trade-offs between wind power deployment and other sustainability
aspects are handled, as well as a lack of coherence between planning and
permitting. In addition, to gain a permit for wind power development
has become increasingly more difficult. This highlights the need for
additional support at the municipal level. Furthermore, in Sweden, the
County Administrative Boards (CAB) represent the national interests at
the regional level, and have a supporting role towards municipal plan-
ning [15]. Thus, there is a growing interest to develop critical compe-
tence and relevant knowledge to enable trade-offs between the different
sustainability considerations in an informed and balanced manner. They
could be guided by collaborative planning principles, where a wide
range of actors are included to discuss the suitability of different plan-
ning alternatives [17]. This calls for the development of methods and
tools to support the regional and municipal collaborative wind power
planning processes in seek of sustainable planning outcomes.

1.1. Spatial multicriteria analysis for planning support

With this increased requirement for sustainable wind energy in
Sweden, not only technical and economic aspects like good wind speed
and accessibility need to be taken into account in wind power planning,
but also the impacts. A useful tool for integrating all these aspects is
spatial multi-criteria analysis (SMCA) that transforms the geographical
data regarding multiple criteria and stakeholder’s preferences into de-
cision aiding output maps [18-20]. This systematic approach can assist
decision makers in localising and quantifying the synergies and conflicts
involved in site selection while also visually representing them [21].

To integrate the many disparate criteria, SMCA studies commonly
use weighting methods to find a compromise solution. Weights are ob-
tained from stakeholders based on their preferences and professional
judgements, and are applied to find the most suitable sites to promote as
planning alternatives. The most commonly used method to find weights
is through the analytical hierarchy process (AHP) [22] and to aggregate
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spatial indicators through weighted linear combination (WLC) [23].
However, when applying weights to the criteria and aggregating their
spatial indicators, trade-offs are introduced [20] that may to some
extent mask goal conflicts. Finally, SMCA methodology includes evalu-
ation of the planning alternatives, for which several methods exist [24,
25]. The relations between the evaluation and the weights, suitability
and conflicts need to be highlighted.

SMCA has been used in many wind power siting studies, however,
the practicality of the methods as real-world planning tools has not been
much highlighted [26,27]. Among studies applying SMCA for wind
power planning during the last 20 years, many evaluate given planning
alternatives (e.g. Refs. [28-30], and in the review of such studies by
Ref. [24], 35 of the 58 studies only conducted evaluation. However, for
proactive planning (as opposed to reactive planning) conducted on
municipal or regional scales, it is important to also include the design of
planning alternatives within the planning process.

Among studies that design planning alternatives by applying SMCA,
many use AHP and WLC, while it is quite common that they are con-
ducted without involvement of stakeholders (e.g. Refs. [31-33]. When
stakeholders are involved in such studies, they are often involved in
criteria weighting [34-36], sometimes also in choice of criteria [37,38],
but rarely in structuring the decision problem [27], nor addressing goal
conflicts that may be hidden by the AHP-WLC approach (but see
Hanssen et al. [39]).

User-friendly and transparent methods that support incremental
improvement of design options, rather than ranking given alternatives,
have been recommended for participatory and politically sensitive
stages of planning processes [26]. Apart from the challenge of
addressing goal conflicts, other key challenges when applying SMCA for
planning support, that may even affect the outcome, were summarised
by Ferretti and Montibeller 2016 [40]. Among these challenges were,
besides choice of SMCA methods; choice of sources of information,
structuring the decision problem while ensuring that all relevant but
only the fundamental objectives are included, how to shape the spatial
standardization functions, how to elicit weights from the stakeholders,
and how to efficiently perform spatial uncertainty analysis. These can be
seen as critical steps that need further elicitation.

Thus, for sustainable wind power planning, we need an SMCA
framework that is adapted to the planning process and stakeholder
dialogue, while organising and integrating a multitude of data, knowl-
edge and perspectives, that takes goal conflicts into account. The AHP-
WLC methodology is interesting to test for this purpose, while it needs
further development for a systematic handling of goal conflicts. Many
studies applied SMCA on wind power planning, but few developed the
SMCA framework in direct collaboration with stakeholders, while
explicitly addressing the problem of goal conflicts that available
methods may hide.

1.2. Aim

The overall aim of this study is to develop the REWIND methodo-
logical framework for providing support for real-world, onshore wind
energy planning on regional and municipal levels in Sweden, in
collaboration with stakeholders. The framework comprises of; scoping,
identifying and organising criteria and decide on their treatment; design,
using the criteria to create planning alternatives; and evaluation, where
selected alternatives are ranked and evaluated. This approach revisits
and further develops a selection of existing SMCA methods, while
integrating a novel conflict mapping step into the framework for
addressing the problem with hidden conflicts using the ordinary AHP-
WLC method.

The REWIND framework was applied in a case study in
Vasternorrland County in Sweden, where high expectations on wind
power development is stated in the NWS, while simultaneously, poten-
tial conflicts arise in relation to impacts on the scattered residential
areas, areas important for outdoor recreation, biodiversity values,
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reindeer husbandry, military defence areas and the complicated issue of
matching with the separate planning process of the electricity grids on
different levels. The targeted stakeholders from CAB Vasternorrland
were prepared to make regional analyses in line with the NWS, while
building capacity to fulfil a stronger supporting role for the municipal
planning. This will in turn provide insights into how SMCA can evolve
into a tool that is more transparent and supportive of real-world plan-
ning processes.

The scientific contribution of this research paper is a critical test of
existing SMCA methods, with AHP-WLC at the core, in collaboration
with dedicated stakeholders, while developing systematic conflict
mapping solution to the problem of hidden trade-offs. A more user-
friendly and transparent SMCA framework has potential to support
real-world planning processes and policy making, thereby enable
reaching climate goals while minimizing conflicts with other sustain-
ability goals.
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2. Methodology

An overview of the REWIND methodological framework developed
for regional wind power planning in Sweden is shown in Fig. 1. This
framework consists of three stages: scoping, where the criteria are
identified and organised and their treatment decided on; design, where
the criteria are used to create planning alternatives; and evaluation,
where the selected alternatives are ranked and evaluated. ArcGIS 10.8
was used for the spatial analyses [41].

The scoping stage is comprised of the identification and structuring
of relevant criteria, as well as defining constraints, factors and the value
functions of their spatial indicators that are expressed in factor maps.
After relevant criteria are identified, they are grouped into a hierarchical
structure — a planning tree — where criteria addressing similar issues are
grouped into main clusters. The planning tree is useful for weight
determination when there are large numbers and a wide variety of
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Fig. 1. Overview of the REWIND methodological framework, comprising of a stage wise process of scoping, and designing and evaluating planning alternatives. In
the study, stakeholders were involved in all three stages, as illustrated by the symbols (adapted from Ref. [42]).
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criteria. Spatial indicators for the criteria are then specified with scores
based on scientific literature, legal requirements and policy, and/or
expert judgements. Constraints are areas considered explicitly unsuit-
able for wind farm development, and a Boolean logic of either 0 or 1 is
applied for these spatial indicators. For factors, the suitability scores
vary in fuzzy continuous and/or discrete scales, standardised from O to 1
to be comparable. The factors express the degree of suitability, where
the value 0 indicates an entirely unsuitable location and 1 indicates a
location which is ideally suited for wind farm installation in terms of
that particular criterion [20].

In the design stage, the most suitable locations for wind power
development are sought. For this, a three-step filtering process is
applied, as illustrated in Fig. 1. In the first filtering step, all constrained
areas are aggregated into a constraint map that is used for eliminating all
completely unsuitable areas from the process. In the next filtering step, a
suitability map is created and applied to the study area, by combining
the factor maps using weights. For deriving the weights of the criteria
within the planning tree, AHP was applied. AHP is based on pair-wise
comparisons of criteria and the importance of one criterion over the
other is marked in a scale from 1 to 9 in a comparison matrix. In addi-
tion, a consistency check where a consistency ratio of less than 10% was
considered acceptable was also conducted during the weight determi-
nation [22,43]. In the suitability map, each pixel got a suitability score
based on WLC of factor scores and weights [20].

For the final filtering step in the design stage, a novelty was the

™

. SR
] Véstemorrlancf Caunty E
CIElectricity bidding areas ¢
3

;> —+_Kilometers
pe 0/ 100 200

L | Kilometers
20 30 40 50

Renewable and Sustainable Energy Reviews 189 (2024) 113856

conflict maps, developed to enable exclusion of areas with high conflict.
In this process, pixels with big differences between the factor scores
were highlighted and eliminated. The conflict maps are based on inverse
factor maps using Equation (1):

B (1 — SEM)>
cs= ZW ey

where CS = conflict score, SFM = standardised factor map, and #SFM =
number of standardised factor maps. The conflict score highlights pixels
where there are one or more factors with very low factor scores through
magnifying their impacts by squaring. A conflict cut-off score is then
assigned to conduct the third step of filtering, where pixels above the
conflict cut-off score are eliminated from the site selection process. The
conflict cut-off score can either be set in advance, or more arbitrary
while iteratively targeting a certain area to be available for the next step.
In this way, areas with conflicting factors can be eliminated to avoid
subjecting them to weights, which can bring heavy trade-off based on
the preferences of stakeholders. From the final suitability map, without
high-conflict areas, large areas with high suitability can be outlined as
potential planning alternatives.

In the evaluation stage, planning alternatives with sufficient size
are selected, which also fulfil high suitability score and low conflict
score thresholds. Then these alternatives are compared with one another
by selected methods, such as comparing the factor scores, as well as the

N

Fig. 2. The study area Vésternorrland County in Sweden. Coordinate system Sweref99TM, spatial data © Lantmaéteriet.
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mean suitability scores and conflict scores, to decide the final rankings.

3. Application of the REWIND framework in Vasternorrland
County

The REWIND methodological framework was applied in a case study
of Vasternorrland County located in the north of Sweden, shown in
Fig. 2. The study area include seven municipalities and has a total land
area of 23,084 km? [44]. The county contains a variety of landscapes,
with a long coast in the east as well as forested, mountainous terrain in
the west, along with abundant lakes and rivers. Approximately 81% of
the county’s land area is covered by forest, 2% by agricultural fields, 8%
by other open land, 7% by water, and only 2% is urban and infra-
structure [45]. Electricity production in the county is derived from a
combination of hydropower (85%), windpower (7%), industrial back-
pressure (7%) and solar energy (1%) [46]. The electricity production
from wind power increased between 2015 and 2022 from 1.07 to 5.66
TWh within the county with an installed capacity of 2284 MW [47]. This
production is expected to increase even more in the coming years and
according to the NWS, it is estimated that the wind energy potential in
Vasternorrland County is roughly 7.5 TWh [13].

For testing the REWIND methodology in the study area, targeted
areas should host wind farms with 25 MW of installed capacity,
matching very roughly a size of 10 km?, and a connection to the regional
grid. For comparability, a set of 10 equal-sized areas with a rectangular
layout (5 x 2 km) were chosen. The wind-power calculations were based
on the power curve from Gamesa G132-3.3 MW turbines at 7 m/s wind
speed with 132 m rotor diameter [48]. The spacing between turbines
was assumed to be eight times the rotor diameter in one direction and 5
times in the perpendicular direction, as a rule of thumb [49].

As illustrated in Fig. 1, stakeholders were engaged in all three stages.
The stakeholders were selected from different departments of CAB
Vasternorrland as well as from SEA, listed in Table 1. They had a shared
interest from regional and national perspectives to develop methods and
tools for wind power planning, that could later on be used by themselves
in dialogue and collaboration with municipalities. Prior to the work-
shops, all stakeholders obtained a “criteria catalogue” with information
on possible factors from other studies (scientific and practical), possible
data, and possible treatments of factors, which was updated continu-
ously. Furthermore, they got instructions about the weighting proced-
ure, and early versions of the results between and after workshops 3 and
4.

3.1. Scoping stage: criteria and spatial indicators

In the scoping stage, criteria and spatial indicators were chosen and

Table 1
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decisions taken on their treatment (Suppl. Table S1, [42]. The stake-
holders took part in identification of criteria and spatial indicators,
treatment of the latter, and structuring the decision problem into a
planning tree (workshops 1 and 2, e-mail conversation), illustrated in
Fig. 3. The spatial indicators were standardised into a suitability scale,
where they were subjected to either fuzzy or Boolean logic, or a com-
bination thereof, to get the final criteria maps. The raster cell size used in
the spatial analysis was 25 m x 25 m. Decisions regarding the treatment
of the spatial indicators for the criteria, such as buffer distances and
fuzzy functions, were based on scientific literature, legal requirements
and policy, and/or expert judgements and were supported by recom-
mendations from the stakeholders.

Since there are many factors that influence wind power planning
with a corresponding large amount of input data, they were clustered
into a hierarchical planning tree to simplify the weighting process. In
consultation with the stakeholders, the factors were grouped in clusters
aligned with the legislation and societal institutions. The clustering
made the factors easier to compare with one another instead of with all
the other factors in the planning tree. The planning tree was also used as
a basis for creation of the factor maps. In total 40 datasets were used as
inputs to the spatial indicators, each treated and standardised as shown
in Suppl. Table S1 and expressed as sub-factor maps. We then combined
the sub-factor maps that belonged to the same factor in the planning
tree. This was done through mosaicking these maps into either the
lowest suitability score for each pixel, to be conservative, or in case of
proximity to roads and electricity grids, the highest suitability score was
kept. In this way, 12 factors and 3 constraints were created for further
analyses, as shown in Fig. 3.

For the cluster Wind power development, the factors Wind resource,
Power grids and Roads were used. For Wind power development, the
electricity grid should have sufficient voltage levels to handle the power
generated. Therefore, the regional grid was considered in this study,
generally with a voltage capacity of 40-130 kV, to match the needs for
wind parks with around 25 MW of installed capacity.

The cluster Socio-cultural values included Residential areas, areas
important for Outdoor recreation, as well as areas with Cultural values.
Reindeer husbandry was considered as stand-alone to align with related
legislation and institutions. Other land use and infrastructure included
Defense, Infrastructure and Other land-use. Within the cluster Nature
conservation, two selected bird species were included, that were not
specifically tied to forest or wetland habitats but sensitive to wind power
development and highly relevant for the study area. These were the
Golden eagle (Aquila chrysaetos) and the Red-throated diver (Gavia
stellata), both of which’s habitats were treated as criteria [50,51]. Both
these birds are listed in Annex I of the EU Birds Directive, and classified
as Near Threatened in the Swedish Red List [52].

Stakeholders taking part in workshops (WS) of the study; practitioners from CAB of Vasternorrland and SEA, and researchers and students from KTH and Stockholm

University (SU).

Participant No. Organisation Role WS 1 (31/01/2017) WS 2 (25/09/2017) WS 3 (12/06/2018) WS 4 (26/10/2018)
1 CAB Energy strategist X
2 CAB Environmental permit delegation X X X

3 CAB Nature and rural areas X X X X
4 CAB Nature and rural areas X X X X
5 CAB Nature and rural areas X X

6 CAB Nature and rural areas X X

7 CAB Planning X X
8 CAB Planning X X
9 SEA Energy systems X X
10 SEA Energy systems X X
11 KTH Researcher X X X X
12 KTH Researcher X X

13 KTH Researcher X
14 KTH MSc student X X
15 KTH MSc student X

16 SU MSc student X X X X
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Sustainable windpower planning

Wind power
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development
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Fig. 3. Planning tree for Vasternorrland County with clusters including factors and constraints for sustainable wind power planning.

3.2. Design and evaluation of planning alternatives

The design stage is comprised of three filtering steps as shown in
Fig. 1. First, constrained areas were excluded, so they were not part of
the weighting in the subsequent process. All the criteria in the cluster
Other land use and infrastructure consisted only of constrained areas
and were therefore not part of the weighting process. Among the other
criteria, many consisted of both constrained areas and areas with
different factor scores (see Suppl. Table S1), and from these, the
completely unsuitable areas were excluded in this first filtering step.

In the second filtering step, the remaining areas were subjected to
weighting of the remaining 12 factors, through AHP. The planning tree
was used for clustering the factors. Stakeholders contributed with
weighting of factors (workshops 3 and 4), using an online AHP tool as a
part of the workshops to obtain weights [53]. Firstly, weights according
to their own expertise were asked for, and secondly according to their
experience of supporting wind power planning dialogues, to represent
stakeholder interests that were not present (such as wind power de-
velopers, reindeer owners, and residents), expressed as weight profiles
as shown in Table 2.

A cut-off score of 0.85 was used to find areas of high suitability.
Finally, the standardized factor maps were aggregated using WLC to get
an overall suitability score for each pixel. In the third filtering step areas
with high conflict scores were excluded. The conflict cut-off score was
chosen to be 0.15 and this was decided based on the size of the
remaining area. Based on the outcome of the three filtering steps, the 10
best sites were selected as planning alternatives. Stakeholders contrib-
uted in the selection of planning alternatives, where a standardized size
of 10 km2 was agreed upon for comparability, and discussed outputs
including conflict mapping (workshop 4 and e-mail conversation).

To test the sensitivity of the methods to changes in weights, two
scenarios were created. The first scenario applied the average of all
weights to derive suitability maps. Since the weight profiles representing
wind power developers was perceived as deviating most from the other,
one of these single profiles was used for sensitivity test of consequences
of changing weights (profile 1.8 in Table 2). Thus, both sets of weights
were applied in the evaluation step, to evaluate the influence of the
weights.

4. Results and discussion
4.1. The design stage

After all the constrained areas were excluded, 30.4% of the total
county land area remained open for further analyses. This limited the
site search area to 7012.4 km?, illustrated by Fig. 4. The municipality of
Kramfors had the highest percentage of land eliminated after the
application of constraints, 84.2%, and had only a remaining area of 284
km?. The municipality with the largest remaining land area after the
constraints were eliminated was Ornskoldsvik, with 2138.6 km?. Based
on the planning tree clusters, the major share of land elimination in the
first filtering occurred due to the Socio-cultural criteria (45.8%), in
particular due to residential areas and the constraint distance of 800 m
around them. Other main reasons for excluding areas were due to
criteria from the clusters Ecological values (37.7%), Wind-power
development (30.3%) and Other land use (infrastructure, 5.0%), while
it should be noted that there were overlaps between the constraints.

The average weight distribution related to the planning tree is shown
in Table 2. As can be seen, the average weights for the factors wind
resource and reindeer husbandry were highest, whereas the factors for
wetlands and red-throated diver were lowest. The aggregated suitability
scores ranged from 0 to 0.99 for the entire study area. The cut-off value
for the suitability score of 0.85 and above, together with the constraints,
lead to the elimination of 87.6% of the total area available for further
consideration, as illustrated by Fig. 4. The remaining area after this is
step was 2854.8 km?,

In the final filtering step, areas that had a conflict score above 0.15
were eliminated. This together with the previous filtering steps removed
95.8% of the total area, leaving 963.4 km? for planning. As can be seen
in Table 3, the municipalities Ornskoldsvik (270 kmz), Sundsvall (189
kmz), Sollefted (186 km?) and Ange (153 km?) had relatively large
available area after the filtering steps. However Timra (49 kmz),
Harnosand (53 km?) and Kramfors (63 km?) had smaller areas available.
The lowest factor score obtained through the Filter 3 step (finding areas
with high suitability and low conflict) were 0.3 for roads and 0.45 and
above for the rest of the factors. Overall, areas with high conflict scores
most often had low suitability scores, but in addition, some areas with
relatively high suitability scores also had high conflict scores, as shown
in Fig. 4.
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Table 2
Weights accomplished from workshops at CAB Vésternorrland.
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Workshop 3 (12 June 2018)
1.1 Ecolocial expert botanist 0,17 | 0,08 | 0,07 | 0,05 | 0,47 | 0,04 | 0,48 | 0,07 | 0,07 | 0,03 | 0,03 | 0,06
1.2 Ecological expert general 0,02 | 0,02 | 0,02 | 0,04 | 0,04 | 0,04 | 0,12 | 0,09 | 0,09 | 0,09 | 0,09 | 0,34
1.3 Ecotourism developer 0,01 | 0,02 | 0,02 | 0,03 | 0,24 | 0,06 | 027 | 0,43 | 0,11 | 0,04 | 0,02 | 0,05
1.4 Reindeer owner 0,01 | 0,01 | 0,04 | 003 | 0,01 | 0,06 | 0,68 | 0,09 | 0,02 | 0,01 | 0,02 | 0,02
1.5 Energy-climate strategist 0,52 | 0,10 | 0,09 | 0,04 | 0,04 | 0,01 | 0,08 | 0,01 | 0,01 | 0,03 | 0,01 | 0,04
1.6 Outdoor recreation | 0,03 | 0,03 | 003 | 0,14 | 044 | 0,05 | 0,10 | 0,01 | 0,01 | 0,06 | 0,06 | 0,02
1.7 Landscape protection 0,05 | 0,05 | 0,04 | 0,11 | 0,11 | 0,11 | 0,47 | 0,09 | 0,03 | 0,09 | 0,09 | 0,06
1.8 Wind power developer | 049 | 0,15 | 0,07 | 0,05 | 0,03 | 0,03 | 0,07 | 0,02 | 0,02 | 0,02 | 0,02 | 0,05
1.9 Wind power developer I 0,31 | 0,20 | 0,05 | 0,07 | 0,04 | 0,03 | 0,05 | 0,07 | 0,07 | 0,03 | 0,03 | 0,04
1.10 Wind power developer IlI 0,37 | 0,24 | 0,11 | 0,03 | 0,03 | 0,06 | 0,06 | 0,02 | 0,02 | 0,02 | 0,02 | 0,05
Workshop 4 (26 October 2018)
2.1 Outdoor recreation Il 0,09 | 0,01 | 0,03 | 0,05 | 0,08 | 0,02 | 0,14 | 0,07 | 0,08 | 0,47 | 0,16 | 0,10
2.2 Municipal politician 0,01 | 0,01 | 0,03 | 044 | 0,43 | 0,05 | 0,21 | 0,02 | 0,01 | 0,01 | 0,01 | 0,06
2.3 Local residents 0,02 | 0,02 | 002 | 0,12 | 0,04 | 045 | 0,09 | 0,10 | 0,07 | 0,02 | 0,03 | 0,04
2.4 Wind power developer IV 040 | 0,12 | 0,05 | 0,09 | 0,01 | 0,03 | 0,05 | 0,01 | 0,01 | 0,03 | 0,01 | 0,21
Mean weights
Al profiles (mean) 0.18 | 0.07 | 0.05 | 0.09 | 0.10 | 0.07 | 0.16 | 0.06 | 0.04 | 0.05 | 0.04 | 0.08
Clusters (mean) 0.30 0.26 0.16 0.27

In the last filtering step (Filter 3), about 1890 km? were identified as
places with high suitability score but also with relatively high conflict
scores (HS-HC areas). These areas had high factor scores for factors with
high weights, which lead to compensation of other factors. The two
highest weighted factors in our study were wind resource and reindeer
husbandry. The aggregated factor weights from these factors contrib-
uted 24% of the total weight in this case, and their minimum factor
scores were 0.30 and 0.67 respectively in the HS-HC areas. However,
most of the other factors in these areas had factor scores lower than 0.1.
For example, several HS-HC areas located in Ornskoldsvik municipality
(orange areas in Fig. 4) had low factor scores ranging down to 0.10
(wetlands), 0.20 (grids) and 0.30 (roads), whereas it had high scores for
other factors. The provided weights were the reason for this trade-off.
Thus, the degree of compensation could be high in these areas, based
on how much the stakeholders emphasised a given factor.

Lastly, after the final filtering step using the average of all weights,
the remaining land area available for planning in Vasternorrland County
(963.4 km?) was scattered across the study area, and ten planning al-
ternatives were selected based on visual examination to find large
cohesive areas. These alternatives were distributed across all the mu-
nicipalities except Harnosand, as shown in Fig. 4. All the selected sites
occupied a total area of about 11-16 km?. However after elimination of
constraints from inside these sites, the final available area of each
alternative was about 10 km?.

4.2. Sensitivity test

To test the sensitivity of the model, one specific weight profile was
selected that used a wind developer’s perspective (weight profile 1.8 in
Table 2). With this profile, which emphasised the wind resource by a
factor weight of 0.49 followed by power grids with weight 0.15, the
filter 2 step resulted in a total suitable area of 2282.8 km?. The lowest
factor score for wind resource was 0.65 among the suitable sites. For
instance, the municipality Sundsvall had an additional suitable area of
29.1 km? when compared to the average of weight profiles. All these
areas were concentrated in areas with higher wind speeds. By contrast,
in the municipality Ornskéldsvik there was reduction of suitable area of
261.5 km? in comparison to the average of weight profiles. Most of this
reduced area had a factor score lower than 0.65 for the factor wind
resource.

To summarise, areas with very high wind factor scores combined
with the high weights for the wind factor contributed to 49% of the
suitability score in this “wind developer weight profile”. When these
suitable sites were filtered through the conflict score threshold, further
land was eliminated, leaving 760 km? for planning. This should be
compared to the 963 km? available area applying the average of all
weights, as shown in Table 3. This substantial difference in size occurred
due to the stronger role of the wind resource factor, for which the
relative lack of high-score areas became more emphasised in the
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Fig. 4. Results from three filtering steps, with ten selected planning alternatives. Coordinate system SWEREF99 TM, spatial data © Lantmateriet.

Table 3

Remaining area open for planning (km?) and amount of eliminated area (%) due to filtering, and for Visternorrland County and its municipalities. Areas are based on

land-cover data excluding the Baltic Sea [45].

Vaster-norrland Sollefted  Kramfors  Ornskolds- Sunds- Timrd  Harno- Ange
County vik vall sand
Total land area (km?) 23084 5798 1791 6774 3471 829 1106 3316
Land area (km?) available after filter 1: constraints 7012 1992 284 2139 926 240 248 1184
% area reduction after filter 1: constraints 70 66 84 68 73 71 78 64
Land area (km?) available after filter 1 4 2: suitability > 2855 538 181 768 473 133 185 578
0.85
% area reduction after filter 1 4 2: suitability > 0.85 88 91 90 89 86 84 83 83
Land area (km?) available after filter 1 4+ 2+3: conflict score 963 186 63 271 189 49 53 153
< 0.15
% area reduction after filter 1 4+ 2+3: conflict score < 0.15 96 97 96 96 95 94 95 95

suitability map.

4.3. Results from evaluation of planning alternatives

From the areas of high suitability and low conflict after applying
Filter 3, ten planning alternatives of about 10 km? were found through
visual examination and digitized, targeting cohesive areas with high
suitability and low conflict. The ten planning alternatives selected in the
design stage were further investigated in the evaluation stage. For this,
the suitability score obtained from the mean weight profile (average of
all weights obtained from workshops) and conflict score were applied.

The resulting rankings are shown in Table 4. As can be seen, Alternative
6 ranked best and Alternative 8 ranked worst from both suitability score
(mean weight profile) and conflict score evaluations.

The best and worst alternatives coincided with the overall mean
factor scores evaluation. This implies that the deciding factors for the
ranks in these alternatives were the factor scores and that the weights
and aggregation approaches followed were not enough to bring trade-off
to change their ranks. Similarly, the Alternatives 1, 7 and 10 also
matched between the suitability score (mean weight profile) ranking
and conflict score ranking. However the ranks were altered, with a
change of three rank positions, in the cases of Alternatives 2 and 5,
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Renewable and Sustainable Energy Reviews 189 (2024) 113856

Evaluation of the planning alternatives, comparing the suitability scores (SS), and conflict scores (CS). SS was based on a) mean of weight profiles, and b) the selected

wind developer profile as a sensitivity test.

Planning Municipality Total area Area without SS a) mean of Ranks based CS  Ranksbased  SSb) wind Ranks based
alternative (km?) constraints (km?) weight profiles on SS a) on CS developer profile on SS b)
SS evaluation CS evaluation SS evaluation — sensitivity test
Alt1 Sollefted 16.1 10.8 0.96 2 0.09 2 0.98 1
Alt 2 Sollefted 14.6 9.9 0.94 6 0.10 3 0.91 7
Alt 3 Kramfors 16.8 10.9 0.95 4 0.11 5 0.95 4
Alt 4 Ornskoldsvik 15.3 9.7 0.93 8 0.11 6 0.87 10
Alt5 Ange 11.9 9.8 0.94 5 0.11 8 0.91 6
Alt 6 Ornskoldsvik 15.6 10.3 0.96 1 0.09 1 0.98 2
Alt 7 Ornskoldsvik 11.6 9.2 0.94 7 0.11 7 0.93 5
Alt 8 Sollefted and 15.0 10.5 0.92 10 0.13 10 0.88 9
Kramfors
Alt9 Timra 16.8 10.6 0.95 3 0.11 4 0.96 3
Alt 10 Sundsvall 14.9 10.2 0.93 9 0.13 9 0.88 8
between the two methods. In the sensitivity analysis, the weight profile [58].

1.8 (wind developer perspective) was applied and the resulting ranks are
shown in Table 4. There were slight shifts in the ranks, but only with two
positions in two cases with comparison to the mean weight profile.

5. Final discussion

As for any SMCA study, a multitude of decisions have to be taken
concerning data, decision rules and stakeholder involvement, which
need to be critically examined since they contribute to error and un-
certainties, and can have implications for the outcome.

5.1. Selection of factors, input data and its treatment

In the scoping stage, the selection of criteria is a key step where it is
necessary to integrate all relevant aspects of the planning problem. The
selection was here based on literature studies and discussions with the
stakeholders. In the selection of criteria, it is important to make sure that
they are independent of each other, to avoid double counting [20]. This
could be approached through methods for finding correlation among
factors, developed by e.g. Lindén et al. [54]. However, if they are partly
overlapping, either some of them has to be dropped, or a composite
created. In the current study, this was approached through joining
(mosaicking) several datasets into single spatial indicators. Still,
remaining interdependencies could be possible, which needs to be
addressed in the future.

Data to represent the criteria do however not always exist, or may
not be entirely relevant. Still, from incomplete data, spatial indicators
need to be created, that more or less well represent the criteria in factor
maps. One example is the average wind speed data [55] and how
representative it is of wind energy conditions in each specific site, over
different terrain and scales, etc. Another example concerns the data
representing reindeer husbandry [56], for which more detailed data
exist, but is difficult to interpret and may be outdated. This leads to a
data deficiency for this factor that needs further investigation.

Relevance of data regarding power grids is another difficulty that
must be addressed during site selection, due to capacity problems.
Power lines exhibit thermal, voltage and stability constraints which in
turn limit their transmission capacity and ability to meet the demands
[57]. Thus, a power line with insufficient transmission capacity cannot
accommodate a new interconnection unless capacity-increasing mea-
sures are implemented. Currently, in Sweden, the transmission capacity
in the north-south direction of the national grid is limited. The reason is
foremost the electricity production being more concentrated to the
north of Sweden while the electricity demand is high and increasing in
the south [58]. Consequently, for Vasternorrland county, it can be
difficult to establish new wind farms until the transmission congestion in
the national grid has been resolved, which also affects the regional grid

How to treat the input data concerning scaling and standardisation,
to derive spatial indicators that represent the factors, are important
decisions where data and knowledge gaps become apparent. For many
criteria, more detailed analyses are possible, such as the potential energy
gain related to wind speed in different locations (e.g. Refs. [28,59]).
However, this may not be feasible in planning over large areas, but may
be more realistic to develop at more detailed scales. Another type of
decision on criteria concerns constraints. These may not necessarily be
areas explicitly forbidden to build wind farms within, but could also be
areas that are interpreted as unsuitable based on current policy or
economical implications. One example would be areas with wind speed
of less than 5 m/s that were constrained since economic feasibility
would be difficult there. This can definitely change over time due to
advancements in technology, policy changes, etc.

This study used 12 site specific factors for which spatial indicators
were constructed from 40 input datasets (Suppl. Table S1). To simplify
the AHP weighting procedure, the factors were grouped into clusters in a
planning tree. This is recommended by Saaty [60], based on the
assumption that human memory and judgement has limitations when
the number of comparisons are more than 7 (preferred) or 9 (maximum)
[61]. However, many studies seem to carry out pair-wise comparison
without clusters, even if the number of factors exceeds 7, while they
basically use the same method [33,62-65]. In contrast to this, other
studies applied a hierarchical clustering approach [35,66]. In both these
studies, clusters that included a single factor received the highest
weights. This could be a tendency also in the current study, where the
cluster Reindeer husbandry had only one factor, that obtained the
highest individual weight of all factors among the weight profiles.
Therefore, impacts of the structure of the planning tree may need further
investigation.

Furthermore, the planning tree limits pair-wise comparisons of fac-
tors from different branches, which may affect the weights. However,
the link to sustainability and environmental quality goals becomes more
obvious with the use of clusters, especially since they here were aligned
with the legislation and societal institutions. Finally, it is also possible
that the final distribution of weights will depend on which factor
weighting method is applied. In this case the pair-wise comparison in the
Saaty scale [60] was used, carried out by the stakeholders, but other
methods (e.g. Ref. [67]) may give different results, which remains to be
tested.

5.2. Suitability and conflicts

The second filtering step involved aggregating factor maps into
suitability maps using weights. Through WLC, a single indicator is
generated, representing the overall suitability for each pixel within the
study area. This cause a certain amount of compensation of the factor
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scores. When combined with weights, any value other than zero within a
factor map would compensate in the site selection process, depending on
other co-exisiting factors and constraints in the same location. So, after
applying Filter 2, keeping only areas above a certain suitability
threshold, areas with relatively high suitability may have some factors
with low scores and low weights, compensated by other factors with
high factor scores and high weights. Therefore, areas with conflicting
factors may be included in the suitability map. Thus, it is always possible
that the stakeholders involved will not realise the impact of different
weights in the design stage and are unaware of the invisible trade-offs
that occur in suitability maps.

To address this trade-off problem, the conflict score was developed.
It is calculated without integrating weights and is set up to amplify low
factor scores to find their corresponding areas. It was applied to further
fine-tune the remaining areas after Filter 2, where areas of high suit-
ability were outlined. Through the conflict score, a more transparent and
controlled trade-off among factors was applied to these areas. Thus,
areas with conflicting factors can be eliminated to avoid subjecting them
to weights, which otherwise can bring strong trade-offs based on the
preferences of stakeholders. In addition, there is potential to further
develop the conflict score to understand the range of factor scores within
a pixel in different ways. Other ways to reflect different degrees of trade-
off and risk for conflict also exist, such as ordered weighted averaging
[68]. However, this approach tend to be non-transparent and may be
more difficult to communicate to stakeholders.

Applying WLC to the factor maps, the arithmetic mean of the
weighting profiles was used, while to test the sensitivity to weights, a
single diverging weight profile was selected, a “wind-developer”
perspective. The arithmetic mean is however not a representation of a
negotiated decision about the importance of factors in a multiple
stakeholder setup, which would be necessary in a real world planning
process. Sensitivity to weights can be further explored through creating
multiple scenarios from different weighing profiles, or specifying a
range of weights. It would also be eligible to incorporate a detailed
sensitivity analysis to identify which factors are most sensitive to weight
changes [69]. However, a multitude of uncertainty and sensitivity test
may yield quite complicated results, and may be difficult to apply in real
world planning practice which involve larger plans and diverse opin-
ions. Still, it is highly desireable to develop such analysis and visual-
isation methods, where some areas with high suitability may shift in the
landscape, while other, more robust ones, may not.

In the evaluation of planning alternatives listed in Table 4, the mean
values of the suitability scores of each alternative were relatively high
and the conflict scores relatively low. This was due to the high threshold
value set for the suitability scores, low threshold value for the allowed
conflict score, as well as availability of such areas within the study area
(illustrated in Fig. 4). Comparing the planning alternatives, the ranking
according to suitability score and conflict score followed each other
relatively well, however there were still some changes in rank between
them. Here, the information about conflict is important and will add to
the evaluation. The ranking when using the wind developer weight
profile for testing the sensitivity showed similar results. This can be
interpreted as the planning alternatives were relatively robust when
changing the weights between stakeholders or weight profiles, in this
case. Furthermore, using separate methods for evaluation, on top of
summarising suitability and conflicts scores, can be useful, where suit-
ability mapping with WLC and conflict mapping are complementary
methods. For evaluation, there are dedicated methods, such as ELEC-
TRE, TOPSIS and PROMETHEE [70-72]. These methods do not demand
the underlying assumptions of the WLC and are easy to apply when the
number of alternatives are limited [20].

5.3. Application in planning and policy-making

Finally, in this case study, the REWIND framework was applied on
the regional level within the County of Vasternorrland. The stakeholders
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from CAB Vasternorrland were preparing to conduct regional analyses in
line with the NWS, while building capacity to fulfil a stronger supporting
role for the municipal planning. In Sweden, municipal planning plays an
important role for wind power development, so the next step would be to
apply the REWIND framework not only to other regional case studies,
but also in stakeholder dialogues on a municipal level. There is a need
for an overall strengthening of the institutional capacity of CAB:s and
municipalities to plan for wind power. A well informed and proactive
planning process can help bridge the current lack of coherence between
planning and permitting in the Swedish wind power planning [16].

Methods that are user-friendly and transparent can support an in-
cremental design of planning alternatives, rather than ranking given
alternatives [26]. This can be crucial in participatory and politically
sensitive stages of planning processes. Here, the conflict score and the
possibility to set a threshold for how much conflict will be allowed is one
way of increasing transparency. When changing scale to the municipal
level, more information and stakeholder views would be present locally,
so a re-run of the analyses in a more detailed manner would be
necessary.

Thus, the REWIND framework can evolve into a tool that is more
transparent and supportive of real-world planning processes. This can
help increasing awareness among stakeholders on climate targets as well
as other sustainability goals, and how they play out in different land-
scapes. When weights change, areas of high suitability and low conflict
may change, but some areas will turn out more robust while other
change completely. This should be part of a continuous learning process,
while underlying assumptions can be scrutinized and results shared.
Areas with goal conflicts can be localized, quantified and visualized. In
particular, this methodology is relevant to planning, but could also
address the mission of the NWS, on how much wind power can be
developed in a region without compromising other sustainability goals.
This allows for input to engineering design of new grids, and enables
contribution also to policy making.

5.4. Limitations and further research

This study is a case study which means that it has limitations in the
direct applicability of the detailed choices made, since other contexts
and stakeholders will be different. In addition, all relevant stakeholders
were not represented in person, but indirectly by planning experiences
of the workshop participants. Nonetheless, the involvement of stake-
holders in all steps of the SMCA framework, with their ambition to apply
such processes themselves in a near future, implies a unique opportunity
for capacity building, to test the applicability of selected methods and to
find directions forward.

An inherent problem of SMCA studies is the limited availability of
data and knowledge to form spatial indicators for the criteria [40]. Er-
rors are introduced in many ways, concerning in-data accuracy, data
relevance, decision rules, and lack of detailed knowledge on e.g. specific
impacts and technical-economic preconditions, which are moving tar-
gets. Also the structuring of the decision problem is a challenge, while
involving all relevant main goals. This can be done in many ways, but
the alignment with legislation and institutional organisation turned out
to be transparent when working with stakeholders. Another limitation
concerns the sensitivity study, which ideally should be expanded to
involve all factors and all sets of weights, which is a common SMCA
problem [27], along with the problem to visualise the outcome [40].
Still, with recent developments in computer capacity, this type of
method development would be an important and possible avenue of
research.

Another issue could be the assumption that the stakeholders under-
stood the AHP method and that the weights reflected the actual per-
ceptions of the participants. Using a simpler and more straight forward
weighting method with better visualisation of weights outputs can be a
way to ensure that the final weights make sense to the participants. In
this context, addressing goal conflicts increased the transparency
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instead of hiding trade-offs, while the conflict score could be further
developed, to even better serve its purpose.

Overall, the REWIND framework itself is flexible and can show the
way to further implementation in other wind power planning contexts,
in Sweden or abroad. The novel metod to highlight high-conflict areas is
useful in any SMCA context. Opening up around other main challenges
on choice of criteria, data and its treatment, knowledge gaps, structuring
the decision problem to make sense in planning, further developing
methods for criteria weighting, and further developing spatial uncer-
tainty analysis and visualisation would be crucial steps for imple-
mentation in sensitive planning processes. This case study could be
repeated and refined elsewhere, and the capacity building would
strengthen proactive planning which have the potential to pave way for
sustainable wind power development.

6. Conclusions

For sustainable wind power planning, SMCA needs to be adapted to
the planning process and stakeholder dialogue, while organising and
integrating a multitude of data, knowledge and perspectives, consid-
ering goal conflicts, and designing and evaluating planning alternatives.
Within this study the REWIND methodological framework was devel-
oped, including the scoping, design and evaluation stages. As parts of
this methodology, a new component was developed, in the form of a
novel method for conflict mapping.

The conflict score was developed to highlight potential conflicts
across the landscape. It is applied without weights, to allow a separate
analysis of the trade-offs between the factors. So, the conflict score can
be seen as a type of veto threshold in the SMCA process, steering how
much conflict among factors should be allowed within areas of overall
high suitability that could otherwise be selected as planning alterna-
tives. In the case study area of Vasternorrland County, where the
REWIND framework was applied, around 30% of the area was uncon-
strained, while only 4% could be considered as having both high suit-
ability and low conflict levels.

From the experiences of the case study, we identified critical steps
and issues within SMCA that need further attention to be applicable in
real world planning contexts. Key findings: 1) Conflicts that are masked
by suitability scores using ordinary AHP-WLC methods can be revealed
by applying conflict mapping, which increases transparency. 2)
Remaining issues that need development for creating a user-friendly and
transparent framework are; the structuring of the decision problem,
choice, quality and availability of input data, knowledge gaps, treatment
of data to derive spatial indicators, weighting method, and how to
efficiently perform spatial uncertainty analysis. 3) Capacity building
involving stakeholders in the design of planning alternatives as well as
their evaluation are crucial for a sustainable planning process. In Swe-
den, the REWIND framework has potential to promote a more proactive
planning process in the municipalities, supported by the regional actors,
leading to a more predictable permitting process for developers. This
will be useful for inclusive wind power planning in any country, since it
is applicable on different scales. The REWIND framework is open-ended
and allows for further development to provide knowledge-based plan-
ning support that is transparent, understandable for the larger audience
and give more control of the factors, weights and conflicts to stake-
holders to improve the support and acceptance for use in real-world
planning.
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