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Referat
Spatiell modellering av hållbar vindkraftsutveckling
Martin Andersson

Åtgärder för att förhindra klimatförändring har aldrig varit en mer angelägen fråga
än den är idag och den globala debatten om energisäkerhet, miljöförstöring och be-
gränsade resurser har väckt intresset hos många världen runt att påverka beslutsfattare
och ledare att titta på alternativa energikällor, förnybara källor. Svenska regeringen
har som mål att göra hela sin inhemska elproduktion till 100 % återförnybar och
fasa ut energiproduktion baserad på fossila bränslen helt till år 2040, där vindkraft
till stor del kommer att bidra till det målet. Denna studie syftade till att översiktligt
analysera var vindkraft är lämplig och inte lämplig att lokalisera med avseende på
ekologiska, sociala och ekonomiska värden för hållbar utveckling.
För att göra detta genomfördes en multikriterieanalys baserad på metoden ’analyti-
cal hierarchy process’ med förlängningen av att kombinera den med ’fuzzy triangular
numbers’. Ekologiska värden sattes som skyddade områden ej lämpliga för etablering
av vindkraft. Relevans av ekonomiska och sociala värden i förhållande till varandra
differentierades genom att tillfråga fem sakkuniga yrkesutövare inom vindkraftsom-
rådet att göra en parvis jämförelse mellan åtta olika faktorer. Denna jämförelse
resulterade i relativa viktningar som illustrerar vikten av varje faktor. Dessa vik-
ter fördes sedan in i en GIS-miljö där de modellerades för lämplighet tillsammans
med områden som har formellt skydd och annan markanvändning vilket fungerade
som begränsade områden i Ragunda kommun och Västernorrlands län. Olika sce-
narier modellerades som inkluderade eller inte inkluderade områden för renskötsel
som ett begränsningsområde. De slutliga lämplighetskartorna jämfördes sedan med
befintliga vindkraftverk samt områden av riksintresse för vindkraft i Sverige.

Resultaten visade att goda vindförhållanden var den mest framträdande faktorn att
ta hänsyn till vid placering av vindkraftverk. Ingen större skillnad observerades när
en ’fuzzy analytical hierarchy process’ användes istället för den klassiska ’analytical
hierarchy process’ när lämplig lokalisering av vindkraftverk modellerades i en GIS-
miljö. En analytisk metodik med hjälp av multikriterieanalys som applicerades i den
här studien visar på potentiellt lämpliga områden som ännu inte har utnyttjats av
vindkraft finns både i Ragunda och Västernorrland som tar hänsyn till ekologiska,
sociala och ekonomiska kriterier för att stödja hållbar utveckling.
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Abstract
Spatial modelling of sustainable wind power development
Martin Andersson

Measures to mitigate climate change has never been a more pressing matter than
it is today and the global debate over energy security, environmental decline and
limited resources is heated, which motivates decision makers and leaders to search
for alternative energy sources, renewable sources. The Swedish government has set
a goal to make its entire domestic electricity production 100 % renewable and phase
out energy production based on fossil fuels entirely by year 2040, where wind power
will contribute largely to that goal. This study aimed to generally analyse where it
was suitable and not suitable to establish wind turbines with respect to ecological,
social and economical values to achieve sustainable development.
To do this, a multi-criteria analysis was conducted based on the analytical hierarchy
process method with the extension of combining it with fuzzy triangular numbers
and then comparing the two methods. Ecological values were set as protected areas
and not suitable for wind turbine placement. Relevance of social and economical
values in relation to each other were differentiated by asking five experts in the field
of wind power as renewable energy to perform a pairwise comparison between eight
different factors. This resulted in relative weights illustrating the importance of
each factor. These weights were then brought into a GIS environment where they
were modelled for suitability along with areas subjected to formal protection and
other land use acting as constraints in Ragunda municipality and Västernorrland
county. Different scenarios were modelled that did or did not include areas for
reindeer husbandry as a constraint. The final suitability maps were then compared
to existing wind turbines as well as areas of national interest for wind power in
Sweden.

Results showed that good wind conditions was the most prominent factor to con-
sider when siting wind turbines. No significant difference was observed when fuzzy
analytical hierarchy process was used instead of the classic analytical hierarchy pro-
cess when modelling suitable wind turbine placement in a GIS environment. An
analytical methodology combined with multi-criteria analysis applied in this study
show that potential suitable areas that has not yet been exploited by wind power
exists both in Ragunda and Västernorrland that takes into account ecological, social
and economic criteria to support sustainable development.

Keywords: wind power, wind turbines, wind turbine siting, spatial modelling, sus-
tainable development, GIS, multi-criteria analysis, AHP, FAHP
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Populärvetenskaplig sammanfattning
Sverige har som mål att göra hela sin inhemska elproduktion till 100 % återförny-
bar och fasa ut energiproduktion baserad på fossila bränslen helt till år 2040. Där
landbaserad vindkraft till stor del kommer att bidra till det målet. Vindkraft kan
man däremot inte riktigt placera och bygga var som helst. Det är viktigt att det
finns goda förhållanden för att producera vindenergi samtidigt som att man inte
placerar det i områden med andra viktiga värden, i närheten av bebyggelse eller
så att uppskattade landskapsbilder störs. Den här studien handlar om var det är
lämpligt och inte lämpligt att placera vindkraftverk i Ragunda kommun och Väster-
norrland på ett så hållbart sätt som möjligt genom att ta hänsyn till ekologiska,
sociala och ekonomiska värden. För att hitta lämpliga områden för vindkraft har
en så kallad multikriterieanalys genomförts, där sakkunniga yrkesutövare fick göra
en vikting av vilka förutsättningar som är viktigast för att etablera vindkraftverk.
Dessa vikter kombinerades sedan med data om höga natur- och landskapsvärden,
bebyggelse och annan viktig markanvändning i en programvara för att hantera ge-
ografiska data. Rennäring är ett exempel på markanvädning som är viktig för håll-
barhet i ett helhetsperspektiv. Områden för rennäring tar upp stora arealer och
kan hindra vindkraftsetablering om dessa ses som stoppområden. I den här studien
hanteras detta genom att illustrera resultat där rennäringen utgör stoppområden
och alternativt där de inte gör det och på så sätt se skillnader i potentiella platser
för vindkraftsetablering. Slutprodukten blev alltså lämplighetskartor som visar var
någonstans man kan placera vindkraftverk med så liten negativ hållbarhetspåverkan
som möjligt.

Resultaten av den här studien visade att bra vindförhållanden är den absolut vikti-
gaste förutsättningen för att etablera ny vindkraft samt att det finns många områ-
den som är potentiellt lämpliga för vindkraft med avseende på hållbarhet som ännu
inte är exploaterade av redan befintlig vindkraft i både Ragunda och Västernor-
rland.



Glossary
AHP - Analytical hierarchy process (a multi-criteria analysis method)

FAHP - Fuzzy analytical hierarchy process (a multi-criteria analysis method
with fuzzy triangular numbers based on the AHP method)

MCA - Multi-criteria analysis, a decision making procedure

TWh - Terrawatt-hour, a unit of energy

GIS - Geographical Information System, software used to model data in a
spatial environment

SWEREF 99 TM - A coordinate system commonly used in Sweden

Factor - A circumstance that can vary

Constraint - A limitation that needs to be met

Buffer - Increased distance around an object

Fuzzy triangular number - A number that takes into account vagueness
and uncertainty

Matrix - Array or table of numbers used to represent a mathematical object

R.I. - Random Index, used in the AHP method to calculate consistency

C.I - Consistency Index, tells how well a comparison matrix is consistent or
not
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1 Introduction
Measures to mitigate climate change has never been a more pressing matter than it
is today. The global debate over energy security, environmental decline and limited
resources is heated, which motivates politicians and decision-makers to search for
alternative energy sources, renewable sources. Wind power is such a resource and
has been increasing in use and development over the past decade. It is a low carbon
emitter, has the ability to decrease the dependency on fossil fuels and allows for
nations to house the energy production domestically. At the same time, wind power
causes conflicts with other land uses and landscape values (Kati et al. 2021), which
calls for certain attention in planning of new wind power installations.

Background
The Swedish government has set a goal to make its entire domestic electricity produc-
tion 100 % renewable and phase out energy production based on fossil fuels entirely
by year 2040, where wind power will contribute largely to that goal (Energimyn-
digheten 2021a). Wind power alone stood for 12 % of the total energy production
in Sweden year 2019 (19,8 TWh; SCB 2021a) and is expected to increase in share
of total energy production according to the Swedish wind power strategy. In 2020,
wind power produced 27,5 TWh electricity in Sweden. Since 2010, the production
of electricity coming from wind power has increased by almost 650% and the num-
ber of wind turbines has more than doubled in that same time (Energimyndigheten
2021c). As the consumption of electricity increases and as we go towards a more
electric dependent society with more electrical vehicles, devices, industrial processes
and heating solutions, we also need to meet those demands by increasing the pro-
duction of electricity and expanding its distribution capacity. Wind power is one of
the most clean energy sources available today, with relatively low impacts on the
environment. Wind power, in comparison with other energy producing technolo-
gies is, in principal, a source of free energy once the wind turbine has been built
(Jacobson 2009; Kondili & Kaldellis 2012).

Wind power has many advantages apart from being a low carbon emitter, such as
generating jobs, increasing land value and being a cost-effective energy source (U.S
Department of Energy 2017). However, as the technological advance progresses,
wind turbines increase in height and today it is not unusual for a turbine to reach
heights over 250 meters. Higher and larger turbines claim more land and skyline
coverage and consequently increase the impact on the environment and society (Kati
et al. 2021). Wind power in contrast to many other energy sources, has a direct
impact area that is mostly concentrated to its turbine location, if one does not
include the production impact of the turbine (Kondili & Kaldellis 2012). Indirect
impact, such as noise, vibration and light pollution may, however, extend across vast
areas, as well as regional consequences and high local impact on sensitive populations

1



of, for example, golden eagle (Sandgren et al. 2014). Large-scale wind parks can take
up a signi�cant area and has negative e�ects on biodiversity, loss and fragmentation
of animal and bird habitats, ecosystem services, landscape aesthetics, recreation,
noise and social acceptance. Many of the negative consequences from establishing
new large-scale wind parks can be mitigated by clever siting (Sandgren et al. 2014;
Peri & Tal 2020).

The Swedish Energy Agency have identi�ed approximately 1,5% of the total coverage
of land and water to be of national interest for wind power (Energimyndigheten
2017). These areas can overlap with other areas of national interest as well as formal
protections, restricted areas and areas of other interest (Svensson et al. 2020). To be
able to localize wind turbines in a sustainable way these overlapping areas need to be
considered as well as factors regarding production e�ciency such as wind conditions,
land topography, accessibility to infrastructure etc. The energy demand increases
and the expansion of wind power as a major renewable and environmental-friendly
energy source calls for methods that allow decision makers to make rational choices
in planning new large-scale wind parks in a sustainable way. Methods that promotes
planning wind parks in a way that does not, or at least as little as possible, encroach
on protected areas, natural- and social values and other land use for economical
purposes are needed.

Study area

In this study, two zones were selected for analysis. The main study area was Ragunda
municipality, which was the main target area for this study. The methodological
approach was developed with Ragunda as a case, and the approach was then applied
to the neighbouring Västernorrland county. Hence, Västernorrland county was used
for reference and comparison and for testing the same methods used on Ragunda
on a much larger area. Therefore, explained methods are based on Ragunda.

Since a lot of wind parks overlap with multiple counties and transcend the borders
of many municipalities, a bu�er of 10 kilometers was implemented on both Ragunda
and Västernorrland to include wind turbines that are part of wind parks located
on the borders of the study areas. All �gures displaying Ragunda municipality and
Västernorrland county will hence on include this bu�er unless stated otherwise.
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Ragunda municipality

Ragunda municipality is situated in the middle of Sweden at 63� 05' N latitude and
16� 20' E longitude and is part of Jämtland county (Figure 1). It has an total area of
2 527 km2 and a population of 5 181 people making the population density roughly
2/km 2 (Ragunda Kommun 2021). The largest populated area is Hammarstrand
with about 1000 residents. The river Indalsälven runs straight through the mu-
nicipality, which is one of Swedens longest rivers and since long heavily exploited
for hydropower production. Ragunda hosts a number of tributaries to Indalsälven
along with many lakes. The topography within the municipality has an elevation
ranging from 24 meters to 574 meters above sea level and is mostly covered by boreal
forest.

There are currently (2021) wind turbines installed in Ragunda with a yearly pro-
duction capacity of 0,715 TWh and there are also a few areas pointed out as areas
of national interest for wind power as well.

(a) Extent and location of Ragunda munici-
pality with bu�er.

(b) Topography of Ragunda municipality with
bu�er.

Figure 1: Extent, location and topography of Ragunda municipality with bu�er.

Ragunda share borders with �ve other municipalities; Östersund, Strömsund, Sollefteå,
Sundsvall and Bräcke, as shown in Figure (2).
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