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Abstract

Wind energy deployment has been growing globally. The resource is expected to play an 
important role in achieving economic and environmental sustainability - depending on its 
level of availability, economics, and policy.  Sweden has committed to have 20 TWh/year 
production of onshore wind energy in the national electricity sector by the year 2020. 
Further, Sweden has a target for a fossil fuel free transport sector by 2030. Local wind 
energy coupled to electrolysis-derived hydrogen fuel production offers a pathway for 
achieving both targets. The analysis of wind energy’s potential in this context necessitates a 
new type of approach, one that captures the complexities of wind turbine siting in relation 
to the build-up of hydrogen infrastructure, including refueling stations. In this thesis, high-
resolution spatial assessments were performed to evaluate wind energy and wind-to-
hydrogen energy potentials, including land use restrictions and techno-economic 
evaluations. The methodology combines analysis with Geographic Information System 
(GIS) data and the Hybrid Optimization Model for Multiple Energy Resources (HOMER) 
tool and includes key constraints with the purpose of improving the fidelity of the 
assessments. 

Overall, significant potentials for wind and hydrogen energy might be harnessed in 
Sweden. Wind-generated hydrogen can be produced cost-effectively at selected sites along 
existing roads. After applying a large array of land use restrictions, results show that around 
31% of the total land area is viable for wind energy applications in the country. In total, 190 
TWh/year wind electricity could be generated in areas within 30 km from the national 
electricity grid. Moreover, approximately 25580 kton/year of hydrogen fuel could be 
supplied by installing wind turbines on the viable land area. While considering standalone 
wind-powered hydrogen refueling stations, the cost of hydrogen lies in the range of 6-10 
USD∕kg, depending on wind speed models employed and other factors. Note that this study 
does not evaluate how these new wind or hydrogen production potentials might be 
integrated into the energy sector. 

Keywords: Wind energy, renewable hydrogen, land use restrictions, transport fuel. 
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Sammanfattning 

Utbyggnaden av vindkraft har ökat globalt. Vindkraften förväntas spela en viktig roll för att 
uppnå ekonomisk och miljömässig hållbarhet – beroende på dess tillgänglighet, ekonomi 
och politik. Sverige har åtagit sig att år 2020 ha 20 TWh årlig produktion av landbaserad 
vindkraft inom den nationella elsektorn. Dessutom har Sverige som målsättning att ha en 
fossilfri transportsektor 2030. Lokal vindkraft kopplad till elektrolysbaserad 
vätgasproduktion möjliggör ett sätt att uppnå båda målen. Analysen av vindkraftens 
potential i detta sammanhang kräver ett nytt tillvägagångssätt, som tar hänsyn till 
komplexiteten av placering av vindturbiner i relation till uppbyggnaden av infrastruktur för 
vätgas, inklusive tankstationer. I den här avhandlingen används spatial analys med hög 
upplösning för att bedöma potentialen för vind-till-energi och vind-till-vätgas. Detta 
inkluderar både restriktioner för markanvändning samt tekno-ekonomiska bedömningar. 
Metoden kombinerar Geografiska informationssystem (GIS) med verktyget Hybrid 
Optimization Model for Multiple Energy Resources (HOMER) och inkluderar viktiga 
restriktioner med syftet att förbättra bedömningarnas noggrannhet. 

Sammantaget har Sverige god potential för att utvinna vind- och vätgasenergi. 
Vindgenerarad vätgas kan ekonomiskt lönsamt produceras vid utvalda platser utmed det 
existerande vägnätet. Efter att ha tagit ett stort antal potentiella begränsningarna för 
markanvändning i åtanke visar resultaten att ungefär 31 % av landets totala yta kan 
användas för vindenergi. Totalt kan vindkraften generera 190 TWh el per år i områden som 
befinner sig inom 30 kilometers avstånd från det nationella elnätet. Vidare kan 25580 kt 
vätgas produceras årligen genom att installera vindkraftverk i dessa områden. För fristående 
vindkraftsbaserade vätgastankstationer ligger kostnaden för vätgas inom intervallet 6-10 
USD/kg, beroende på bland annat vindhastighetsmodellerna som används samt andra 
faktorer. Notera att denna studie inte undersöker hur vind- och vätgaspotentialen kan 
integreras i energisektorn. 

Nyckelord: Vindkraft, förnyelsebar vätgas, restriktioner för markanvändning, 
transportbränsle 
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 Introduction  
 
Global issues like climate change, volatile energy prices, and energy security concerns have 
provided encouraging policy momentum to renewable energy resources, including wind 
energy [1]. Wind energy is an (often) easily obtainable and almost carbon-free resource, 
allowing many countries to harness it. Wind energy resource could bring economic and 
environmental benefits to a country, but it also comes with some potential societal and 
ecological impacts. Specifically these include: technical, environmental and social 
requirements related to local infrastructures, ecosystems, and biodiversity; safety and 
reliability; and social acceptance [2]. These impacts should be considered properly before 
the large-scale deployment of the resource [3]. Availability of appropriate wind speed 
regions and proximity to nearby electricity grid and road network are technical 
requirements. Acceptable distance from locations and infrastructures such as urban areas, 
single houses, churches, airports, military compounds, water bodies, national parks, and 
recreational areas could be considered social-environmental requirements. Additionally, 
wind turbines have an influence on biodiversity. For example birds and bats can collide 
with turbine blades, and wind turbine farms can disturb terrestrial wildlife such as elks [4]. 
Wind turbines are often wind-stream and thus flight path dependent and turbine installation 
near passing routes and the habitat can occur [4]. 
 
In Sweden, high wind speed locations often overlap with regions having rich ecosystems 
and high bio-diversity, e.g. lakes, forests, coastlines, and mountains. Moreover, single-
family residential areas are distributed throughout the country. These and other factors 
often spatially intersect with sites that are potentially appropriate for wind turbine 
installation. Nevertheless, wind power plants also offer a special feature that land area 
occupied by turbines could be used for (several) other purposes. To identify possible land 
use conflicts, a country level assessment of wind energy resource potential accounting for 
potential constraints and concerns relating to the local environment could be of great 
importance for involved stakeholders. 
 

 Wind energy in Europe and Sweden 
 
According to “Climate-Energy Legislative Package” of the European Union (EU), each 
member state should accomplish at least 20% renewable energy share in the national energy 
system by the year 2020 [5]. As a low-carbon and relatively economic renewable energy 
technology (RET) resource, wind energy could accomplish an important part in attaining 
the targets set in the EU legislation. Therefore, wind energy deployment both globally and 
in the EU has been accelerating. According to Wind Europe report [6], a total of 168 GW 
(onshore + offshore) of wind power capacity was installed in the EU by the end of the year 
2017. Sweden is ranked 6th in terms of the installed capacity in the EU as shown in Figure 
1 [6]. According to the same report, in Sweden, the total wind power capacity reached up to 
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6700 MW in 2017, which supplied 16 TWh i.e. 10% of the total generation that year [6]. 
Annual wind power progress in the county until 2016 is presented in Figure 2 [7]. It could 
be observed that wind energy deployment remained low in Sweden during till 2006. 
However, it progressed significantly during the last 10 years due to EU targets for 
renewables and national wind energy targets. 

  Figure 1: Top 15 wind power installed capacity (MW) in the European Union [6]. 

Figure 2: Wind power progress in Sweden since last 18 years [7]. 

Electricity sector in Sweden 

According to the Swedish Energy Agency (SEA), during the year 2016, total electricity 
generation by different sources reached up to 154 TWh. Distribution of electricity 
generation by each source is presented in Figure 3. Hydro and nuclear power are the 
leading sources with generation of 62 TWh (40%) and 61 TWh (40%) respectively. The 
combined heat and power (CHP) by industry and district heating produced 15 TWh (10%). 
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Whereas, wind power added up to 16 TWh (10%) [8]. The total electricity consumption in 
the country was 141 TWh during 2016. The distribution of electricity utilization by sector is 
presented in Figure 4. The residential and industrial sectors were the main consumers with 
shares of 73 TWh (52%) and 49 TWh (34%) respectively. District heating plants and 
refineries accounted for 5 TWh (4%). Whereas, 11 TWh (8%) of electricity is lost due to 
distribution. The transport sector consumed nearly 3 TWh (2%) of electricity. Besides this, 
13 TWh of surplus electricity was exported to neighboring countries [8]. 
 

 
Figure 3: Electricity generation by different sources in Sweden. Total 154 TWh [8]. 

 
                     Figure 4: Electricity use by sector. Total 141 TWh [8]. 
 

 Wind-hydrogen as a transport fuel 
 
Volatile transport fuel prices (and looming carbon constraints) have drawn attention to 
encourage the use of renewable fuels globally and especially in Europe [9]. The option of 
hydrogen fuel produced by electrolysis using electricity generated by local wind energy 
resources, with distributed local filling stations could be considered as an alternative to 
fossil fuels in transport. Replacing fossil fuel vehicles with hydrogen-driven fuel cell 
alternatives can help reduce the intensity of fossil fuel usage and greenhouse gases 
emissions from the transport sector [10]. Due to its low pollution and potentially reducing 

62

16

61

6
9

Hydro power (40%)
Wind power (10%)
Nuclear power (40%)
CHP industry (4%)
CHP district heating (6%)

49

373

5
11

Industry (34%)

Transport (2%)

Residential and services (52%)

District heating, refineries (4%)

Distribution losses (8%)



4 
 

cost structure, the use of renewable hydrogen as a transport fuel is increasing globally [11] 
[12]. As most countries around the world are gasoline importers, renewable hydrogen is an 
alternative to such fuel. If produced locally: fuel imports, energy insecurity and GHG 
emissions could be reduced to achieve multiple national goals [13]. However, the 
intermittent nature of wind energy is an important concern when considering its large-scale 
deployment and integration into a power system. The intermittency must be carefully 
balanced [14]. At present, wind energy is used primarily for electricity generation. In terms 
of the scale needed, minor levels of storage have been deployed to cope with its intermittent 
nature [16]. This – in part - limits its use in the power grid of today. However, if wind is 
used to generate hydrogen, hydrogen can be stored. The system ’self-contained’ and is an 
option for increasing the integration wind resource into local energy systems [17]. Rather 
than relying on electrochemical storage (in batteries), renewable hydrogen can be stored 
and used as a transport fuel [11]. The option of wind to hydrogen energy conversion could 
play a significant role in order to meet energy and environment targets in Sweden. 
Furthermore, hydrogen generated in a distributed manner requires lower transport 
infrastructure requirement – from production to demand nodes. At those nodes, it might be 
used not only for transport but also for power generation and heat production. 
 
As of January 2017, a total of 274 hydrogen refueling stations have been installed globally. 
The distribution of hydrogen refueling stations by region was as follows: Europe 106, Asia 
101, North America 64, South America 2, and Australia 1 [18]. The hydrogen-fueled 
automobile industry (though not new) is still in its initial phases, with recent additions of 
commercially available vehicles to the market. The thermal efficiency of a hydrogen-fueled 
car is approximately 45% as compared to the average gasoline-fueled car having 30% 
efficiency [19]. 
 
Hydrogen fuel production itself could be created by several approaches, e.g. methane steam 
reforming; gasification of coal and biomass; and electrolysis of water using electricity as 
input [20]. In order to avoid greenhouse gas emissions, electricity produced by renewable 
sources would be a preferred option in many countries for hydrogen production through the 
electrolysis process [20]. Further, as it is electricity that would be used to produce 
hydrogen, electrolysis would allow for alternative power supplies to be used as needed. 
Similarly, the abundance of water in the Swedish reduces locational constraints. 
 

 Transport fuel in Sweden 
 
In Sweden, local oil and gas resources are not available. Therefore, the country heavily 
depends on fossil fuel imports to fuel to meet the transport sector´s energy needs. 
According to the Swedish Energy Agency (SEA) [21], during 2016, 87 TWh energy was 
used in the transport sector and most of the energy came from oil products. The exact 
distribution of energy used by type in the sector is presented in Figure 5. During the same 
year, Sweden imported 100% of natural gas from Denmark. Moreover, approximately 19.7 
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Mt of crude oil was imported from Russia 8.3 Mt (42%), Norway, Denmark, and United 
Kingdom 7.4 Mt (37%), OPEC (The Organization of the Petroleum Exporting Countries) 
3.9 Mt (20%) and from other countries 0.1 Mt (≤ 1%).  
 

 
Figure 5: Distribution of energy use by type in the transport sector, total 87 TWh. 

 Future targets in Sweden 
 
The Swedish government has set a target to achieve 100% electricity from renewables by 
2040 [22]. During 2008 the Swedish Government presented goals related to energy and 
climate issues. According to the goals, Sweden should not be a net emitter of GHG in 2050, 
and the transport fleet should be independent of fossil fuel sources by 2030 [23]. The target 
of the fossil fuel free transport sector could be achieved by introducing vehicles powered by 
electricity, renewable hydrogen [24] or other renewable options. By increasing the 
electricity generation by wind in the country, more vehicles could conceivably be fueled by 
renewable electricity and/or hydrogen. Subsequently, fossil fuel imports and greenhouse 
gas emissions could be reduced to a great extent. The government has also planning to 
achieve 30 TWh (i.e. 20 TWh onshore and 10 TWh offshore) of electricity from wind 
power by 2020. In order to achieve the target, the number of wind turbines needs to be 
increased from 3376 (in 2017) to approximately 6000 (by 2020) in onshore and offshore 
sites [25] [26]. 
 

 Present planning status 
 
Due to the 1970s oil crises, Sweden (along with many other OECD countries) started to 
look aggressively for alternative energy sources [27]. At the time of the crises, imported oil 
had met around 75% of energy demand in the country, which has been deliberately reduced 
to approximately 20% today [28]. This reduction was achieved, amongst other measures, 
minimizing the use of oil fuels to heat the residential sector. During the last 40 years, the 
Swedish government invested consistently in renewable and nuclear energy resources. 
Initial uptake in wind generation in the first of the last two decades (1999-2009) has been 
slow. Though improved progress has been observed in wind energy projects especially 
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from the years 2008 to 2017, refer Figure 2. Further, the Swedish government clearly 
remains committed to increase the wind energy penetration and to a fossil fuel free 
transport sector. However, Sweden’s deployment of hydrogen filling stations (input source 
unknown) is limited to only 4 stations in 2017. 
 
In Sweden, towns and municipalities are strongly encouraged to take on board wind energy 
expansion plans. However, the deployment of onshore wind power plants in the country has 
been negatively affected by the associated legal burden and process relating to the 
assessment of environmental impacts and the planning procedures for wind power plants 
[29]. In order to tackle this, the Swedish National Board of Housing Building and Planning 
(SNBH) started a project to facilitate towns’ wind energy planning [30]. To support that, 
knowledge of the availability of the wind energy resource and likely land use constraints 
are of great importance. 
 
Therefore, in 2008, the Swedish Energy Agency decided to outline areas of national interest 
for wind power expansion in the country. In this regard, county administrative boards have 
arranged regional planning stations for the comprehensive expansion of wind power. These 
regional stations process the permit application and give approval or rejection to the project 
developers [31]. However, Sweden also has an open, democratic procedure for wind power 
permit application. Citizens are permitted to comment on any permit application falling in 
their locality [32]. They can, for example, also appeal against the approved permit [33]. 
Thus, the process can be drawn out and ultimately costly. Furthermore, better-quality 
planning information relating to the capacity of the electric grid expansion towards areas 
with high wind power potential is needed [34].  
 
County administrative boards often face difficulties to get clear information about the 
resource availability, land use restrictions and grid extension. It is challenging for them to 
know how much wind power could be coupled to the electric grid within each locality [35]. 
Various power companies in the country are given responsibility regarding regional and 
local electricity grid expansion [36]. It is necessary for local authorities and wind power 
developers to communicate with the grid owners at the initial stage of the development to 
assess the potential for linking future wind power plants to the national electric grid [35]. If 
this matchmaking is not effectively arranged, delays inevitably ensue. 
 
On the investor side, an electricity certificate system was introduced by the Swedish 
government in 2003 in order to increase the interest level towards wind power and other 
renewable resources [37][38]. According to the system, wind power owners sell the 
electricity to the national grid with a price equivalent to the sum of consumer´s electricity 
price and price of renewable electricity certificate. The purpose of the certificate system is 
to support the increase in electricity generation from local renewable energy resources in 
the country. This system covers wind power, biofuels, solar power, hydropower, 
geothermal energy, wave energy, and peat into combined heat and power units. In June 



7 
 

2010, the government decided to continue the electricity certificates mechanism until 2035 
[39].  
 
Concerning transportation fuels, Sweden lags behind other Nordic countries when 
considering hydrogen as renewable and clean fuel. For example, Denmark already has a 
national network of hydrogen refueling stations [40], and Norway is also rapidly expanding 
the network. The Nordic Hydrogen Corridor project will roll out the hydrogen 
infrastructure to connect the capital cities of Stockholm, Oslo, Helsinki, and Copenhagen 
[41], which should raise Sweden’s profile in this area. As of 2017, only four hydrogen 
refueling stations have been installed in Sweden i.e. at Arlanda, Gothenburg, Mariestad, 
and Sandviken. Two more fueling stations were planned to start working in Stockholm and 
Malmö in 2017 [41]. Additionally, the government has also given green light to eight more 
hydrogen refueling stations to be installed in Sweden during the three years following. 
These fueling stations (rather than a national effort) are part of the aforementioned joint 
Nordic Hydrogen Corridor Project. The hydrogen refueling stations installed under this 
project will allow fuel cell electric vehicles (FCEVs) to travel between the metropolitan 
areas in Norway, Sweden, Denmark, Finland and further the other parts of Europe through 
Germany [42]. 

 Motivation 
 
In response to the national targets regarding wind energy expansion and fossil fuel free 
transport sector in Sweden, it is essential to estimate the availability of national resources. 
Limiting factors for high wind penetration in an electricity system are its fluctuation, 
storage, transmission, and land use restrictions. Therefore, in order to increase the 
maximum penetration of wind energy, it can be useful to convert it to another energy 
carrier. Ideally, this should be produced, stored and distributed to the locations having a 
high demand for energy. Hydrogen is a potential option. However, to move beyond 
conjecture analysis is needed. And a logical first step is to produce resource data. 
Therefore, the starting point for this thesis is the assessment of aspects of the potential 
production of wind and wind-to-hydrogen energy. 
  
A comprehensive program for the development of the wind energy and wind-to-hydrogen 
energy projects – as well as their overall protentional requires several components. Among 
them are: 1. calculating, 2. visualizing and 3. locating promising sites for wind electricity 
production after considering local land use rules and other related technical assumptions. 
The absence of such an analysis will delay the development of the resource. Therefore, it is 
essential to conduct a detailed scoping study by considering possible local land use 
restrictions and legislation regarding the resource.  Availability of high resolution, locally 
specific and nationally applicable data related to the availability of wind and associated 
wind-to-hydrogen energy potential in Sweden could help in quick and positive decision 
making because such results could support their decisions and prioritize development. 
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Besides, the results of such a study could help to ensure minimize of investment uncertainty 
and even opposition from the public. 
 
At the time of publishing, to the best of the author´s knowledge, high-resolution GIS-based 
studies showing detailed results on the national level had not been undertaken and made 
publically available in Sweden. Previous work, undertaken by the European Environment 
Agency (EEA), spatially assessed the continental level wind energy resources for all 
European countries, but it considered inadequate and generic land-use restrictions [43]. It is 
important to point out that in the EEA study low-resolution wind speed data was used 
without considering the country-specific, local land use and environmental legislation. 
Likewise, high-resolution wind-hydrogen conversion potential and wind energy economic 
indicators were not assessed. In another study performed in the Department of Earth 
Sciences at Uppsala University, only high resolution (250 m x 250 m) wind speed data was 
assessed. However, in that study detailed and high-resolution results of the available land 
area and achievable wind energy resource potential were not produced [44]. 

 Objectives and research questions 
 
The overall goal of the research work conducted for this thesis is to prepare data sets by 
connecting GIS and land use restrictions to electrolysis-based hydrogen production in 
Sweden by: (i) using latest available open source datasets to assess techno-economic wind 
to hydrogen energy potential, (ii) applying a geospatial methodology by considering local 
land use restrictions to wind energy in the country, (iii) and introducing and assessing the 
possibility of using standalone wind-powered hydrogen to refuel the transport sector. The 
subsequent research questions presented in Table 1 have thus been formulated. The 
questions are answered by the four published papers appended to this Ph.D. thesis. 
 

Table 1: Research questions. 

Question # Description Covered in 

1 
How much land area is available in Sweden for wind turbine 
installations, accurate to a resolution of 1 km2? 

Paper 1 

2 
What is the wind-generated energy potential available for the 
land area determined in (1)?  

Paper 1 

3 
What are the ranges of economic indicators of available wind 
energy potential? 

Paper 2 

4 
Using wind as the energy source, what is the hydrogen 
production potential in the land area determined in (1)? 

Paper 3 

5 
What is the indicative potential for standalone distributed 
wind-powered hydrogen refueling stations at selected sites? 

Paper 4 
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collection, expert opinions, and critical reviews to improve the quality of research work 
presented in appended papers. 
 

Table 2: List of appended papers appended to the thesis. 

Paper 1: 
Siyal, S.H., Mörtberg, U., Mentis, D., Welsch, M., Babelon, I., How-ells, M., 2015b. Wind 
energy assessment considering geographic and environmental restrictions in Sweden: A 
GIS-based approach. Energy 83, 447–461. 

Paper 2: 
Siyal, S.H., Mentis, D., Howells, M., 2016. Mapping key economic indicators of onshore 
wind energy in Sweden by using a geospatial methodology. Energy Conversion and 
Management. 128, 211–226. 

Paper 3: 
Siyal, S.H., Mentis, D., Mörtberg, U., Samo, S.R., Howells, M., 2015. A preliminary 
assessment of wind-generated hydrogen production potential to reduce the gasoline fuel 
used in road transport sector of Sweden. International Journal of Hydrogen Energy 40, 
6501–6511. 

Paper 4: 
Siyal, S.H., Mentis, D., Howells, M., 2015. Economic analysis of standalone wind-
powered hydrogen refueling stations for road transport at selected sites in Sweden. 
International Journal of Hydrogen Energy 40, 9855-9865. 1Corrigendum Accepted. 
Reference: HE25765. 
 

 Papers not appended with thesis 
 
The author of this thesis also contributed to the papers listed in Table 3 . While relevant for 
this thesis work, those papers are not included in this dissertation. However, where relevant, 
some of the papers below are referenced in the thesis text. 
 

                                                 
1 In connection to Paper 4: Corrigendum (Reference: HE25765) has been accepted by the International 
Journal of Hydrogen Energy regarding the correction of measurement units in the section sections 5.2, 5.3 
and 5.4 of Paper 4. For more detail please refer the corrigendum document appended with the thesis. 
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Table 3: List of papers not appended to the thesis. 

Paper I: 
Mentis, D., Hermann, S., Howells, M., Welsch, M., Siyal, S.H., 2015. Assessing the 
technical wind energy potential in Africa: A GIS-based approach. Renewable Energy 83, 
110–125. 
Paper II: 
Mentis, D., Siyal, S.H., Korkovelos, A., Howells, M., 2016. A geospatial assessment of 
the techno-economic wind power potential in India using geographic restrictions. 
Renewable Energy 97, 77–88. 
Paper III: 
Mentis, D., Siyal, S.H., Korkovelos, A., Howells, M., under review. A GIS-based study to 
estimate the spatially explicit wind-generated electricity cost in Africa. Energy Strategy 
Reviews 17, 45-49. 
Paper IV: 
Mentis, D., Andersson, M., Howells, M., Rogner, H., Siyal, S., Broad, O., Korkovelos, A., 
Bazilian, M., 2016. The benefits of geospatial planning in energy access – A case study on 
Ethiopia. Applied Geography 72, 1–13. 
Paper V:  
Mentis, D., Howells, M., Rogner, H., Korkovelos, A., Arderne, C., Zepeda, E., Siyal, 
S.H., Taliotis, C., Bazilian, M., De Roo, A., Tanvez, Y., Oudalov, A., Scholtz, E., 
Lighting the World, The first global application of an open source, spatial electrification 
tool (OnSSET), with a focus on Sub-Saharan Africa. Environmental Research Letters 
Special Focus on Energy Access for Sustainable Development. Environmental Research 
Letters 12, 2017. 
Paper VI: 
Korkovelos, A., Mentis D., Siyal, S.H., Arderne, C., Rogner, H., Bazilian, M., Howells, 
M., Beck, H., De Roo, A., A geospatial assessment of small-scale hydropower potential in 
Sub-Saharan Africa. Energies 2018 . 
Paper V: 
Khaveri, B., Sahleberg, A., Siyal, SH., Bertetti, O., Kviberg, S., Lundberg, H., Howells, 
M., Assessing wind electricity potential and LCOE in Pakistan considering land use and 
electric grid restrictions. To be submitted to Energies Journal. 
Paper VI: 
Hopper, M., Lefvert, A., Siyal, SH., Gorosabel, OLDB., González, CV., Howells, M., 
GIS-based preliminary wind-hydrogen energy assessment: A case study for Pakistan. To 
be submitted to International Journal of Hydrogen Energy. 
  

 Material and Methods 
 
This section summarizes the materials and methods adopted in the four papers appended 
with this thesis.  
 

 Study Area 
 
This thesis is focused on Sweden for assessing the wind energy, wind-to-hydrogen energy, 
and related land-use restrictions. The study area used for Papers 1-3 is shown in Figure 6; 
Paper 4 considers a city-level analysis as it focuses on hydrogen supply and distribution. 
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Sweden is located in the north of Europe and blessed with the promising wind potential, 
concentrated in the northern mountains southern region and along the coast. Two-thirds of 
the land area is covered by forests and the country also has large areas of lakes and 
wetlands. The total land area of the country is 528447 km2 and the country is divided into 
21 counties and 4 electricity bidding zones. The southern region of the country has a 
relatively high population density compared to the northern region. There are significant 
regional differences in terms of infrastructure. Urban areas (and related infrastructure) are 
concentrated in the southern region and to the coastal areas. Additionally, Sweden also 
possesses a large number of single-family residential houses, which are spread over large 
parts of the areas of the country. Mountains areas in the north along with coastlines have 
promising wind conditions, but at the same time, these areas also cover large areas of 
nature, culture, and recreationally valuable spaces.  
 

 
Figure 6: Study area. 

  

 GIS methodology for wind to hydrogen assessment 
 
The GIS-based methodology explained in this section was used to prepare the results for 
Paper 1, 2 and 3. The methodology flowchart is shown in Figure 7. Annual average wind 
speed data estimated at 90-meter height was acquired and then adjusted to the hub height of 
selected wind turbines. Given the study area, a grid size of 435000 cells (equivalent to 
435000 km2) was considered. This was used while assessing the wind energy potential, the 
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wind energy economic indicators and the wind-hydrogen potential. The wind speed 
frequency distribution was estimated for each grid cell using 2Rayleigh distribution. The 
Rayleigh distribution provides information about the frequency of occurrence of wind 
speed reading at a given location and it is best used when only average wind speed is 
available. In order to calculate the yearly wind energy production for each grid cell, 
Rayleigh distribution and power curve of wind turbines were used. The grid cells having a 
capacity factor less than 20% or having an average wind speed of less than 4.8 m/s at hub 
height were not considered for the assessment, because such locations cannot be used for 
commercial-scale wind power plants [46].  
 
To estimate the wind-energy potential several steps were followed.  First, the theoretical 
potential was assessed, and then that was reduced to being closer to its technical potential. 
The reduced wind energy potential reduces the theoretical potential by considering system 
performance, topographic limitations, environmental and land use restrictions. Specifically, 
these included: the wind turbine spacing factor; array losses, and the exclusion of highly 
sloped and elevated zones. Additionally, two restriction scenarios were developed to 
account for water bodies, urban areas, residential areas, protected areas, mountain areas, 
national interest areas, roads and train routes, airports, military zones, and electric grids. 
Restriction Scenarios 1 and 2 (explained in section 5.8) are applied for relating wind power 
policy and planning in the country. After assessing the wind energy-energy potential in 
Paper 1, key economic indicators were assessed in Paper 2, including the cost of electricity 
generation (COE), the net present cost and value, annual savings earned by selling 
electricity, simple payback period, and a sensitivity analysis. To do so investment costs, 
operating and maintenance costs, salvage costs, interest rates, lifetime, Capital recovery 
factor and electricity selling price were considered. All the formulae used to assess wind 
energy potential and its economic indicators are explained in Paper 1-2. 
 
Following the calculation of wind-energy potential in each grid cell throughout Sweden, the 
wind-hydrogen potential was assessed by estimating how water electrolysis technique with 
wind electricity as the input source of energy would perform throughout the country. In 
order to assess the hydrogen production, proton exchange membrane (PEM) electrolysis 
process was used as a benchmark. It was assumed appropriate for the analysis given its high 
efficiency, life cycle and the fact that it can be configured to operate with variable 
renewable electricity[11][13]. Typically, the efficiency of PEM electrolysis ranges between 
56–75%. Its electricity consumption per kilogram of hydrogen produced is 52.5 kWh/kg. 
The PEM efficiency (η1) of 75% was used along with system efficiency – expressed as a 
system ‘losses coefficient (η2)’ up to 90%. The wind-to-hydrogen energy potential was then 
assessed by multiplying the wind electricity of each grid cell with the PEM efficiency and 

                                                 
2 As per standard practice Rayleigh distribution can be used when only modelled average wind speed is 
available. However, Weibull distribution could be used when long term daily hourly wind speed data is 
available. Overall, 10-15% difference could be observed between the estimates given by these two 
distributions [45]. 
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system losses coefficient. Finally, hydrogen mass equivalent in (kg) was derived by 
dividing the wind to hydrogen energy equivalent in (MWh) by the lower heating value of 
hydrogen, which is equal to 0.033 MWh/kg. All the formulae used to assess hydrogen 
energy are detailed in Paper 3. 
 

 
Figure 7: Methodology Paper 1-3. Details of all the parameters are available in respective appended 
papers. 

 HOMER Methodology 
 
HOMER assesses aspects of the configuration of renewable energy systems which can meet 
the electrical load on the basis of the resource potential, technical and economic parameters 
[47]. It can be used to design energy systems from a single household to mini-grids. In the 
optimization results, it provides a list of feasible system configurations and it ranks those 
by cost-effectiveness. The optimization is carried out on the basis of net present cost and 
cost of energy production. Input data include local energy resources data, energy load data, 
the size of the system part and cost parameters of each component. Furthermore, HOMER 
allows the user to conduct sensitivity analyses quantifying the effects of variation in 
selected input parameters on the output of an energy system. The methodology employed in 
Paper 4 used five inputs as shown in Figure 8. Initially, information related to the following 
variables: hourly hydrogen load of a refueling station, monthly average wind speed, and 
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technical and economic parameters of each component. Based on that data, HOMER 
extrapolates the monthly average wind speed at 10-meter height to the hub height of 
selected wind turbines to calculate the electricity yield. Details of all technical and 
economic parameters of each system component are available in Paper 4. In this thesis, two 
wind turbines were considered (V82 and V112) and compared in the techno-economic 
analysis for the wind electricity and hydrogen filling stations. Power curves of both the 
wind turbine suit the wind speed ranges available in Sweden. Furthermore, these turbines 
are manufactured in Denmark. The rated power of V82 and V112 is 1.6 MW and 3.0 MW 
respectively. The cut out speed is higher for V112, so it offers more generation even in high 
wind speed. The reason for using two different wind turbines was to see the effect of 
different rated power capacities on the economics and output of the system.  
 

 
Figure 8: Methodology Paper 4. Details of all the parameters and equations used are available in 
appended Paper 4. 
 

 Wind speed data 
 
In order to assess wind energy potential in Sweden, a spatial data layer showing annual 
average wind speed with 1km x 1km resolution throughout the country was acquired from 
Uppsala University [44]. The wind speed data layer was prepared by using a three-
dimensional Meso-scale higher-order numerical model (MIUU). The Meso-scale numerical 
model was used to forecast the annual average wind speed and other weather parameters 
having a grid resolution of 1 km x 1 km to 10 km x 10 km. The MIUU-model could map 
the annual average wind speed with a resolution ranging from 0.5-10 km2. This model uses 
geostrophic wind data (strength and direction), sea and land temperatures, topography, and 
ground roughness. In the MIUU-model, a method of modeling a set of the meteorological 
conditions leading to the wind speed data at a selected height was used. The fidelity of the 
annual average wind speed data predicted by the MIUU-model was checked by correlations 
to actual data taken from 116 observation sites. The average difference between both wind 
speed was observed to be less than −0.03 m/s at 105 observation sites. This validates the 
accuracy of modeled wind speed. The distribution of modeled annual average wind speed 
data is presented in Figure 9. 
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Figure 9: Modelled annual average wind speed of study area (i.e. the land area of Sweden) at 90-meter 
height estimated by the MIUU-model (m/s), GIS-based map data is available at the Swedish Energy 
Agency. 
 

 GIS for energy systems 
 
A Geographic Information System (GIS) approach is used as a critical tool for spatial data 
analysis and representation of such work since the 1970s. GIS is capable of storing, 
retrieving, handling, investigating and mapping geographical data sets. It represents data 
and calculations in spatial raster and vector fields. A raster – one of several commonly used 
GIS data forms - is characterized by a four-sided grid cell known as a pixel, which holds 
explicit data for a specific geographical location. Vectors fields hold geometric figures like 
lines, polygons, and lines connected to a selected reference system. GIS store all data in a 
geodatabase in a structured manner. Due to its speed and associated simplicity, raster 
processing is used in this analysis of renewable energy potentials and related restrictions. 
 
GIS-based wind energy and wind-to-hydrogen energy assessment methods have been used 
in many international studies. Some examples are tabulated in Table 4. In these studies, 
analysts typically produced spatial models to classify optimal distances of resources to e.g. 
human settlements, other infrastructures, natural places, and rare species. The main goal of 
the authors was to find the best possible trade-off between resource potential and its 
environmental impacts to surroundings. 
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Table 4: A snapshot of selected studies employing GIS for RET analysis. 
Region/Country Range Resolution Final results Ref. 

Iran Country level 1 degree 
Land use restrictions, onshore wind, 
and hydrogen energy potentials. 

[48] 

Afghanistan Country level NA 
Land use restrictions, onshore wind, 
and solar energy potentials. 

[49] 

Africa Continent level 0.5 degree 
Land use restrictions and onshore 
wind energy potential. 

[50] 

Global Global level 0.25 degree 
Onshore and off-shore wind energy 
potential. 

[51] 

India Country level 0.25 degree 
Land use restrictions and onshore 
wind energy potential. 

[52] 

Sweden Country level 500 meter Land use restriction, wind speed. [53] 
 

 HOMER for systems analysis 
 
The Hybrid Optimization Model for Electric Renewable model (HOMER) is a tool, which 
is used for the economic analysis of off-grid and grid-connected energy systems. Some 
examples of peer-reviewed studies utilizing HOMER are presented in Table 5. The tool was 
developed by the National Renewable Energy Laboratory (NREL) in 1993. Used 
extensively throughout the world, it optimizes energy system configurations in order to 
meet an energy demand load. As an output, it calculates a list of feasible system 
configurations – ordering them – and putting the most cost-effective system at the top. 
After processing the input energy resource data, load data, size and cost parameters of each 
component - the tool suggests the system configurations with most economical net present 
cost. From that, it determines the cost of electricity. In addition, HOMER can also perform 
the sensitivity analysis of a selected system configuration to see the effects of different 
input parameters on the final results of the energy system. 
 

Table 5: A snapshot of selected studies using the HOMER modeling tool in various locations. 

Region/Country Indicators analyzed Reference 

Turkey 
Renewable electricity & hydrogen cost, system size 
& related costs. 

[54] 

Iran 
Yearly wind-powered hydrogen production for 
transport application. 

[48] 

France 
Wind to hydrogen production, system cost and 
hydrogen cost for the transport sector. 

[55] 

Iceland 
Cost of wind-diesel powered hydrogen, and system 
size and costs. 

[56] 

UK 
Wind-powered hydrogen production, number of 
cars served, system performance, and system costs. 

[57] 

Sweden Wind electricity cost, hydrogen cost, system costs. [58] 
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 Restrictions data 
 
The total land area obtainable for the setting up of onshore wind energy in Sweden was 
assessed by using two Restriction Scenarios 1-2 described in section 5.8. The buffer zone 
limits used for the scenarios are provided in Table 6, which were processed in ArcGIS to 
prepare the spatial data layers for both the scenarios. The buffer zone limits were taken 
from a review of wind power plans assessed by the Swedish National Board of Housing 
Building and Planning [59]. 
 

Table 6: Buffer zone limits used for Restriction Scenarios 1 and 2. 

  
 Restriction scenarios 

 
In the subsections below the two restrictions scenarios that were used in this study are 
presented. In Restriction Scenario 1 (RS1) international generic regulations and practices 
are given priority. In RS2 there is a focus on local constraints and policy. 
 
5.8.1 Restriction scenario 1 
 
In this scenario, shoreline protection zones, urban areas with buffer zones, defense areas 
and safety zones to the infrastructure were excluded. These were not allowed to be used for 
wind energy installation. Other restrictions, such as due to the biodiversity and ecosystem 
services related to protected areas, areas of national interest for nature, areas having culture 
or recreation values, single residential houses, and churches, were not considered. 
 

5.8.2 Restriction scenario 2 
  
In this scenario, restriction areas were computed considering biodiversity and ecosystem 
services by considering the protected areas, areas of national interest for nature, culture and 
recreation values, and buffer zone limits to single residential houses and churches. 
According to an existing national plan for wind power [13], in Bidding Zones 1, 2 and 3 of 
Sweden, the minimum allowable area for onshore wind power is fixed to 5 km² whereas it 

Restrictions Buffer zone 
Restriction 
Scenario 1 

Restriction 
Scenario 2 

National roads 200 m Yes Yes 
Railroads 200 m Yes Yes 
Electricity grid (national and regional) 200 m Yes Yes 
Airports (LFV) 2500 m Yes Yes 
Military Zones 2500 m Yes Yes 
Lakes, watercourses, and shorelines 100 m Yes Yes 
Urban areas   1000 m Yes Yes 
Single residential houses and churches 500 m No Yes 
Protected areas 500 m No Yes 
Areas of national interest for nature, 
culture and recreation values 

500 m No Yes 
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is 3 km2 in Bidding Zone 4, which is known as the most densely populated and developed 
part of Sweden. Thus, due to these regulations, the land area achieved by Restriction 
Scenario 2 was further refined by considering the grid cells making clusters of at least 5 
km2 and 3 km2 in Bidding Zones (1, 2 & 3) and 4 respectively. During this process, only 
grid cells offering 80% availability and lying within 10 km range of national and regional 
electric grid lines were taken into account. Finally, in order to achieve the most refined 
available land area, the grid cells making clusters of 5 km2 with availability up to 80% and 
falling within 10 km of national electric grid lines were taken into account in Bidding 
Zones 1-4 of the country 
 
5.8.3 Other restrictions 
 
In the RS1 and RS2, common exclusions related to ground elevation, slope and minimum 
wind speed were also included in the assessment process. These exclusions are always 
necessary to consider for commercial-scale wind energy projects. In these exclusions, areas 
with elevations higher than 2000 m were excluded from this analysis, because of 
transportation and transmission costs and lower air density. Further, the areas having 
ground slopes greater than 150 were excluded. Steeper slopes give rise to stronger wind 
flow, but on the lee side of ridges, steeper slopes also give rise to high turbulence, which is 
not good for the structure of wind turbine. Finally, grid cells having wind speed less than 
4.8 m/s were not taken into account, because such low wind speeds are not feasible for 
commercial-scale wind power projects. 
 

 Results 
 
This section provides a description of the results of each paper to responds to the 
interconnected research questions. All the necessary technical, economic and environmental 
assumptions used to obtain the results are explained in each of the respective appended 
papers.  
 

 Available land area 
 
The results presented in this section are related to research question 1: “How much land 
area is available in Sweden for wind turbine installations, accurate to a resolution of 1 
km2”. The available land area after considering the Restriction Scenarios 1-2 is needed to 
obtain the refined and final wind energy potential in the country. Figure 10 reports the 
distribution of the percentage of available land area for wind energy installation in each 
county of Sweden. The map was computed on the basis of land use Restriction Scenarios 
RS1 and RS2.  Figure 11 reports the area covered by restricted areas per bidding zones and 
for the entire country, according to Restriction Scenarios 1 and 2. Bidding Zones 1 and 2 
involve larger regions in terms of area with less land use restrictions and are characterized 
by the higher accessibility of land area compared to Bidding Zones 3 and 4. Restriction 
Scenario 1 and 2 exclude around 35% and 69% of the total land area of Zones 3 and 4. In 
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Bidding Zone 4 up to 80% of the area in Scenario 2 is excluded since it is located in 
densely populated areas in the southern part of the country. The major part of the exclusion 
in Bidding Zone 4 occurred due to the presence of a large number of single residential 
houses, which restricted up to 70% of the zones. Another 22% of restriction occurred due to 
protected areas and areas of national interest for nature, culture, and recreation. In Bidding 
Zone 4, a minor restriction occurred due to protected areas i.e. 4.8% of the zone. Likewise, 
Bidding Zone 3 is reasonably established as it comprises some main urban centers, such as 
the Stockholm, Uppsala, and Gothenburg. In Bidding Zone 3, a large part of the restriction 
on the basis of Restriction Scenario 2 occurred due to single residential houses with 500 m 
buffer. These excluded up to 54% of the zone area. In Bidding Zone 3, protected areas, 
areas of national interest for nature, culture, and recreation collectively restricted about 
24% of the zone area, while protected areas independently restricted up to 7% of this zone.  
 
Bidding Zones 1 and 2 are located in the north of the country and estimated restrictions 
were up to 11% and 20% respectively mainly due to single houses with 500 m buffer, 
whereas urban areas with 1000 m buffer zones restricted as low as 0.4 and 0.5% of the zone 
area, respectively. The northern region has a much lower population density as compared to 
Bidding Zones 3 and 4 located in the south. However, Bidding Zones 1 and 2 also possess 
higher shares of protected areas as well as of areas of national interest for nature, culture 
and recreation values as shown in Figure 11. 
 

 
Figure 10: Availability of land area in each grid cell on the basis of Restriction Scenario 1 (left) and 
Restriction Scenario 2 (right). 
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Figure 11: The area covered by restricted areas per bidding zones and for the entire country, according 
to Restriction Scenarios 1 and 2. The restricted areas of different kinds were in many places 
overlapping. 

 Wind energy assessment 
 
The results presented in this section are related to research question 2: “What is the wind-
generated energy potential available for the land area determined in (1)?” The average 
wind energy capacity factor achievable in each county in Sweden is plotted in Figure 12. It 
is observed that counties located in the southern part of the country i.e. Gotland, Skåne and 
Blekinge have average capacity factors up to 37%, 35%, and 29% respectively. An island 
located in Baltic Sea, Gotland County has an annual average wind speed in the range of 
7−9 m∕s at 90-meter height. Skåne County, located in the southern part of Sweden, has 
annual average wind speeds of 6−8 m∕s at the same height. The counties located in the 
northern region i.e. Norrbotten, Västerbotten and Jämtland have capacity factor up to 19%, 
20%, and 25% respectively. It was estimated that in Sweden the average capacity factor is 
around 28%. Despite the lower capacity factors, the counties located in the northern part of 
the country (i.e. Norrbotten, Västerbotten, Jämtland, Västernorrland, and Kopparberg) 
offered the highest wind energy potential. That is because those counties have a larger area 
and with less land uses, compared to the counties located in the central and southern 
regions of the country. Correspondingly, the northern Bidding Zones 1 and 2 (which are 
overlapping) were leading in wind energy potential. 
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The results of the wind energy spatial distribution achievable in each county in Sweden are 
mapped in Figure 13. It was assessed that in total 7440 TWh of wind energy is available in 
Sweden without any land use restrictions, see Figure 14. Adding land use Restriction 
Scenarios 1 and 2 to the calculation reduces that potential to 2976 TWh and 1275 TWh 
respectively. The total wind energy potential of the country is further reduced to 487 TWh 
and 205 TWh, when the grid cells offering land area availability up to 60% and 80% and 
making an area at least up to 3 km2 within 10 km range of electricity grids were taken into 
account on the basis of Restriction Scenario 2, see Figure 14. Finally, the total wind energy 
potential of the country is further reduced to 190 TWh, when the grid cells making an area 
of at least 5 km2 within 10 km of electricity grids were taken into consideration. It is to be 
noticed that even in this most restricting scenario, the total potential yearly electricity 
production (190 TWh) is higher than the current yearly electricity generation for the whole 
country (154 TWh).  
 
The wind energy potential achievable in each Bidding Zone is shown in Figure 14. Bidding 
Zone 2 was leading in terms of wind energy potential followed by Bidding Zones 1 and 3. 
Whereas, Bidding Zone 4 appeared to offer very limited wind energy potential because of 
more land use restrictions. Most of the country´s population is living in Bidding Zones 3 
and 4. Due to the high population and high urbanization, in Bidding Zone 4 energy demand 
is much higher compared to bidding Zones 1 and 2. The highest wind energy potential as 
achieved in Bidding Zone 2, together with proximity to the electric grid and few restrictions 
areas, could be considered as an encouraging condition for wind energy development in the 
time to come. 

 
Figure 12: Average capacity factor for wind power of each Swedish county (%). 



22 
 

 
Figure 13: Wind energy distribution of Sweden (TWh/sqkm.year) on the basis of Restriction Scenario 1 
(left) and by Restriction Scenario 2 (center). Wind energy distribution in Sweden (TWh/sqkm.year) in 
grid cells having 80% availability, in clusters of at least 3 km2 and lying within 10 km of national and 
regional electric grids (right). 

 
Figure 14: Total wind energy (TWh) potential available in each bidding zone on the basis of Restriction 
scenario 1-2 and by considering the grid cells making at least 3 sqkm clusters having 60% and 80% 
availability. 
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 Selected wind energy economic indicators 
 
The results presented in this section are related to research question 3: “What are the 
ranges of economic indicators of available wind energy potential?”. The spatial 
distribution of the cost of wind electricity achievable within in each grid cell by using V82 
and V112 wind turbines is mapped in Figure 15. It could be observed that regions near high 
wind speed areas could offer very cost effective wind electricity. The cost of wind 
electricity is mainly dependent on the wind speed limit, the initial costs of the project, 
interest rate, and operation and maintenance cost. In Figure 15, it can be seen how the 
Southern region of Sweden could produce wind electricity with the cost ranging 46−55 and 
35−41 USD/MWh respectively by V82 and V112 turbine types. The cost of wind electricity 
as estimated in this thesis is well in line with previous published literature[43] [50].This is 
due to the fact that region has a high annual average wind speed in the range of 7−9 m/s. 
The central and northern regions of Sweden could offer cost of wind electricity ranging 
from 56−96 and 42−76 USD/MWh respectively by V82 and V112. When comparing wind 
turbine technologies, V112 could potentially produce electricity with 15−25% lower costs 
as compared to V82. 
 
The total net present value and annual saving achievable by installing a wind energy system 
in each grid cell are mapped in Figure 16 and 17 respectively. The total net present value 
realizable by using local wind power in the country could be up to 444 and 1074 billion 
USD by using V82 and V112 respectively. Considering regional distribution, the total net 
present value could be up to 187 and 332 billion USD, 168 and 424 billion USD, and 89 
and 318 billion USD respectively in southern, central and northern regions by using V82 
and V112 respectively, whereas a total of 119 and 151 billionUSD/year could be saved by 
selling the wind electricity generated by V82 and V112 wind turbines throughout the 
country. V112 will earn around 25% more as compared to V82 all over the accessible land 
area in Sweden. On a regional basis, 32 and 39 billionUSD/year, 47 and 60 
billionUSD/year, and 40 and 52 USD/year could be saved respectively in southern, central 
and northern regions by using V82 and V112 respectively. It is important to mention here 
that the cost needed for the reinforcement of the existing grid is not considered in the 
calculations. 
 
The results showing the spatial distribution of simple payback period realizable by V82 and 
V112 is presented in Figure 18. The simple payback period given by V82 and V112 could 
range between 1−19 years and 1−14 years respectively throughout the country. Generally, 
in the southern and central region, the simple payback period is less than 10 years and in 
the northern region, it is greater than 12 years. The simple payback period attained by V112 
is around 2−4 years (i.e. 15−25%) less than V82 in each available grid cell. 
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Figure 15: Spatial distribution of the cost of electricity achievable in each 1kmx1km sized grid cell by 
V82 and V112. 

 
Figure 16: Spatial distribution of net present value achievable in each 1kmx1km sized grid cell by V82 
and V112. 
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Figure 17: Spatial distribution of annual saving achievable in each 1kmx1km sized grid cell by V82 and 
V112. 
 

 
Figure 18: Spatial distribution of simple payback period achievable in each 1kmx1km sized grid cell by 
V82 and V112. 
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6.3.1 Sensitivity analysis of economic indicators 
 
The economic indicators of a wind energy project are always very sensitive to initial 
investment cost, interest rate, and electricity selling price. A decrease of 40 and 30% in net 
present value could be observed respectively for V82 and V112, by increasing the interest 
rate from 4 to 6%. The cost of wind electricity could increase by 16 and 17% respectively 
for V82 and V112, with the same increase in interest rate. The effect of initial investment 
cost on the simple payback period, net present value and cost of wind electricity were also 
checked. A decrease of 42% and 24% in net present value could be observed respectively 
for V82 and V112, when investment cost increased from 1500−1800 USD/kW. However, 
the cost of wind electricity could increase by 20 and 19% respectively for V82 and V112. 
Simple payback period could increase by 22 and 16% respectively for V82 and V112 for 
the same increase in initial investment cost. Electricity selling price has also effect on the 
net present value and the simple payback period. The net present value could increase by 43 
and 31% respectively, while electricity selling price increased from 105 to 120 USD/MWh. 
However, with the same increase in electricity selling price, simple payback period could 
decrease by 15 and 13% respectively for V82 and V112. 
 

 Wind-generated hydrogen energy 
 
The results presented in this section are related to research question 4: “Using wind as the 
energy source, what is the hydrogen production potential, in the land area determined in 
(1)?”. The total realizable wind to hydrogen mass and energy production in Sweden is 
25580 ktons/year and 860 TWh/year respectively. According the Figure 19 and 20, the 
northern counties being larger in the land area and possessing less land use restrictions are 
leading in hydrogen mass and energy production by percentage share i.e. Norrbotten (18%), 
Västerbotten (19%), Jämtland (15%), Västernorrland (7%) and Kopparberg (10%). The 
southern counties could produce limited percentage shares of hydrogen energy and mass 
production i.e. Stockholm (1%), Västra Götaland (2%), Skåne (1%), Jönköping (2%) and 
Östergötland (1%). These counties are very small in land area and also possess lots of land-
use restrictions due to high population density and related infrastructure. According to SEA 
[7], approximately 28 TWh (approximately 2200 ktons) of gasoline fuel was used as a 
transport fuel in Sweden during 2016, which emitted approximately 6600 ktons of CO2 
emissions3. The southern counties of Stockholm, Västra Götaland, Skåne, and Östergötland 
are leading in gasoline demand and subsequent CO2 emissions due to more population 
density. Using renewable hydrogen as road transport fuel could bring economic and 
environmental advantages for Sweden by avoiding gasoline import cost and related CO2 
emissions. In this case, the advantages of renewable hydrogen depend on the percentage of 
gasoline fuel replaced by renewable hydrogen. It is necessary to highlight that in order to 
reduce the gasoline consumption in Sweden, the foremost share of renewable hydrogen 

                                                 
3 The CO2 emissions were determined on the basis of stoichiometric combustion i.e. 3 kgCO2/kg of gasoline. 
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would be used up by most populated counties located in southern part of the country, refer 
Paper 3 for countywise results [60]. 
 

 
Figure 19: Year hydrogen production in each county (ktons/year). 

 

 
Figure 20: Yearly hydrogen energy production (TWh/year). 

 Standalone wind-hydrogen refueling stations 
 
The results presented in this section are related to research question 5: “What is the 
indicative potential for standalone distributed wind-powered hydrogen refueling stations at 
selected sites?”. In this analysis, two kinds of hydrogen refueling systems one with V82 
and another with V112 wind turbines were studied for each selected site. Both systems 
revealed almost the same performance in terms of renewable wind electricity, renewable 
hydrogen production, and excess electricity. The optimization results obtained with the 
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HOMER tool associated with the standalone wind to hydrogen production system are 
reported in Paper 4. It was observed that each refueling stations is capable of meeting the 
minimum wind electricity demand of 33 GWh∕year of each hydrogen refueling station by 
generating around 50−60 GWh∕year, with nearly 30−40% excess electricity. By using the 
said amount of wind electricity, 550 tons∕year of hydrogen could be produced. The detailed 
results showing the optimal size of each component of the standalone hydrogen refueling 
are shown in Paper 4. It was observed that due to lower rated power, more than twice as 
many V82 wind turbines would be needed as a compared to V112 wind turbines to meet the 
equal hydrogen load of 545 tons∕year at each site. However, capacities of electrolyzer and 
hydrogen tank were nearly the same for both the cases. 
 
All the refueling stations having V112 wind turbines have around 16–20% lower capital 
cost and operating cost as compared to the refueling stations installed with V82 wind 
turbines. The main parts of the final net present cost of each refueling station are composed 
of the wind turbines cost followed by electrolyzer costs. The lowest contribution to the net 
present cost is dedicated to the hydrogen storage tank. The hydrogen refueling station at 
Stavsnäs Stockholm installed with V82 wind turbine has the highest net present cost of 
83.21 million USD. However, refueling stations at Falsterbo Skåne having V112 wind 
turbines have shown the lowest net present cost around 41.52 million USD. 
 
The levelized cost of wind-generated hydrogen is dependent on the rated power of selected 
wind turbines, the efficiency of an electrolyzer and capital costs of the components. The 
refueling stations installed with V112 wind turbines could produce the renewable hydrogen 
fuel at a cost of 5.18−7.25 USD∕kgH2, while stations installed with V82 wind turbines, 
could harvest the renewable hydrogen at a cost of 6.52−9.62 USD∕kgH2. The refueling 
stations having V112 wind turbine can produce renewable hydrogen 20% cheaper than the 
refueling station having V82 wind turbines. The cost of hydrogen is always dependent on 
the input electricity cost used to produce the hydrogen. The refueling stations installed with 
V112 wind turbine could produce wind electricity with 27% cheaper levelized cost as 
compared to the stations having V82 wind turbines. The cost of hydrogen and wind 
electricity could be reduced further by increasing the wind turbines hub height or by using 
the wind turbine with high rated power after locating the locations with higher average 
wind speed. It is also important to point out here that cost of renewable hydrogen assessed 
in different studies is always dependent on the adopted technical and economic parameters 
of the system and the pattern of available wind speed at the site. All technical and economic 
details of this study are summarized in Paper 4.  
 
Approximately 2.75 tons of gasoline fuel is equal to 1 ton of hydrogen fuel on the basis of 
lower heating value. The refueling stations installed with V112 and V82 wind turbines have 
produced the almost the same amount of hydrogen to replace the gasoline fuel. 
Approximately, 1507−1524 tons∕year of gasoline fuel could be substituted by using 550 
tons∕year of wind-generated renewable hydrogen fuel in the transport sector. The Gasoline 
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fuel replaced with renewable hydrogen fuel could contribute to the reduction of CO2 
emissions. It is estimated that approximately, 4520−4539 tons∕year of CO2 could be avoided 
by the hydrogen refueling station installed at each selected location. 
 
The effect of input wind speed variation on the productivity of each standalone refueling 
stations was evaluated. In order to do such analysis, the average input wind speed was 
changed from 4.5−6 m∕s with an interval of 0.5 m∕s to understand the possible variation in 
the cost of renewable hydrogen provided by each wind speed. It was observed that refueling 
stations having V112 wind turbine have revealed the maximum 17% reduction in the cost 
of hydrogen at Stavsnäs Stockholm when wind speed is increased from 4.5−5 m∕s. While 
the refueling stations installed with V82 wind turbine have revealed the maximum 19% 
reduction in the cost of hydrogen at Hoburg Gotland for the same rise in the wind speed. 

 Discussion 
 
Even with the aggressive restrictions adopted in RS2, 31% of the country´s land area is 
potentially available for wind-powered projects. It might be suggested that the development 
of wind and (in particular) hydrogen energy projects are lagging compared to selected 
leading EU countries. This work may help provide information to speed Sweden’s progress 
further. The land area availability results could be used for public awareness to reduce 
negative opinion. Indicating that wind-turbines need not be a nusance – as there is much 
space even when restrictions are accounted for. They could also be used to help developers 
screen for suiteable areas faster. As, they can quickly identify areas that are likely to be less 
contentious than others. In order to account for environmental, security and social 
acceptance concerns, allowable buffer zone limits for each land use restriction were 
adopted from local legislation (or assumed as per published literature) to estimate available 
land area for wind-turbine deployment. Further, areas that are particularly suitable, might 
be identified and promoted for development. However, these results represent a snapshot in 
time, based on current geographies and preferences. Both the size of buffer zones and the 
areas to be avoided may change over time. The former as buffer zone size is often 
subjective and opinions subject to change. Added to this the latter can also be dynamic: as 
urban areas, single houses, infrastructure, biodiversity and ecosystems may move or be re-
defined. Nevertheless, at present, these results provide a useful starting point for future 
analysis – as well as indicators for new wind farm development.  
 
The most restricted wind electricity production potential evaluated is 190 TWh (available 
within 10 km of the grid). This is significantly larger than the yearly electricity demand in 
Sweden as of 2016. Available wind energy sites far exceed that needed to meet the 
nationwide aim of installing 30 TWh (20 TWh onshore and 10 TWh offshore) by 2020. 
Large-scale integration of wind and hydrogen energy resources into the national electricity 
and transport sector could be enhanced by various actions. These – not analyzed in this 
thesis - include deep development of the national electric grid, hydrogen transportation 
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network, the introduction of fuel cell cars – as well as exploiting trade and potential export. 
At the moment the national electric grid of the country is capable of absorbing 45 TWh of 
wind energy potential [56]. That will be enough to support the present set target of 30 TWh 
wind energy penetration by 2020. 

The cost of wind electricity is highly dependent on wind speed, capacity factor, initial 
investment, interest rate, and operation and maintenance cost. The locations possessing 
wind speed in the range of 7−9 m/s could offer cost of wind electricity in range of 46−55 
and 35−41 USD/MWh respectively with V82 and V112.  It also observed that as compared 
to V82, V112 offers 15−25% cheaper cost of electricity. In terms of annual saving earned 
after selling electricity, V112 could save 25% more compared to V82 throughout the 
available land area in Sweden. While considering simple payback period, V112 is proved to 
be more efficient, minimum payback period offered the wind turbine is 2−4 years, which is 
15−25% less as compared to V82 in each grid cell. 

The transport sector is dominated by imported oil (a fossil fuel). Continued dependence on 
it can come with risks. Oil prices can be very volatile. Volatile costs can be difficult for 
consumers (and producers) to cope with. As the oil is imported it leads to money leaving 
the national economy. Local production of hydrogen can result in money recycling in the 
economy. Further, as production is not domestically controlled, ensuring that supplies are 
secure, requires active management. Adding the option of local wind-generated renewable 
hydrogen fuel into the transport sector could help the country to minimize some of those 
risks. 
  
In order to understand the production potential of local untouched renewable hydrogen fuel 
for the transport sector, an assessment of the resource is undertaken for each county. 
Potential demand densities for passenger fuel is generally higher in the south. This would 
suggest that it may support connected distribution infrastructure. That leaves the option of 
either piping hydrogen from local production, or transmitting it from non-local producers 
by pipeline or tanker [54]. As the north (a non-local producer) has less land restriction than 
the south, one may envisage bulk production in the north – and hydrogen transmission to 
the South. Currently, there is no transmission pipeline network dedicated to the renewable 
hydrogen transmission in Sweden. Building it would be capital-intensive. Transportation by 
cylinders might be investigated for limited volumes. The latter would decrease investment 
costs, and could rely on existing infrastructure. Another possibility could be to mix 
hydrogen with natural gas as a ratio of 20%H2:80%CH4 to then rely on the natural gas 
pipeline network available in the south [48]. Any of the options described above would 
require deep analysis, business and policy support – in a comprehensive planning effort. 
 
In the north, transport demand is very low or relatively dispersed. Given lower land use 
restrictions, production potential is also dispersed. An option for hydrogen supply there, is 
deployment of the distributed production facilities described in this thesis. They may, for 
example, be sited near factories to supply steady volumes near very localized demand 
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points. Such stations could reduce expensive infrastructure costs associated with a piped 
hydrogen distribution network. If wind-powered hydrogen refueling stations are installed 
along the roadside where sufficient wind speed is available, then renewable hydrogen could 
be generated with a cost of 5.18–7.25 USD∕kgH2 (with V112) and 6.52–9.62 USD∕kgH2 

(with V82). The cost of wind generated hydrogen as estimated in this thesis is very much 
close to the previous study [55] 
 
In longer-term planning, Sweden set two ambitious targets: i) a fossil fuel-independent 
vehicle fleet by 2030, and ii) zero net greenhouse gas (GHG) emissions by 2050. Wind-
generated hydrogen in the road transport sector could be considered to unlock deep 
penetration of renewable energy in the sector. The wind-energy and wind-generated-
hydrogen production potentials as assessed in this thesis could help the country to reach the 
national targets of wind energy expansion and fossil fuel free transport sector in Sweden. 
The results of the thesis could help energy experts, policy and decision makers to prepare 
the needed expansion strategies – as well as to build trust with stakeholders that might 
otherwise object to their development. Unavailability of specific energy resource data 
affects the capability of decision-makers to make informed decisions. And, it is with this in 
mind that local and national level datasets were prepared. The GIS-based methodology was 
used to quantify and visualize the favorable areas, where wind and wind-generated 
hydrogen projects could be considered. Note that these data sets are the finished product. 
As argued earlier they are dynamic and need to be updated as data becomes available. 
 
All the results could serve as maximum limits for the production of wind and hydrogen 
energy. (They do not consider how these may be absorbed into the local energy system, 
exported, nor how that absorption or export might be phased). The county-level potentials 
are assessed by using Rayleigh distribution over modeled annual wind speed data given by 
MIUU-model. (This is a standard approach). However, before approving any new wind 
energy or wind-powered hydrogen production project at any selected site physical wind 
speed meters to record actual wind speed data will be needed. Such data might then be used 
for pre-feasibility analysis locally using Weibull distributions and other techniques.  

 Conclusion  
 
In Sweden, wind and wind-to-hydrogen energy potentials are limited by land use 
restrictions. Available potentials can be estimated when related restrictions and technical 
parameters are combined and analyzed in a GIS methodology. (Note that available potential 
production, is distinct from potential absorption in the system). This thesis provides a more 
detailed assessment of wind and wind-to-hydrogen energy achievable in each county after 
considering a set of possible land use restrictions in Sweden. The level of detail was 
unavailable before the publication of the related papers in this thesis. These results could 
help provide parts of the puzzle needed to maximize the benefits of the resource. 
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The research work presented here shows that there is a large-scale potential of wind and 
wind-generated hydrogen resources, which is currently not harnessed in the country. 
Furthermore, significant environmental benefits could be achieved if wind-generated 
hydrogen fuel could be used in the road transport sector. The economic analysis of stand-
alone wind-generated hydrogen refueling stations indicates a potential configuration for 
hydrogen delivery without requiring a tansmission and distribution system. Such kind of 
refueling stations may find a niche. And if so, could help the country to reduce oil imports; 
reduce expensive infrastructure costs (of other hydrogen pathways); absorb intermittent 
RET and have relatively un-complex start-ups (compared to non-hydrolysis hydrogen 
production). Further, it is expected that technology learning will drive down costs with 
increase deployment. 
 
Using the new data derived may help decision makers with the promotion of wind (and 
wind-to-hydrogen) exploitation. This varies from providing input into ‘integration’ studies 
to helping inform the scoping of actual sites. Policy makers might, for example, proactively 
target areas within tighter limits than previously done. They may also set incentives related 
available geo-specific potentials in the country. The development of such projects depends 
on the compliance of local communities and regulations. This work may help reduce the 
concerns of those who feel that windmill deployment might be ill-considered.  
 
In summary this thesis and the papers – at the time of writing – provides key insights for 
wind and wind-to-hydrogen: land availability; restrictions might be proactively considered 
in its deployment mapping; potential production estimates of wind and wind-to-hydrogen 
production; and costing of a distributed wind-to-hydrogen scheme. With each of these is 
produces new highly specified datasets. It also suggests a set of determinants to be 
combined to define hypothetical scenarios of wind and wind-to-hydrogen production. The 
key additions made to the literature by this thesis and its papers – at the time of writing - are 
presented in the below Table 7. 
 

Table 7: Table of contributions. 

New insights  

This thesis provides a deep understanding of the: 
 
 Improved high resolution GIS-based spatial assessment of wind energy technical 

potential and relevant economic indicators of the resource achievable in each county of 
Sweden. These indicators are necessary to facilitate the decision making at the initial 
planning stages. The results produced in the thesis could facilitate the rapid pre-
assessment of wind power projects guiding investors to highly suitable areas of the 
country. 

 The significant land area is available for wind power installation in Sweden considering 
the country´s latest land-use legislation and potential areas of tension. To avoid any 
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possible opposition to the wind energy in Sweden, it was necessary to identify areas that 
may avoid local constraints. Applying these results could help reduce the conflict 
between local public and wind power developers and producers in Sweden. 

 High-resolution wind to hydrogen energy potential achievable in each county of 
Sweden. The renewably hydrogen-fueled transport sector is under development around 
the globe and in Europe. The wind generated renewable hydrogen could be rapid as 
clean and renewable fuel for transport and electricity sectors of Sweden. 

 New economic analysis of standalone wind-powered hydrogen refueling stations at 
selected sites in Sweden. Renewable hydrogen refueling stations could help in 
producing the cheaper, cleaner and local fuel for road vehicles. The renewable hydrogen 
fuel could play an important role in meeting the electricity and fuel needs of the 
remotely settled population. 

New additions to available data 

Through this thesis, the following additions are made to the literature for the first time for 
Sweden: 

 Addition of high-resolution spatial data layers (i.e. 1km x 1km) of technical wind power 
potential along with important economic indicators for wind energy as compared to the 
previous low-resolution study done by European Environment Agency (EEA), in which 
authors have estimated the onshore and offshore wind energy potential on the 
continental level. Sweden was also part of the study. The agency processed a low 
resolution (i.e. 15km × 20 km) wind speed data along with some generic land use 
restrictions. The results obtained by using coarse resolution data and general land use 
restrictions could be used as a preliminary indication of a resource on the continental 
level. However, when it comes to country-level assessment then it is necessary to use 
high-resolution (less than 1km × 1km) wind data and local land-use restrictions to the 
resource in the country. 

 Addition of high-resolution land-use restriction data layers for wind energy projects in 
Sweden. 

 Addition of high resolution GIS-based spatial data layers showing the wind to hydrogen 
energy potential realizable in each county of Sweden, such type of detailed study has 
been performed first time in Sweden. 

 Preparation of data files showing the feasibility analysis for successful standalone wind-
powered hydrogen refuelling stations for road transport at selected sites in Sweden. 

New applied additions 

The GIS-based methodology used in the thesis is adopted from the published literature. Its 
application in this thesis was novel in that several elements were combined for the case of 
Sweden that were new. That combination formed a set of unique scenario determinants that 
were used to improve potential resource estimates for wind and wind-to-hydrogen 
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 Limitations and future work 
 
While the thesis provides an addition it is just one piece of the puzzle. The puzzle piece can 
be improved – and many other pieces are needed. Selected limitations of thesis and 
suggested next steps are set out below. They are defined in terms of ‘other pieces’ of the 
puzzle and improvements to this piece.  
 

 Other pieces of the puzzle 
 
This thesis aims to refine wind energy production potentials and selected economics across 
Sweden. The availability of such data opens other important considerations in the future, 
such as doing providing one (of many) input(s) needed for a complete modeling exercise of 
for the country’s electricity sector with different scenarios with a high percentage of wind 
electricity penetration. It does not do more than provide a new set of limited data points. 
Other data required includes detailed production and demand electricity profiles; 

potentials. Specifically, the following datasets have been merged in the composite analysis: 
1. High-resolution wind speed data 
2. National roads 
3. National Railroads 
4. Electricity grid (national and regional) 
5. Airports (LFV) 
6. Military Zones 
7. Lakes, watercourses, and shorelines 
8. Urban areas 
9. Single residential houses and churches 
10. Protected areas 
11. Areas of national interest for nature, culture and recreation values 

Impacts of thesis 

The results of this thesis have been published in high impact peer-reviewed journals. It is 
hoped that the thesis findings could facilitate the researchers and support stakeholders 
involved in decision making for wind energy projects as it: 

 Could provide insight as to how similar assessments might be undertaken in other parts 
of the world. 

 Allows researchers to further develop, improve or modify the methodology according 
to the availability of the local data (both in Sweden and abroad). 

 Could be used in for academic studies and training. 
The methodology adopted in this thesis could be used for the planning and development 
activities related to wind energy, wind-generated hydrogen and land-use restrictions to the 
resource. Specifically, organizations that may benefit include:   Swedish Energy Agency 
(SEA),  Vattenfall AB and  SWECO AB  might benefit from selected findings of the thesis 
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transmission and distribution constraints; capacity and spinning reserves; build-out patterns 
and a host of other information needed to assess the absorption into the power system. 

 
Apart from wind generated electricity, the thesis provides the input data for wind-to-
hydrogen energy potentials. Again, this may form a useful input to perform modeling 
exercises to decarbonize the transport sector. That analysis will require detailed 
consideration of vehicles technologies, comparing charged batteries, to fuel cells, and 
hydrogen fuel combustion engines for different drive cycles as well as a host of other 
considerations. 
 
The results could be used as input to cursory studies analyze the export possibilities of 
wind-generated electricity to nearby and hydrogen further afield. The development of 
domestic and regional electric grid, hydrogen market evolution and its transportation 
logistics will require careful consideration. Additionally, the relative techno-economic 
dynamics of standalone refueling stations could be used to inform and complete an overall 
strategy were an extensive hydrogen filling station network needed. 
 
The cost and technical nature structure of the GIS model developed here is static. This is in 
part because the GIS model performs calculations for each of the 1 km2 grid cells for 
Sweden. Dynamic costing (e.g. changing system costs during the time) would much more 
intensive computationally – and require a host of complementary assumptions that were 
beyond the scope of this analysis. However, future work could attempt at running 
optimization models for each 1 km2 grid cell throughout the country to analyze other cost 
structures, and even try dynamic pricing – as well as energy production, use and trade 
between grid-cells. Additionally, technology learning due to increased deployment of 
technology could be considered. However, this will be a multi-faceted and complex 
addition that likely will require several steps. 
 

 Improving this piece of the puzzle 
 
The results are dependent on the input wind data quality. There are several areas where this 
might be improved: 

 Only yearly annual average wind speed data was available for this analysis. The results 
are therefore only a preliminary indication of wind energy potential. (Though tests of 
the methods used, by others indicate close to actual correlations). 

 
 Different data layers having different resolutions and geographical coordinates were 

brought together in ArcGIS and converted to the common resolution and coordinates. 
Even if all the input data layers of this study were synchronized inherent limitations 
required for smoothing will result in some estimates being no more than first order. 
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 Open source satellite data layers with different resolutions were used during the 
research. This helps with validating the method as all parts of the work can easily be 
repeated. However, the data itself may be of varying quality.  At the time, however, of 
writing this work represented the most comprehensive open data analysis available (for 
the analysis undertaken) – and is thus an important (though limited) contribution. 

 
 Country-level data layers should be validated with actual measurements, and (where 

not available) improved remote sensing data, such as higher resolution spatial and 
temporally calibrated distributions is certainly needed if the work will link to more 
complex modelling or strategy development. 

 
 As improved and high-resolution data is a primary need for future analysis, a final 

refinement of the method for deriving of wind energy potential will require better 
location of existing and future grid expansion – in particular potential placement of 
substation, possible congestion and other power engineering concerns – that were 
considered beyond the scope of this work. 

 
As noted, the thesis provides a piece of the puzzle. I hope that it is a useful addition that 
will spur useful analysis to both improve this puzzle piece as well as other pieces needed to 
inform the transition to a low carbon and secure energy system for Sweden. 
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