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1 Introduction	
Climate change needs to be mitigated. The excessive amount of greenhouse gases (GHG) 
released to the atmosphere every year needs to be reduced to control this climacteric 
alteration. Many countries, all around the world are making efforts to reduce the amount of 
pollutants produced, still this change appears to be slow as governments are applying gradual 
measures. To achieve this reduction a transition on the energy system is crucial. Slowing 
down the fossil-fuel electricity production transferring it progressively to a system based on 
sustainable and clean energy is one path that can be followed. In addition, a change on the 
transportation system (using fossil-fuel combustible) can be of major importance for a truly 
and effective way towards a greener world. Nevertheless, all these modifications will not be 
possible to accomplish if people, government and regional authorities are not engaged, as they 
are the so call “participants” and the only ones that can conduct to the achievement of these 
goals 

Islands are generally small in terms of size and population and have natural, and 
distinct, system boundaries. Islands are therefore ideal to be used for pilot tests for energy 
transition. There are already examples of islands changing their energy systems, and some of 
them had already shown to be successful. For example, the Island of Eigg in Scotland, with a 
population of 100 inhabitants is an off-grid system, relying on its small-scale hydro, solar and 
wind resources to attain energy independence (Chmiel and Bhattacharyya, 2015). Other 
example is the island of Samsø in Denmark (4000 inhabitants) that after attaining an 
independent electricity generation via its powerful wind resources and biomass production, is 
trying now to implement a biogas system to transform its transportation system, both at a 
particular (cars) and collective level (busses and ferries) (Energiakademietk, 2012). 

Sweden has set new targets for 100% renewable energy by 2040 (Energimyndigheten, 
2017b). Therefore, the island of Gotland, due to its unique natural resources it's seen as a 
suitable place for the development of a pilot test on energy transition. The examples cited 
above are smaller systems, with populations up to 4000 people. 

A transition to a 100% renewable Gotland, with a significantly larger population 
compared to the above mentioned islands, is not a an easy task to undertake. The effects from 
such a transition need to be studied from a multidisciplinary perspective. 

 This report makes a first step in this journey by analyzing the available wind and solar 
resources and the effects on the power system with a higher penetration level of renewable, 
and varying, electricity sources. 

 

2 Methodology	
2.1 Modelling	the	wind	resource	
When determining the wind energy resource at a specific location it is normally required to 
have information of the wind resource, the wind turbine and the surrounding environment. 
The wind resource is determined using onsite measurements which is a time, and money, 
consuming procedure. The measurements need to be long-term correlated to account for 
yearly variations of the resource. Treatment of the surrounding environment is normally done 
using a micro-siting tool (e.g. WindPRO, WAsP, WindSim) which allows for extrapolation of 
the wind resource so that it can be transferred to other locations than the measurement point. 
The wind turbine data, i.e. the so-called power curve, can be retrieved from the manufacturer. 
The wind resource in combination with the wind turbine power tool is then used for energy 
production calculations.  
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In this study, a methodology is developed to skip the onsite measurement and micro-siting 
phases. The idea is to capture the variations of the wind energy resource on Gotland using 
general freely available data. The following ingredients are available, and required for the 
method to work: 
 

1. Time series of wind data from a representative location 
2. Yearly mean wind speed at desired location 
3. Wind turbine power curve 

	
SMHI provides measurement data from several locations on Gotland and is used for point 1 
above. The series needs to be as long and continuous as possible. On Gotland, there are data 
from two locations which includes continuous data for more than 20 years. These locations 
are found in the north, Ar and on the west coast, Visby airport. These locations are assumed to 
be representative for most locations on the island. Even though there are two main limitations 
with the SMHI data. First, it is collected at heights of around 10 meters. These data therefore 
needs to be extrapolated to be valid for higher heights (as the common hub height is around 
100 meters). Second, it is based on a 10-minutes average every hour. In other words, there is a 
lack of information on the wind resources for a duration of 50 minutes every hour and, 
consequently cannot be used to compute hourly production statistics accurately. 

The national wind resource mapping can be used to provide information for point 2 
above. The surface of Gotland is divided into a regular pattern (a grid). The yearly mean wind 
speed can be retrieved for each point in this grid. As with all modelled data, it comes with 
uncertainties and is presented in intervals rather than exact values. The wind speeds are 
presented at different vertical heights.  

Power curves, point 3 above, can be retrieved from turbine manufacturers.  
 
The time series are first normalized by their mean values. This gives time series that vary 
around 1 instead of around the mean values. The data is then multiplied with the yearly wind 
speed, determined from the so called MIUU wind mapping at a location of interest. These 
locations are determined from “Riksintressen för vindbruk” (Energimyndigheten, 2017a). 
These locations are spread out on the island. The Visby data is used for all locations on the 
west coast and the Ar data for all northern locations. Thereafter, the monthly wind 
distributions (i.e. the number of hours each wind speed accounts for in the time series) are 
determined. The monthly wind distributions are then multiplied by the wind turbine power 
curve and number of turbines at each given site. This will give the monthly energy production 
for every site (and for the entire island). 
 

 
Figure 1: Schedule of the principal steps in the treatment of the wind resource data. 
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Figure  2 : Areas of national interest on 
Gotland (Energimyndigheten, 2017). 

2.2 Modelling	the	solar	resource	
In this study, the solar energy resource is determined using freely available data. The 
methodology for solar data treatment is more simplified compared to the wind case since the 
available data contains almost all information needed. Only two ingredients are required for 
the method to work: 
 

1. Time series of solar data from a representative location 
2. Information of a solar panel (size and efficiency) 

 
SMHI provides measurement data from two locations on Gotland and is used for point 1 
above. These are found at Hoburgen in the very south and at Visby airport. Since the series 
needs to be long and as continuous as possible, only the Visby airport is used in this study. 
The data is given in the unit Wh/m2.  

As mentioned, the methodology in this case is far more simplified compared to the wind 
case. The data is simply multiplied by the efficiency and the surface to get the energy 
production of one single solar panel. 
2.3 Assumptions	
In a first stage the existent wind and solar resources on 
Gotland and its surrounding sea will be assessed. All areas 
(242-261) in the map in Figure 2 will be used for wind 
power development. The exception is area 249 where the 
military has recently begun activity. Other areas might 
also be hard to develop in, however in this stage the idea is 
to assess the wind resource not to choose actual locations. 
This study does not take into account any other limiting 
factors, such as proximity to nearby houses, eagle nests, 
and is therefore thought to give a hint of the maximal wind 
energy resource on Gotland. The upper limit of installed 
capacity of wind power is set to 1000 MW based on the 
regional planning goal for wind power (Region Gotland, 
2017). The following assumptions are being made: 
 
Wind turbine assumptions1: 

- Nominal power: 3 MW 
- Diameter: 90 m 
- Hub height: 100 m 
- Turbine separation 7 diameters (630 m) 
- 100% availability 
- Wake losses 10%2 

 

 
Assuming a national solar electricity potential of 7-14 TWh/year (Energimyndigheten, 2016) 
and downscaling it to the population size of Gotland, around 35-70 GWh/year would be a 

                                                
1 Based on a typical wind turbine used today. 
2 When turbines are placed in clusters, they suffer from energy losses due to wake effects. Therefore, turbines 
cannot be placed too tight. However, when turbines are clustered construction costs decrease mainly since cable 
costs are reduced. As a trade-off, the turbines are in this scenario placed with a spacing of 7 diameters 
(7D=630m) (each turbine occupies an area of 630x630 m2) 
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reasonable solar electricity production. Since Gotland is favorable from a solar radiation point 
of view, the potential on Gotland is probably a bit higher compared to the national mean 
(around 50-100 GWh/year). The installed capacity would therefore be maximum 100 MW 
when fully developed (Widén, Joakim, pers.comm., 13th November 2017). The following 
assumptions are being made: 
 
Solar panel assumptions3: 

- Peak power: 250 W  
- Efficiency: 15% 
- 100% availability 
- Panel surface: 1.63 m2  

 
In a second stage, it is analyzed how power from renewables is affecting the power system. 
This stage will start by analyzing the current system and proceed with different scenarios 
where renewable power is increased due to different events. The following scenarios are 
analyzed in Table 1. 

 
Scenario Aim 

1 Fit the current monthly consumption curve with renewable power 
2 Fit a consumption that has increased with 10% compared to the current situation 

3 Fit the consumption curve with an increased consumption of 10% plus 2.2 
TWh/year 

Table 1: Scenarios Description 

2.4 Validation	
In this section, the models are used to estimate the power production of some existing wind 
turbines and PVs on the island.  

For the wind model, the results are compared with the actual power production of the 
turbines for three consecutive years (2014-2016). In this validation, the 20-years time series 
are used for determining the mean values which are then used to normalize the 1-year time 
series for 2014, 2015 and 2016, respectively. In Figure 3 below, the results are shown and it 
can be seen that the monthly trends and levels are well captured using the suggested 
methodology. The model actually works better than anticipated and it is safe to say that it is 
able to provide important information about the monthly wind energy production on the 
island. Since freely available production data are only provided as monthly averages it is 
however hard to determine if the method is also good for estimating energy production in 
shorter time frames (weekly, daily etc.). Therefore, only monthly averages are presented in 
this report. 

                                                
3 Based on a typical solar panel used today. 
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Figure 3: Estimated and measured production for 4 sites on Gotland 

The validation of the solar energy estimation is more difficult compared to the wind case 
since there are fewer actual production available. In this case, the estimation model is 
compared to only one case situated at the middle of the island, Stånga, during some months in 
2016 and 2017. The results are depicted in Figure 4. In this case 72 reference solar panels are 
measured and estimated. It can be seen that the level of the AEP is the same for both 
measurements and estimated results.  The trends are quite well captured but the measured 
production is lower and wider compared to the estimated production.  This is probably due to 
the positioning and the angle of the solar panels at the measurement site. 
 

 
Figure 4: Validation of solar power estimation model. 
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3 Results	and	discussion	
	
3.1 Mapping	of	renewable	resources	
According to the assumptions made in Section 2.3, 286 turbines with a total installed capacity 
of 858 MW can be installed on the island (given the total area and turbine spacing). As seen 
in Figure 5 (left), the annual energy production (AEP, the red shaded area) is well above the 
annual electricity consumption (the green shaded area) for all months of the year. Since the 
AEP and the consumption will differ from year to year, the shaded areas mark these 
variations. For the estimated values, also model uncertainties are considered.  

In the regional comprehensive plan (Region Gotland, n.d.), three potential offshore 
farms are pointed out. If placing 50 turbines in each farm, these three farms could alone 
provide for the consumption demand on Gotland, according to Figure 5 (middle). These farms 
could of course be made larger and therefore produce more, but here they are designed to 
match the consumption with the lower end of the variation spectrum. 

 
Figure 5: Onshore wind potential (left), offshore wind potential (middle) and solar potential (right). 

As stated in Section 2.3, no more than 100 MW of installed solar power will be considered in 
this report. This corresponds to an AEP of approximately 116 GWh. As seen in Figure 5 
(right) the monthly trend of the solar production is inverted compared to the production which 
makes it difficult to be used as the main supplier of electricity. On the other hand, the daily 
production cycle follows consumption quite well (i.e. high production/consumption during the 
day and low during the night). The conclusion is that Gotland, more than well, has the 
renewable resources to provide for the current (and some level of increase of the) 
consumption level, even below the threshold limits of 1000 MW of wind and 100 MW of 
solar. 
 
3.2 System	effects	
This section will present today’s electrical system on Gotland and the effects of a higher 
penetration of varying renewable sources. The basis for the analysis is a three-year (July 
2014-July 2017).  This dataset was provided by Gotland Energi AB (GEAB) and consists of 
hourly values of wind and solar production, as well as export/import of electricity via the 
mainland cable. In a first step, data from all years are used to describe the current system. In a 
second step, data for year 2016 is used to calculate 3 different scenarios with an increased 
amount of domestic production from renewables. 
 
3.2.1 Today’s	system	
The mean annual electricity consumption between July 2014-July 2017 was just below 1 
TWh/year. 46% of the consumption was provided by Gotlandic wind power and the 
remaining 54% was imported from the mainland. Table 2 shows some of the characteristics of 
the electrical system in this time period. The ramping is calculated as the largest difference in 
power from on hour to another. 
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 Powermean PowerStd Powermin Powermax Rampingmax 

Cable 59 MW 45 MW -62 MW 178 MW 75 MW/h 
Production 51 MW 45 MW 0.0 MW 153 MW 65 MW/h 
Consumption 110 MW 22 MW 51 MW 187 MW 60 MW/h 
Table 2: Gotland’s electrical system characteristics July 2014 - July 2017 

Figure 6, depicts the duration diagram of the consumption, regulation (i.e. the cable) and the 
domestic power production (wind and solar). Taking a closer look at the regulation power, it 
can be seen that it import by far exceeds the export. The installed solar power is only visible 
in the very right end of the diagram due to its low level of development on the island. 

 

 
Figure 6: Duration Diagram (July 2014 - July 2017) 

Table 3 shows the longest consecutive time periods with net export/import and corresponding 
energy content and maximum power during these time periods. 
 
 Time period Total energy Max power 
Export 75 h 2.2 GWh 55 MW 
Import 909 h 92 GWh 168 MW 
Table 3: Longest periods with consecutive net export/import and corresponding total energy and max power (July 2014 - 
July 2017) 

The annual electricity consumption on Gotland was just below 1000 GWh for 2016. Around 
180 MW of wind and 3 MW of solar power were installed. The wind and solar power 
produced around 430 GWh and 1.14 GWh, respectively in 2016. In Table 4, some of the 
characteristics of the electrical system of 2016 are depicted.  
 
 Powermean PowerStd Powermin Powermax Rampingmax 

Regulation 62 MW 44 MW -55 MW 178 MW 56 MW/h 
Production 49 MW 44 MW 0.0 MW 150 MW 59 MW/h 
Consumption 117 MW 22 MW 54 MW 180 MW 40 MW/h 
Table 4: Gotland’s electrical system characteristics 2016 



10 
 

Figure 7 depicts a duration diagram of the consumption, regulation (i.e. the cable to the 
mainland) and the domestic production (from wind and solar). Based on this figure it can be 
deduced that the regulation power (i.e. the cable to the mainland) was net importing electricity 
during approximately 7800 hours of the year. Therefore, only during 1000 hours there was a 
net export from the island.  
  

 
Figure 7: Duration Diagram (2016) 

The longest consecutive time period with a net export of electricity was 50 hours, as seen in 
Table 5. During this time, 1.6 GWh of energy was transferred to the mainland. The longest 
consecutive time period with a net import of electricity was 893 hours, accounting for an 
energy quantity of 71 GWh. Totally, in 2016, 16.7 GWh was exported to the mainland while 
564 GWh was imported.  

 Time period Total energy Max power 
Export 50 h 1.6 GWh 55 MW 
Import 893 h 71 GWh 130 MW 
Table 5: Longest periods with consecutive net export/import and corresponding total energy and max power (2016) 

Figure 8 and 9 illustrates the variations and duration of consumption, regulation, wind and 
solar power during a summer and a winter week. It can be seen that the levels of 
consumption, wind power production and import are generally higher during the winter. 
However, the solar power production, however barely visible, is naturally higher during 
summer. No large differences in export are found when comparing these weeks. 
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Figure 8: Summer week variations 

 

Figure 9: Winter week variations 
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3.2.2 Scenario	1	
In this scenario, the wind and solar production is fitted to the current monthly consumption 
curve. The best fit is found using an installed capacity of 345 MW wind and 25 MW solar 
corresponding to a yearly production of 993 GWh and 29 GWh for wind and solar 
respectively, as shown in Figure 10. The installed capacity of the wind has in this scenario 
increased from 182 to 345 MW which is roughly a 90% increase. However, due to higher and 
more efficient wind turbines, the production has increased with 130% compared to the 2016 
year values.  

 
Figure 10: Model results for Scenario 1 

 
In Figure 11, the duration diagram of scenario 1 is depicted. The solar power has now 
increased to such extent so that it is visible in the right end of the diagram. The time of net 
export of electricity has now grown to around 3800 hours of the year, while the net import has 
decreased respectively.  

 
Figure 11: Duration diagram for Scenario 1 
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Table 6 show some characteristics of the recalculated system. Since the mean power of the 
regulation is negative it means that this system is exporting more than it is importing. This 
system could therefore be self-sustained in terms of energy. Table 7 gives information about 
the longest consecutive time periods with net import/export with corresponding energy and 
maximum power. Totally, 379 GWh/year is exported/stored while 337 GWh/year is imported 
in this recalculated scenario.  
 

 Powermean PowerStd Powermin Powermax Rampingmax 

Regulation -4.7 MW 98 MW -257 MW 176 MW 132 MW/h 
Production 116 MW 100 MW 0.0 MW 352 MW 135 MW/h 
Consumption 117 MW 22 MW 54 MW 180 MW 40 MW/h 
Table 6: Gotland’s electrical system characteristics for Scenario 1 

 Time period Total energy Max power 
Export 158 h 26  GWh 231 MW 
Import 262 h 19 GWh 108 MW 
Table 7: Longest periods with consecutive net export/import and corresponding total energy and max power for Scenario 1 

Figure 12 and 13 illustrates the variations and duration of consumption, regulation, wind and 
solar power during a summer and a winter week for Scenario 1.  

 
 

Figure 12: Summer week variations 

 

Figure 13: Winter week variations 
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3.2.3 Scenario	2	
In this scenario, the energy consumption has increased with 10% compared to the current 
situation. The renewable production is fitted to match this increase. The best fit is found using 
an installed capacity of 375 MW wind and 25 MW solar corresponding to 1078 GWh yearly 
wind production and 29 GWh yearly solar production, as shown in Figure 14.  

Figure 14: Model results for Scenario 2 

The situation is not found to differ a lot from scenario 1 as seen in Figure 15. However, an 
increase of 10% results in slightly larger demand for storage size. As seen in Table 8, also this 
system could be self-sustained since the export is larger than the import (seen in the negative 
value of the mean regulation power). Table 9 gives information about the longest consecutive 
time periods with net import/export with corresponding energy and maximum power. 
Compared to Scenario 1, this system needs to be a slightly more flexible. 

 
Figure 15: Duration diagram for Scenario 2 
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 Powermean PowerStd Powermin Powermax Rampingmax 

Regulation -3.2  MW 106 MW -277 MW 194 MW 143 MW/h 
Production 126 MW 109 MW 0.0 MW 381 MW 147 MW/h 
Consumption 123 MW 24 MW 59 MW 198 MW 44 MW/h 
Table 8: Gotland’s electrical system characteristics for Scenario 2 

 Time period Total energy Max power 
Export 158 h 28  GWh 249 MW 
Import 262 h 21 GWh 119 MW 
Table 9: Longest periods with consecutive net export/import and corresponding total energy and max power for Scenario 2 

Figure 16 and 17 illustrates the variations and duration of consumption, regulation, wind and 
solar power during a summer and a winter week for Scenario 2. 

 
 

Figure 16: Summer week variations 

 

Figure 17: Winter week variations 
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3.2.4 Scenario	3	
In this scenario, a major industry actor on the island has electrified a very energy intensive 
process. This actor therefore, using simplified assumptions, demands a constant supply of 250 
MW to run its factory (2.2 TWh/year totally). Additionally, the current energy consumption 
has increased with 10%. The upper limit of installed power for wind and solar is used in this 
scenario (i.e., 1000 MW wind and 100 MW solar4), which results in a good match with the 
consumption during the winter months but a deficit during the summer months as shown in 
Figure 18.  

Figure 18: Model results for Scenario 3 

Apparently, this situation is not feasible from a self-sustaining perspective since the 
demanded energy exceeds the produced energy. This is seen in the duration diagram in Figure 
19 and also in the positive value of the mean regulation power in Table 10.  

 

Figure 19: Duration diagram for Scenario 3 

 

                                                
4 In order to fit all months’ consumption with renewable production, the model estimates that approximately 
1000 MW and 400 MW of installed wind and solar power, respectively, is required. This is far above our limits 
and is not considered further in this report.  
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 Powermean PowerStd Powermin Powermax Rampingmax 

Regulation 32 MW 289 MW -676 MW 441 MW 390 MW/h 
Production 342 MW 291 MW 0.0 MW 1035 MW 393 MW/h 
Consumption 378 MW 24 MW 311 MW 449 MW 44 MW/h 
Table 10: Gotland’s electrical system characteristics for Scenario 3 

Table 11 shows the longest consecutive time periods with net export/import and 
corresponding energy content and maximum power during these time periods. 

 Time period Total energy Max power 
Export 119 h 60  GWh 609 MW 
Import 288 h 77 GWh 368 MW 
Table 11: Longest periods with consecutive net export/import and corresponding total energy and max power for Scenario 3 

Figure 20 and 21 illustrates the variations and duration of consumption, regulation, wind and 
solar power during a summer and a winter week for Scenario 3. 

 
 

Figure 20: Summer week variations 

 

Figure 21: Winter week variations 
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Conclusions	and	future	work	
The wind and solar resources are mapped and found to be large enough to provide Gotland’s 
electricity demand for different consumption levels, if suitable storages are invested in. 
However, with an increase with 2.2 TWh/year in electricity demand the potential resources 
are scarce even with storage possibilities. 
 
Future work will focus on (in selection): 

●  A more detailed analysis on the wind resources stipulated by the regional 
comprehensive planning instead of the national interest areas for wind power 
development.  

●  Storage possibilities (batteries, geophysical storage etc.) 
●  The transport system (electrification, biogas) 
●  Social acceptance and potential areas of coexistence conflicts 
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