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Disclaimer of warranties  
This project has received funding from the Horizon Europe Framework Programme (HORIZON) under Grant 
Agreement No 101084137.  
 
This document has been prepared by WENDY project partners as an account of work carried out within the 
framework of the EC-GA contract no 101084137.  
 
Neither Project Coordinator, nor any signatory party of WENDY Project Consortium Agreement, nor any 
person acting on behalf of any of them:  
 

(a) makes any warranty or representation whatsoever, express or implied,  
 

(i). with respect to the use of any information, apparatus, method, process, or similar item 
disclosed in this document, including merchantability and fitness for a particular purpose, or  

 
(ii). That such use does not infringe on or interfere with privately owned rights, including 

any party’s intellectual property, or  
 

(iii). That this document is suitable to any user’s circumstance; or  
 
(b) assumes responsibility for any damages or other liability whatsoever (including any consequential 
damages, even if Project Coordinator or any representative of a signatory party of the WENDY Project 
Consortium Agreement, has been advised of the possibility of such damages) resulting from your 
selection or use of this document or any information, apparatus, method, process, or similar item 
disclosed in this document. 
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1. Single MultiVariable KPI 

1.1. Introduction 

1.1.1. Summary and use of sMV-KPI 

 
The KPI [1] has been built as a weighted geometric mean of three scores, that evaluate precisely the 
three dimensions of a wind farm project: social, environmental and techno-economic. Each score has 
been defined with their own methodology, following the insights gained in previous tasks of the WENDY 
project.  
 
The social score tries to measure the potential acceptance and positive attitude of the community 
towards a wind farm located nearby. It studies up to six different aspects that have been identified as 
key drivers of social opposition: visual predominance, effect on tourism, noise, economic acceptance of 
the project, protection of activities based on nature and biodiversity. Each one of these features is 
evaluated independently and contributes to the final social score. Also, different social interventions can 
improve the score in these features. 
 
The environmental score measures the impact that a wind farm has on the biodiversity of the area. The 
methodology relies heavily on the models for integrated life-cycle assessment on biodiversity developed 
in deliverable 3.1 of the WENDY project. We calculate the potentially disappeared fraction of species 
given by the main impacts of an operational wind farm: habitat loss, disturbance, collision, and barrier 
effects. We normalize this quantity by the installed power of the wind farm and obtain a final 
environmental score. This calculation relies on the existence of species distribution maps at European 
level, that we also develop in this project. 
 
Finally, the techno-economic score intents to measure the profitability of a wind installation. The 
Levelized Cost of Energy, which is defined as the ratio between expenses and generated energy, is 
commonly used for that purpose. We collect different sources of information related to the costs of a 
wind farm, including the notable differences between onshore and offshore as well as differences 
between countries. The energy production can be estimated through the Weibull distribution of wind 
speed, which we can characterize for any site in Europe, and the power curve of the wind turbine 
considered.  
 
The three dimensions are evaluated with a score between 0 (most negative) and 100 (most positive). 
The final KPI value is obtained as a geometric mean and thus it lies in the same range.  
 
The evaluation of each one of these three scores, and therefore the final KPI, have been tackled using 
open access data at a European level. Thus, it is immediately appliable to any location in Europe and 
requires very few inputs regarding the technical specifications of the wind farm. These feature of the KPI 
consolidates it as a very fast tool to obtain a first evaluation of the impact on a wind farm, that can then 
be complemented with more in-depth impact assessments. 
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Exceptions are made for the projects of Utsira Nord and Sørlige – Nordsjø II in Norway. For these Wind 
Farms we don’t have an as-built or planned layout to consider.  
 
In this task we have calculated the Single MultiVariable KPI to each one of these different scenarios.  
 
Additionally, we will also create an extra scenario incorporating social interventions to increase social 
acceptance. Social Interventions have been collected in Deliverable 4.6 [5] and offered as an online tool 
in WENDY Knowledge Exchange Platform (KEP) [6]. 
 
The potential increase in social score due to social interventions have not been calibrated and remains 
speculative but could provide some insights about potential viability. This last scenario will reduce the 
techno-economic score due to the cost associated with the interventions. 
 
The addition of social interventions will not affect the environmental score. Though some of the 
interventions aim to improve some environmental aspects, the sMV-KPI does not include the 
methodology to affect the environmental score. It remains a limitation of the current state of this KPI. 
 

1.2. Application on Use Cases 

1.2.1. Spain 

1.2.1.1. Introduction 

 
In Spain, we have 5 different Wind Farms. Three of them (Primoral, Campoliva I and Campoliva II) are 
located in the same area, at the east of the city of Saragossa. 
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Figure 2: Location of Campoliva I & II and Primoral 

 
The Wind Farm of El Campo is also located in the same region, but in this case at the northwest of 
Saragossa, thus it does not belong to the same cluster. 
 
 

 
Figure 3: Location of El Campo Wind Farm 
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Campoliva II 

 
Figure 6: Layouts for the scenarios contemplated for Campoliva II 

 

Table 3: Results obtained for Campoliva II 

 Scenario 1: 
Maximize Energy 

Scenario 2: 
As built 

Scenario 3: 
Increase Acceptance 

Scenario 4: Scenario 3 + 
Social Interventions 

Social 55.08 55.16 55.15 83.95 
Environmental 8.36 8.37 8.40 8.40 
Techno-Economic  93.02 92.87 93.00 92.66 
KPI 34.99 34.99 35.06 40.28 

 

 

Primoral 
 

 
Figure 7: Layouts for the scenarios contemplated for Primoral 

 

Table 4: Results obtained for Primoral 

 Scenario 1: 
Maximize Energy 

Scenario 2: 
As built 

Scenario 3: 
Increase Acceptance 

Scenario 4: Scenario 3 + 
Social Interventions 

Social 47.19 48.92 48.87 74.41 
Environmental 17.38 16.36 16.71 16.71 
Techno-Economic  92.59 92.09 91.79 91.39 
KPI 42.34 41.93 42.17 48.43 

 



WENDY D5.5 Holistic assessment of wind Energy Stewardship at WENDY cases 

 
 

Funded by the European Union. Views and opinions expressed are however those of the author(s) only 
and do not necessarily reflect those of the European Union. Neither the European Union nor the granting 
authority can be held responsible for them. 

17 

 
 
El Campo 
 

 
Figure 8: Layouts considered for the scenarios contemplated for El Campo. 

 

Table 5: Results obtained for El Campo 

 Scenario 1: 
Maximize Energy 

Scenario 2: 
As built 

Scenario 3: 
Increase Acceptance 

Scenario 4: Scenario 3 + 
Social Interventions 

Social 56.16 53.69 53.68 81.71 
Environmental 1.99 2.21 2.40 2.40 
Techno-Economic  91.71 90.77 90.22 89.73 
KPI 21.72 22.08 22.64 25.99 

 
 
Motilla 
 

 
Figure 9: Layouts considered for the scenarios contemplated for Motilla. 
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Table 6: Results obtained for Motilla 

 Scenario 1: 
Maximize Energy 

Scenario 2: 
As built 

Scenario 3: 
Increase Acceptance 

Scenario 4: Scenario 3 + 
Social Interventions 

Social 44.92 43.30 43.02 79.57 
Environmental 15.24 14.91 14.86 14.86 
Techno-Economic  88.57 88.45 88.74 88.14 
KPI 39.28 38.51 38.43 47.06 

 
 
 

1.2.1.3. Discussion 

As initially expected, the results are very similar among all these projects, a similarity that is even 
stronger between the three wind farms located in the same cluster (Campoliva I, Campoliva II and 
Primoral). In these three WFs, we obtain a Social Score (excluding the fourth scenario) between 45 and 
60, an Environmental Score between 5 and 20, and a Techno-economic Score between 90 and 95. 
 
The main social issues that these wind farms face are Biodiversity Protection and Project Acceptance, 
which are difficult to handle with only a relocation of the turbines, thus there are no significant changes 
in the results obtained between scenarios. The only exception is the scenario 4 that is designed precisely 
to tackle these challenges. In the following figure we show the Social Radar (i.e. the values of each social 
feature considered) for Campoliva I Scenario 2. The situation is similar for all other scenarios (except 4) 
in these three wind farms. 
 
   

 
Figure 10: Social Radar for Campoliva I Scenario 2 
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installed power, except for the costs of the social interventions that only applies in the fourth 
scenario.  

 
The Wind Farm of El Campo is also located near the city of Saragossa but does not belong to the same 
cluster. The results are very similar to the already discussed wind farms. 
 
The Wind Farm of Motilla is not located in the same area and shows some differences in the obtained 
results. Social Score is similar to the other wind farms in Spain, but for different reasons. 
 

 
Figure 12: Social Radar for Motilla Scenario 2 

 
In the case of Motilla, the visual acceptance is one of the features with the lowest evaluation. The wind 
farm is located at less than 3 km from the nearest inhabited places. For the other wind farms these 
distances were in the range from 4.5 km to 8 km. Given these particularities a different set of social 
interventions were proposed for Scenario 4. 
 
Except for this situation, the results are comparable to the other wind farms analyzed in Spain. 
 

1.2.2. Italy 

1.2.2.1. Introduction 

 
For Italy we analyze two Wind Farms: Bagaladi and Maida – San Floro. Both are located in the region of 
Calabria, in the south of Italy. 
 
Bagaladi is the southernmost project of the two, located in a complex orography, near a Natural Area 
and surrounded by different villages. 
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Figure 13: Satellite View of Bagaladi Wind Farm 

 
Maida – San Floro wind farm is located between the villages of Maida and San Floro, in a terrain that is 
less complex than Bagaladi.  
 

 
Figure 14: Location of Maida – San Floro Wind Farms 
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Table 8: Results obtained for Bagaladi 

 Scenario 1: 
Maximize Energy 

Scenario 2: 
As built 

Scenario 3: 
Increase Acceptance 

Scenario 4: Scenario 3 + 
Social Interventions 

Social 30.07 22.38 18.48 60.26 
Environmental 0.16 0.15 68.60 68.60 
Techno-Economic  28.47 33.87 57.78 56.87 
KPI 5.16 4.87 41.84 61.71 

 
 
Maida – San Floro 
 

 
Figure 16: Layouts considered for the scenarios contemplated for Bagaladi. 

 

Table 9: Results obtained for Maida – San Floro 

 Scenario 1: 
Maximize Energy 

Scenario 2: 
As built 

Scenario 3: 
Increase Acceptance 

Scenario 4: Scenario 3 + 
Social Interventions 

Social 37.49 36.66 19.32 61.45 
Environmental 24.10 29.58 76.36 76.36 
Techno-Economic  85.45 76.74 65.48 64.06 
KPI 42.58 43.66 45.88 66.99 

 
 

1.2.2.3. Discussion 

 
For the Italian Wind farms, we detect a high variance of results between the different scenarios. 
 
In both cases, the social acceptance could present some problems due to the presence of nearby villages.  
In Bagaladi, the different affected features change noticeable between scenarios: 
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Figure 17: Social Radars for Bagaladi 

 
When moving from scenario 1 to scenario 2, the visual acceptance drops dramatically. After the 
relocation, the turbines surround the hamlet of Embrisi. This geometry locates the geometric center of 
the Wind Farm very close to the village, although the nearest turbines are not really that close to 
inhabited places. Thus, this behavior should be addressed as a current limitation of the KPI. In this 
scenario with two clearly distinct groups, it would be better to apply the KPI to each group separately. 
 
In the third scenario, we have a drop in tourism acceptance, and visual acceptance still remains low even 
after the relocation, which increases the distance to the town. This is due to the replacement of turbines 
with newer model with a higher hub height, which makes them more visible. Having a lower number of 
turbines could result in a higher social acceptance, alas this factor is not considered in the calculation of 
the social score. In Maida – San Floro we also see a drop in social acceptance in the third scenario due 
to the same reasons. 
 
For the environmental score we have low values due to the high presence of raptors in the south of 
Europe (this issue affected the Spanish case too). In Bagaladi, the score is especially low due to the 
presence of a Natural Area. In this case the repowering scenario results in a noticeable higher 
environmental score. By reducing the number of turbines, we reduce the affected area maintaining the 
nominal power in this case. 
 
In Bagaladi, the first two scenarios have a low techno-economic score, that increases noticeable in the 
third scenario. It should be noted that the turbines for the first two scenarios are the smallest of all the 
turbines analyzed in this study and thus, are not able to take advantage of the higher wind speeds that 
occur at higher altitudes.  
 
In the case of Maida – San Floro however, the first scenario obtains the higher techno-economic score. 
We can see how in this case, the strategic location of the turbines in areas of higher wind speed can 
increase the energy output (Figure 18). 
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Figure 18: Location of turbines in Maida – San Floro Scenario 1 against a raster map of average wind speed (m/s) 
at 100 meters.  

 

1.2.3. Greece 

1.2.3.1. Introduction 

 
For Greece, we will analyze on use case, the Wind Farm projected by MEC in the island of Crete.  
 
It is a small project, of 4 turbines for a total nominal power of 12 MW. It is owned by an Energy 
Community, a model of ownership that is favored by the KPI algorithm with respect to corporate 
ownership as the previous cases. 
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Table 10: Results obtained for MEC wind farm 

 Scenario 1: 
Maximize Energy 

Scenario 2: 
As built 

Scenario 3: 
Increase Acceptance 

Scenario 4: Scenario 3 + 
Social Interventions 

Social 65.13 62.06 62.17 83.31 
Environmental 88.33 88.97 89.43 89.43 
Techno-Economic  86.84 88.26 88.26 87.74 
KPI 79.35 78.69 78.88 86.79 

 
 

1.2.3.3. Discussion 

 
The MEC Wind Farm project ranks relatively high at each dimension analyzed. 
 
The Social Score gets benefit from having a social ownership model, which enhances project acceptance. 
Its weakest features are visual and tourism acceptance. The closest inhabited place and site of touristic 
interest are located at 2.4 and 2.1 km respectively, according to OpenStreetMap. 
 

 

 
Figure 21: Social Radar for MEC Scenario 2 

 
The environmental score is high in all cases. The functional group most affected by the Wind Farm is the 
raptors, something that it shares with the other countries of the south of Europe, but in a lesser scale. 

The techno-economic score is also high in all scenarios. It is remarkable how the scenario with the lowest 
techno-economic score is the first scenario that is designed to improve energy output. As explained in 
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Table 11: Results obtained for Hywind Tampen 

 Scenario 1: 
Maximize Energy 

Scenario 2: 
As built 

Scenario 3: 
Increase Acceptance 

Scenario 4: Scenario 3 + 
Social Interventions 

Social 35.34 35.34 35.34 82.30 
Environmental 0.20 0.20 0.21 0.21 
Techno-Economic  79.59 79.59 79.58 79.21 
KPI 8.31 8.31 8.42 11.15 

 
 
Sørlige Nordsjø II  
 

 
Figure 25: Layouts for the scenarios contemplated for Sørlige Nordsjø II wind farm 

 

Table 12: Results obtained for Sørlige Nordsjø II   

 Scenario 1: 
Maximize Energy 

Scenario 2: 
Corridors 

Scenario 3: Scenario 2 + 
Social Interventions 

Social 43.22 43.22 83.13 
Environmental 30.93 31.01 31.01 
Techno-Economic  88.87 88.81 88.61 
KPI 49.16 49.20 61.13 
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Utsira Nord 
 

 
Figure 26: Layouts for the scenarios contemplated for Utsira Nord wind farm 

 

Table 13: Results obtained for Utsira Nord wind farm 

 Scenario 1: 
Maximize Energy 

Scenario 2: 
Corridors 

Scenario 3: Scenario 2 + 
Social Interventions 

Social 36.76 38.32 79.57 
Environmental 41.66 41.13 41.13 
Techno-Economic  81.87 82.30 81.98 
KPI 50.05 50.62 64.50 

 
 

1.2.4.3. Discussion 

The KPI relies heavily on the extraction of data coming from open sources. Unfortunately, even if we 
have tried to maintain the same methodology, the data related to offshore. For instance, the species 
distribution maps used for the environmental score have a larger resolution (from 1km2 to 10km2)   
 
The situation for Social Score is similar for all three wind farms. They score low in Project Acceptance 
and, especially in Biodiversity Protection which is highlighted as the most critical source of potential 
opposition.  
 
It should be remarked that, in the social dimension, the score loses some features when applied to 
offshore wind farms. Protection of natural activities, that onshore was calculated taken into account the 
percentage of land used for agricultural activities. That approach does not apply to offshore wind farms 
and has not been replaced with more specific factors (e.g. fishing activities) due to the difficulties on 
obtaining related data. 
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The wind farm of Hywind Tampen shows a very low environmental score due to the high presence of 
marine mammals in the area, at least considering the species evaluated under this KPI methodology. 
The other wind farms, which are located further south, reach higher environmental scores. However, 
they are still located in an area of rich biodiversity.  
 
 
The techno-economic score can be obtained without any specific difficulties following the same 
approach as for onshore WF. The high scores obtained identify these wind farms as very favorable for 
the development of offshore WF projects. Should be remarked that offshore and onshore projects are 
calibrated separately, and the techno-economic score should not be compared across technologies. The 
higher costs associated with offshore projects still leaves them as less profitable than the more 
established onshore wind farms, although they have more potential for outputting a larger production.  
 

1.3. Conclusion 

 
The KPI tool aims at providing a fast evaluation of the general level of welfare of a wind farm project. In 
that sense, we have seen how the KPI is able to reflect many challenges faced by the wind farms analyzed 
in this report. 
 
However, we have detected some limitations, that are summarized in the following table and should be 
considered when applying this single KPI tool. 
 

Table 14: Limitations of the KPI 

Limitation Dimension 
Social interventions are not calibrated Social 
Distances calculated from WF geometric center Social 
Density of turbines is not considered Social 
Weight of ownership model not considered Social 
Missing additional factors for Project Acceptance Social 
Missing factors related to offshore Social 
Environmental Score does not include ES Environmental 
Environmental Score does not reflect interventions Environmental 
Low resolution of offshore raster maps Environmental 
Low number of species considered for offshore Environmental 
Costs do not consider additional factors Techno-economic 
Wind direction not considered Techno-economic 
Wake effects not considered Techno-economic 

 
 







WENDY D5.5 Holistic assessment of wind Energy Stewardship at WENDY cases 

 
 

Funded by the European Union. Views and opinions expressed are however those of the author(s) only 
and do not necessarily reflect those of the European Union. Neither the European Union nor the granting 
authority can be held responsible for them. 

35 

2. Impact on nature values 

2.1. Introduction 

The conceptual framework for mapping biodiversity and ecosystem services and estimating the life-cycle 
impact assessment (LCIA) for wind energy infrastructure on both nature values was developed by 
Kvalnes et al. [3]. Following this methodology, mapping of biodiversity (species richness) and ecosystem 
service supply was conducted for the different WENDY case study regions [4]. Here, species richness and 
ecosystem services maps are used to perform LCIA for the four case study regions. First, the LCIA on 
biodiversity is quantified, then the LCIA on ecosystem services is quantified. In chapter 3 using the 
resulting biodiversity and ecosystem services LCIA maps in Consite is demonstrated. Consite is a holistic 
tool for assessing impacts and siting wind farms, including both environmental, social and technical 
aspects simultaneously. 

2.2. LCA impact on biodiversity 

The LCA impact of wind farms on species richness of birds, bats and marine mammals is estimated by 
quantifying the potential disappeared fraction (PDF) of species richness. Kvalnes et al. [3] developed 
metrics for each group of species in both onshore and offshore wind farms. Onshore the impacts on bats 
and birds are included in the assessments, while offshore the impacts on birds and marine mammals are 
included in the assessments. The life cycle of wind farms can be separated into four phases, the 
manufacturing, construction, operational and decommissioning phases. Here we focus on the in-situ 
impacts on birds, bats and marine mammals, which occurs during the construction and operational 
phases. There are four main pathways in which wind farms may impact birds and bats in-situ; direct 
habitat loss from land occupation, disturbance from the avoidance of areas around wind turbines, 
barriers to the movement between areas and collisions with the wind turbines [16, 3]. For marine 
mammals only the three former impact pathways are of relevance [3]. 
 

2.2.1. Methods 

LCIAs are carried out at all the four case study regions in the WENDY project. These regions include a 
total of eleven wind farms or wind farm areas which are used to demonstrate the LCIA methodology 
within each case study region. 
 
LCIA are carried out by quantifying the potentially disappeared fraction (PDF) of species richness for each 
of the four impact pathways for wind farms. The PDFs are estimated for functional groups of species of 
bats, birds and marine mammals. These functional groups are formed by grouping species based on 
ecologically similarity and taxonomic relationships [16, 3]. All species of bats were included in a single 
functional group, as the low number of species within countries in Europe prevents any more fine scaled 
grouping of the species. Bird species were grouped into corvids, gallinaceous birds, gulls*, herbivorous 
songbirds, insectivorous songbirds, non-passerines, owl, polyphagous songbirds, raptors*, seabirds*, 
waders*, waterbirds* and waterfowl*. The six functional groups marked with an asterisk are included in 
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along the continental slope and along the slope of the Norwegian trench into the North Sea (Figure 26). 
The impacts at the three wind farms were near the median impact in the Norwegian EEZ, but Hywind 
Tampen and Sørlige Nordsjø II were above while Utsira Nord was below the median (Figure 27).  
 
Separating the impacts into the different functional groups shows that particularly Hywind Tampen is 
located in an area with high impacts on marine mammals and seabirds (Figure 28). Baleen whales differ 
from other functional groups in that the highest impacts are found in the Barents Sea. 

 
Figure 27. Normalized cumulative potentially disappeared fraction (PDF) of species richness from a wind turbine 
of 9.5 MW for birds and marine mammals combined in the Norwegian EEZ. The open circles show from north to 
south, the position of the offshore wind farm Hywind Tampen, and the offshore wind farm areas Utsira Nord and 
Sørlige Nordsjø II. 

 

 
Figure 28. Histogram of the cumulative potentially disappeared fraction (PDF) of species richness from a wind 
turbine of 9.5 MW for birds and marine mammals combined in the Norwegian EEZ. The black vertical lines show 
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the value of the PDF for a wind turbine at the center of the wind farms, while the grey vertical line shows the 
median PDF. 

 
Figure 29. Normalized cumulative potentially disappeared fraction (PDF) of species richness from a wind turbine 
of 9.5 MW for functional groups of birds and marine mammals in the Norwegian EEZ. The open circles show from 
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north to south, the position of the offshore wind farm Hywind Tampen, and the offshore wind farm areas Utsira 
Nord and Sørlige Nordsjø II. 

 

2.2.2.2. Spain 

The life-cycle impact assessment for Spain using a 5.0 MW turbine shows that the PDF of species richness 
of bats and birds in total is highest along the coastline and for areas with wetlands or water bodies 
(Figure 29). The impacts at the four out of five wind farms were similar and below the median impact in 
Spain (Figure 30), while the last wind farm, El Campo, were above the median impact (Figure 30).  
 
Separating the impacts into the different functional groups shows that there is a lot of variation between 
groups in the spatial distribution of impacts (Figure 31). For instance, are impacts highest along the coast 
and in wetlands for waders, waterbirds and waterfowl, while gallinaceous birds are more impacted in 
agricultural areas. 
 
 
 

 
Figure 30. Normalized cumulative potentially disappeared fraction (PDF) of species richness from a wind turbine 
of 5.0 MW for bats and birds combined in Spain. The open circles show from north to south, the position of the 
onshore wind farms El Campo, Campoliva I and II, Primoral and Motilla. Campoliva I and II, and Primoral are 
located very close to each other. 

 



WENDY D5.5 Holistic assessment of wind Energy Stewardship at WENDY cases 

 
 

Funded by the European Union. Views and opinions expressed are however those of the author(s) only 
and do not necessarily reflect those of the European Union. Neither the European Union nor the granting 
authority can be held responsible for them. 

40 

 
Figure 31. Histogram of the cumulative potentially disappeared fraction (PDF) of species richness from a wind 
turbine of 5.0 MW for bats and birds combined in Spain. The black vertical lines show the value of the PDF for a 
wind turbine at the center of the wind farms, while the grey vertical line shows the median PDF. 



WENDY D5.5 Holistic assessment of wind Energy Stewardship at WENDY cases 

 
 

Funded by the European Union. Views and opinions expressed are however those of the author(s) only 
and do not necessarily reflect those of the European Union. Neither the European Union nor the granting 
authority can be held responsible for them. 

41 

 
Figure 32. Normalized cumulative potentially disappeared fraction (PDF) of species richness from a wind turbine 
of 5.0 MW for functional groups of bats and birds in Spain. The open circles show from north to south, the position 
of the onshore wind farms El Campo, Campoliva I and II, Primoral and Motilla. Campoliva I and II, and Primoral are 
located very close to each other. 
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2.2.2.3. Italy 

The life-cycle impact assessment for Italy using a 5.0 MW turbine shows that the PDF of species richness 
of bats and birds in total is highest along the coastline and in areas with water bodies and valleys with 
rivers (Figure 32). The impacts at the two wind farms were slightly below the median impact in Italy 
(Figure 33), with Maida having marginally higher impacts on bats and birds in total than Bagaladi.  
 
The impact for the different functional groups varies according to the habitat preferences of the 
different species in the groups (Figure 34). For instance, are impacts highest in area with forests for bats, 
gallinaceous birds are more highly impacted in parts of the mountainous areas, and the highest impacts 
for owls are found in the norther agricultural areas. 
 
 
 

 
Figure 33. Normalized cumulative potentially disappeared fraction (PDF) of species richness from a wind turbine 
of 5.0 MW for bats and birds combined in Italy. The open circles show from north to south, the position of the 
onshore wind farms Maida and Bagaladi. 
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Figure 34. Histogram of the cumulative potentially disappeared fraction (PDF) of species richness from a wind 
turbine of 5.0 MW for bats and birds combined in Italy. The black vertical lines show the value of the PDF for a 
wind turbine at the center of the wind farms, while the grey vertical line shows the median PDF. 

 



WENDY D5.5 Holistic assessment of wind Energy Stewardship at WENDY cases 

 
 

Funded by the European Union. Views and opinions expressed are however those of the author(s) only 
and do not necessarily reflect those of the European Union. Neither the European Union nor the granting 
authority can be held responsible for them. 

44 

 
Figure 35. Normalized cumulative potentially disappeared fraction (PDF) of species richness from a wind turbine 
of 5.0 MW for functional groups of bats and birds in Italy. The open circles show from north to south, the position 
of the onshore wind farms Maida and Bagaladi. 
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2.2.2.4. Greece 

The life-cycle impact assessment for Greece using a 5.0 MW turbine shows that the PDF of species 
richness of bats and birds in total is highest along the coastline and in estuaries and their surrounding 
wetlands (Figure 35). The impact at the MEC wind farm was clearly above the median impact in Greece 
(Figure 36). 
 
The impact for the different functional groups showed distinct difference (Figure 37). For instance, would 
wind farms in agricultural areas have the lowest impacts for bats and the highest impact for owls, and 
the impact for gallinaceous birds again was the highest in parts of the mountainous areas. For gulls, 
seabirds, waders, waterbirds and waterfowl the highest impacts were found along the coast and in 
wetlands and water bodies. 
 
 
 

 
Figure 36. Normalized cumulative potentially disappeared fraction (PDF) of species richness from a wind turbine 
of 5.0 MW for bats and birds combined in Greece. The open circles show the position of the onshore wind farms 
MEC. 
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Figure 37. Histogram of the cumulative potentially disappeared fraction (PDF) of species richness from a wind 
turbine of 5.0 MW for bats and birds combined in Greece. The black vertical line show the value of the PDF for a 
wind turbine at the center of the wind farm, while the grey vertical line shows the median PDF. 
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Figure 38. Normalized cumulative potentially disappeared fraction (PDF) of species richness from a wind turbine 
of 5.0 MW for functional groups of bats and birds in Greece. The open circles show the position of the onshore 
wind farms MEC. 
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a wider impact area (Alost) has been calculated based on the impact estimations of the study participants 
as described in D3.1 [3]. Figure 39 shows the lower and upper critical distances in which the services are 
affected due to wind energy infrastructure. Only in the Italian case area at least two distance estimates 
were received for all ecosystem services.  
 

  

  

  
Figure 40: Estimations of upper and lower critical distances for each ES in the different use cases 

 
Based on the estimated critical distances, a decay function, Alost_disturbance and finally a potential 
distributed fraction (PDF) due to disturbance map has been calculated for each service k in each region 
(D3.1, section 3.3.4) [3].  
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Figure 43: PDF values distribution for the Spanish use case.  
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2.3.5. PDF ITA 

 
Figure 44: Normalized cumulative potentially disappeared fraction (PDF) of ecosystem services from a wind 
turbine of 5.0 MW for the Italian use case 

 
While the Maida and San Floro wind farm is in an area with average impacts on ecosystem services, 
Motta Montebello is located in areas with high impact potential. The area southwest of Calabria 
surrounding areas of parco nazionale dell’Aspromonte seems to serve with different important 
ecosystem services that might be affected through wind energy installations. 
 
In the distribution plot the PDF values in the Italian study region, Motta Montebello (including a buffer 
of 5km) is above the average impact potential, while the wind farm at Maida and San Floro is slightly 
below the average PDF value (Figure 45) 
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Figure 45: PDF values distribution for the Italian use case. 
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2.3.6. PDF GRC 

 
Figure 46: Normalized cumulative potentially disappeared fraction (PDF) of ecosystem services from a wind 
turbine of 5.0 MW for the Greek use case. 

 
In the northern coastal areas, regions of potentially high ecosystem service loss can be found. The hilly 
central part serves scenic and recreational values while the areas south of Iraklion are good for 
agricultural activities.  
 
The Minoan wind farm is in an area that has potentially higher impact compared to the median impact 
of Crete (Figure 46). 
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Figure 47: PDF values distribution for the Greek use case. 

 

2.4. Conclusion 

The methods for LCIAs demonstrated here for the four case study regions in the WENDY project 
illustrates how these tools can help improve the processes for the development of wind farms. With the 
tools for biodiversity developers can at an early stage in the process assess the likely impacts on birds, 
bats and marine mammals of a wind farm at a proposed site. Different sites can be compared and areas 
with less impacts can be selected, and the cumulative effects of constructing a series of wind farms can 
be assessed. Following the mitigation hierarchy the highest priority should be given to avoiding sites 
with high risks of negative environmental impacts [19].  
 
This is made possible by the tools demonstrated here which allows the planning process to include 
assessments of different sites before going too far into the process with any one site. The LCIA for species 
richness is very dependent on good data on the distribution of species in the region of interest. Here we 
have made species richness maps using occurrence data and species distribution models [20]. While the 
models performed well [4], if updated or better maps are available these can and should be used for the 
estimations of PDFs in LCIAs. The resulting maps have a 1x1 km (onshore) or 10x10 km (offshore) 
resolution, which are adequate for large scale planning.  
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However, the methods are not intended to replace thorough environmental assessments when one or 
more potential sites are selected. Reducing environmental impacts are important for wind farm projects 
to gain public acceptance. The method demonstrated for assessment of impacts on ecosystem services, 
entails public involvement in mapping areas of high value. Such public involvement may help wind farm 
projects to gain public acceptance and allow wind farms to be developed in areas which are less 
important for biodiversity and ecosystem services. 
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3. ConSite tool 

3.1. Introduction 

In Task 4.2 we have developed the WENDY ConSite web application based on Hanssen et al. [21] for 
identifying and assessing potential areas for onshore and offshore wind power development, taking into 
account technical, environmental, and social factors- as well as curtailement areas. The framework is 
developed in the Google Earth Engine JavaScript API [22] leveraging the geospatial processing 
capabilities of the Google Cloud Platform. WENDY ConSite consumes map layers from the Google Cloud 
WENDY repository, which hosts project-specific data organized into dedicated feature and image 
collections. 
   

 
Figure 48: The WENDY ConSite interface 

3.2. General workflow description 

The general idea is that the user follows a structured workflow to 1) map suitability by analyzing trade-
offs between ecological values and annual energy production potential; 2) apply spatial filters to define 
scoping areas based on general acceptance criteria; and 3) select sites according to capacity needs and 
environmental performance. Curtailment areas (in this version of the tool exemplified by protected 
nature reserves and human settlements) are automatically masked away.  
 



WENDY D5.5 Holistic assessment of wind Energy Stewardship at WENDY cases 

 
 

Funded by the European Union. Views and opinions expressed are however those of the author(s) only 
and do not necessarily reflect those of the European Union. Neither the European Union nor the granting 
authority can be held responsible for them. 

59 

3.2.1. Suitability mapping 

First, the user selects a case study to load a map of the aggregated ecosystem services (ES), representing 
the average of the stakeholder-generated maps from WP3. This map, reflecting utilitarian nature values 
is rescaled to a value range from 0-1 and then balanced against the species richness map from WP3 
(value range 0-1), capturing the intrinsic values of nature. The trade-off is controlled by a user-defined 
weight (slider bar ranging from 0 to 1), where a value of 0.5 gives equal importance to both layers. The 
result is a composite ecological value map (value range 0-1) that integrates both human benefits and 
the inherent worth of nature. Next, the user selects a turbine-specific Annual Energy Production- AEP 
map (kWh per year) and computes a Levelized Cost of Energy -LCOE map (€ per kWh) for the chosen 
turbine, based on a precalculated cost map and a scenario with a 5% baseline capital expenditure and a 
20-year operational lifespan. For the trade-off analysis, the AEP map (originally given in kWh) is 
automatically rescaled to a 0–1 value range to ensure comparability with the ecological maps value 
range (0-1). All AEP and cost maps used in the WENDY ConSite tool are provided by CIRCE as part of 
Deliverable D4.2. Finally, the user balances the ecological map (0-1) with the rescaled AEP (0-1) into a 
suitability map. Ideally, the most suitable areas to develop wind are characterized by high AEP values  
and low ecological values. To ensure this, the ecological map is inverted as a function of 1 – Ecological 
map. The trade-off is controlled by a user-defined weight (slider bar ranging from 0 to 1), where a value 
of 0.5 gives equal importance to both layers, and the result is a suitability map ranging from 0-1.  

3.2.2. Refine suitability into scoping areas 

The user adjusts slider bars to filter the suitability map based on their preferences for overall suitability 
(min and max suitability within the case study area), annual energy production (AEP, in kWh/year for 
the case study area), and levelized cost of energy (LCOE, in €/kWh for the selected turbine). Additional 
filters include socio-ecological factors such as distance from settlements (in kilometers) and potential 
impacts on ecosystem services and biodiversity (with values ranging from 0 to 1, based on PDF-impact 
maps from WP3). Once the desired filters are applied, the user confirms the selection to generate 
potential scoping area polygons.  

3.2.3. Site selection based on installed capacity requirements and environmental 
performance 

�/�v���š�Z�]�•���•�š���‰�U���š�Z�����µ�•���Œ���•�‰�����]�(�]���•���š�Z���������•�]�Œ�������]�v�•�š���o�o�����������‰�����]�š�Ç���~���X�P�X�U���î�ó�ì
®�D�t�•�X�������•�������}�v���š�Z�����•���o�����š�������Á�]�v����
�š�µ�Œ���]�v���� �~���X�P�X�U�� �ï�X�ï
®�D�t�•�U�� �]�š�•�� �Œ�}�š�}�Œ�����]���u���š���Œ�� �~���X�P�X�U�� �í�ï�î
®�u���š���Œ�•�•�U�� ���� �•�š���v�����Œ���� �•�‰�����]�v�P�� �Œ�µ�o���� �~�š�Ç�‰�]�����o�o�Ç�� �ñ�?�� �š�Z����
rotor diameter), and an infrastructure factor covering additional area needs for roads, buildings, etc. 
(typically 5–15%), the application estimates the minimum area required to meet the installed capacity 
requirements. Simultaneously, the application calculates the Net Environmental Performance (NEP) for 
each segmented scoping area using the formula NEP = �í
®–
®�~�~�W���&���^
®�=
®�W���&Biodiversity�•
®�?
®�ì�X�ñ�•. It also computes 
NEP per GWh as a function of NEP divided by the selected AEP map (converted from KWh to GWh). In 
addition, the application provides the zonal mean of NEP per GWh across all segmented scoping areas.  
These two operations allow the user to identify areas that are both suitable according to the user 
acceptance levels and large enough to meet the specified capacity requirements, while also prioritizing 
them based on their NEP per GWh. The user can interactively explore the results by toggling the map 
layers, inspect pixel statistics, and download the scoping areas (in GeoJSON or ESRI Shapefile format), 
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enriched with zonal minimum, mean, and maximum values for suitability, NEP, NEP/GWh, AEP, LCOE, 
and ecological metrics. 

3.3. Results 

The workflow will be described in detail for the Spanish case- study, and repeated without descriptions 
for the Italian and Greek case-study 

3.3.1. Spain 

To start the suitability assessment the user clicks on the button named “Map suitability by balancing 
ecology and energy potential”. Here the use selects its case study area and starts to balance ES and 
biodiversity values in an ecological trade-off map (the biodiversity map is available in the layers list). The 
curtailment mask (red outline) excludes all pixels in areas inappropriate for wind power development.  
 

 
Figure 49: The selected ES map for the Spanish use case. 
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Figure 50: The biodiversity map for the Spanish use case. 

 

 
Figure 51: The ecological map for the Spanish use case when weighting ES with 70% and Biodiversity with 30% 
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Figure 52: The ecological trade-off map for the Spanish use case when weighting ES with 10% and Biodiversity 
with 90% 

 

 
Figure 53: The ecological trade-off map for the Spanish use case when weighting ES with 50% and Biodiversity 
with 50% 
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Being satisfied with the weighting (e.g. using equal weights as in the previous figure) the user is 
requested to select a turbine design and load its rescaled AEP. After that the user is required to calculate 
the LCOE map. 
 

 
Figure 54: Rescaled AEP map for the selected 5.0MW turbine in the Spanish use case 
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Figure 55: The LCOE map for the selected 5.0 MW turbine AEP in the Spanish use case. 

 
The user is then required to balance Ecology and AEP in a suitability map using the trade-off sliders,  

 
Figure 56: Suitability map for the Spanish use case when weighting Ecology with 80% and AEP by 20% 
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Figure 57: Suitability map for the Spanish use case when weighting Ecology with 20% and AEP by 80% 

 

 
Figure 58: Suitability map for the Spanish use case when weighting Ecology with 50% and AEP by 50% 
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When done with the trade-off (e.g. using considering Ecology and AEP equally important) the user is 
requested to continue to the spatial filter panel by clicking on the button named “Apply spatial filters to 
outline scoping areas”.  Here the user is requested to filter the suitability map based on his/her 
preferences for overall suitability, AEP, LCOE, and socio-ecological factors (distance from settlements 
and impacts on ES and biodiversity). When satisfied with the settings, the user has to click the button to 
compute the potential scoping areas.  
 

 
Figure 59: Spatially filtered suitability map for the Spanish use case outlining the scoping areas that satisfy the 
users preferences. 

Once completed, the next step is to click on the button named “Select sites based on capacity needs and 
environmental performance”. Here the user is requested to set up his/her siting criteria, segment areas 
and calculate NEP and NEP/GWh. Let us say the user wants to find area that can host an installed capacity 
of 100 MW by using the selected 5.0 MW turbine. This would require at least 20 5 MW turbines (each 
with a rotor diameter of 145 meter). With a turbine spacing of 5 times the rotor diameter and an 
infrastructure factor of 10% this will require a patch size of at least 11.56 km2. By inspecting the NEP and 
the NEP per GWh maps, WENDY ConSite enables the user to prioritize the following site selection. 
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Figure 60: Available patches and the NEP based on the users installed capacity requirements in the Spanish use 
case. 

 

 
Figure 61: NEP per GWh for the available patches in the Spanish use case. The green northeastern patch has the 
best NEP per GWh while the dark red patch in the south part of the map has the lowest NEP per GWh. 
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Finally, the user can inspect the pixel statistics and download the remaining patches for further 
assessment, site selection and micro-siting of wind turbine in engineering tools for wind power 
development. 
 

 
Figure 62: Inspecting pixel statistics and download scoping areas for the Spanish use case. 
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3.3.2. Italy 

 
Figure 63: Selected ES map for the Italian use case 

 
Figure 64: The biodiversity map for the Italian use case. 
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Figure 65: The ecological trade-off map for the Italian use case based on a 50-50% weighting of ES and Biodiversity 

 

 
Figure 66: The rescaled AEP map for a 5.0 MW turbine in the Italian use case 
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Figure 67: The LCOE map for the selected 5.0 MW turbine AEP map in the Italian use case 
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Figure 68: The suitability map for the Italian use case based on a 50-50% weighting of the Ecological map and the 
5.0 MWh AEP map 

 
Figure 69: Spatially filtered suitability map for the Italian use case outlining the scoping areas that satisfy the users 
preferences. 
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Figure 70: Available patches and the NEP based on the users installed capacity requirements in the Italian use case 

 

 
Figure 71: NEP per GWh for the available patches for the Italian use case. The two green southern patches have 
the best NEP per GWh while the dark red patch in the north has the lowest NEP per GWh. 
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Figure 72: Inspecting pixel statistics and download scoping areas for the Italian use case. 
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3.3.3. Greece 

 
Figure 73: Selected ES map for the Greek use case. 

 

 
Figure 74: The biodiversity map for the Greek use case. 
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Figure 75: The ecological trade-off map for the Greek use case based on a 50-50% weighting of ES and Biodiversity 

 

 
Figure 76: The rescaled AEP map for a 5.0 MW turbine for the Greek use case. 
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Figure 77: The LCOE map for the selected 5.0 MW turbine AEP map in the Greek use case. 

 

 
Figure 78: The suitability map the Greek use case based on a 50-50% weighting of the Ecological map and the 5.0 
MWh AEP map 
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Figure 79: Spatially filtered suitability map for the Greek use case outlining the scoping areas that satisfy the users 
preferences. 

 

 
Figure 80: Available patches and the NEP based on the users installed capacity requirements the Greek use case. 
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Figure 81: NEP per GWh for the available patches the Greek use case. The eastern patch has the best NEP per 
GWh while the dark red patch in the west has the lowest NEP per GWh. 

 

 
Figure 82: Inspecting pixel statistics and download scoping areas for the Greek use case. 
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