
ACCEPTED MANUSCRIPT • OPEN ACCESS

Historic drivers of onshore wind power and inevitable future trade-offs
To cite this article before publication: Jann Michael Weinand et al 2022 Environ. Res. Lett. in press https://doi.org/10.1088/1748-9326/ac7603

Manuscript version: Accepted Manuscript

Accepted Manuscript is “the version of the article accepted for publication including all changes made as a result of the peer review process,
and which may also include the addition to the article by IOP Publishing of a header, an article ID, a cover sheet and/or an ‘Accepted
Manuscript’ watermark, but excluding any other editing, typesetting or other changes made by IOP Publishing and/or its licensors”

This Accepted Manuscript is © 2022 The Author(s). Published by IOP Publishing Ltd.

 

As the Version of Record of this article is going to be / has been published on a gold open access basis under a CC BY 3.0 licence, this Accepted
Manuscript is available for reuse under a CC BY 3.0 licence immediately.

Everyone is permitted to use all or part of the original content in this article, provided that they adhere to all the terms of the licence
https://creativecommons.org/licences/by/3.0

Although reasonable endeavours have been taken to obtain all necessary permissions from third parties to include their copyrighted content
within this article, their full citation and copyright line may not be present in this Accepted Manuscript version. Before using any content from this
article, please refer to the Version of Record on IOPscience once published for full citation and copyright details, as permissions may be required.
All third party content is fully copyright protected and is not published on a gold open access basis under a CC BY licence, unless that is
specifically stated in the figure caption in the Version of Record.

View the article online for updates and enhancements.

This content was downloaded from IP address 141.52.248.1 on 13/06/2022 at 11:12

https://doi.org/10.1088/1748-9326/ac7603
https://creativecommons.org/licences/by/3.0
https://doi.org/10.1088/1748-9326/ac7603


1

Historic drivers of onshore wind power and inevitable future trade-offs

Jann Michael Weinand1, Elias Naber2, Russell McKenna3,4,5, Paul Lehmann6,7, Leander Kotzur1, Detlef Stolten1

1Institute of Energy and Climate Research – Techno-Economic Systems Analysis (IEK-3), Forschungszentrum Jülich, Germany

2Institute for Industrial Production (IIP), Karlsruhe Institute for Technology (KIT), Germany

3Chair of Energy Transition, School of Engineering, University of Aberdeen, King's College, United Kingdom

4Department of Mechanical and Process Engineering (MAVT), ETH Zurich, Switzerland

5Laboratory for Energy System Analysis, Paul Scherer Institute, Switzerland

6University of Leipzig, Faculty of Economics and Management Sciences, Germany

7Helmholtz Centre for Environmental Research – UFZ, Department of Economics, Germany

Corresponding author: Jann Michael Weinand, j.weinand@fz-juelich.de, +49 1754985402

Abstract

The required acceleration of onshore wind deployment requires the consideration of both economic and social 

criteria. With a spatially explicit analysis of the validated European turbine stock, we show that historical siting 

focused on cost-effectiveness of turbines and minimization of local disamenities, resulting in substantial regional 

inequalities. A multi-criteria turbine allocation approach demonstrates in 180 different scenarios that strong trade-

offs have to be made in the future expansion by 2050. The sites of additional onshore wind turbines can be 

associated with up to 43% lower costs on average, up to 42% higher regional equality, or up to 93% less affected 

population than at existing turbine locations. Depending on the capacity generation target, repowering decisions 

and spatial scale for siting, the mean costs increase by at least 18% if the affected population is minimized – even 

more so if regional equality is maximized. Meaningful regulations that compensate the affected regions for 

neglecting one of the criteria are urgently needed. 

The deployment of low-carbon technologies is a key measure to tackle climate change. As the global 

energy system transformation progresses, low-cost wind energy has become a mainstream electricity 

source1 with further cost reductions expected until 20502–4. According to the European Commission's 

own 2050 scenarios, onshore wind is expected to remain the leading renewable energy source in Europe 

in terms of installed capacity and should grow from about 200 GW today to 750 GW (about 

1,900 TWh)5,6. This means accelerating the onshore wind expansion in Europe significantly, despite it 

having recently stalled in many European countries such as Germany6 in contrast to global trends7. 

Due to growing social disputes around onshore wind expansion8–10, increasing and allocating the 

deployment of onshore wind requires stakeholders to also address criteria beyond the usually-

emphasized cost-effectiveness11,12. Firstly, energy system optimization rooted solely in economic 

relationships is largely disconnected from the advancement of human well-being13. Wind turbines often 

produce disamenities for residents living nearby, e.g., due to noise emissions, shadowing, or changes 

in landscape aesthetics. The relevance of a disamenity typically depends on the distance to and the 

amount of affected population14–16, so they may vary substantially across existing and potential sites of 

wind turbines. To increase well-being, these disamenities need to be considered when determining a 

socially acceptable spatial allocation of wind power deployment. 
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Secondly, a cost-effective approach leads to wind power expansion being distributed unequally across 

regions, as wind farms are concentrated in a few locations with good wind conditions12,17. In contrast, 

an approach that considers regional equality may account for opportunities for local communities, such 

as job creation or economic benefits through ownership or compensation schemes11,18–20 and could thus 

enhance the acceptance and expansion of onshore wind. In some countries, a more even distribution of 

turbines may also result in less need for transmission grid expansion. In Germany, for this reason, a 

southern quota has already been mandated in the tendering process for new wind farms to prevent further 

predominant turbine concentration in the north of the country17. Besides these positive influences of 

onshore wind, however, the above-mentioned disamenities also necessitate a fair and even distribution 

of turbines to address local citizens' perceptions of distributing benefits and burdens of wind energy 

projects20. Only a few studies investigated the trade-offs between regional equality and cost-

effectiveness in the expansion of the wind power fleet in Germany17,19 or in holistic energy system 

analyses of Switzerland21, Central Europe22, or whole Europe23,24. With equality measurements at the 

municipal17,21, county (NUTS-3)22, federal state19 or national (NUTS-0)23 level, these articles show that 

higher regional equality in renewable capacity is possible with an increase in energy system costs. 

Whilst cost-effectiveness has certainly been a priority, the extent to which social criteria like 

disamenities and regional equality have been considered in the historical onshore wind expansion cannot 

be clearly stated and requires investigation. In literature, the existing European onshore wind fleet has 

so far only been investigated with regard to technical criteria such as current and future capacity factors, 

which are the main descriptors for the cost-effectiveness of the locations, whereby planned or approved 

wind farms were assumed as future locations25. 

Motivated by the necessary acceleration of onshore wind energy expansion in Europe, we first analyse 

the cost-effectiveness, disamenity and regional equality of the historical onshore wind development. 

Using spatially explicit turbine locations, we examine which target criteria have historically been of 

major importance in individual European countries and assess the countries' performances in the 

selection of favourable turbine sites. The findings serve as a benchmark for evaluating the future 

expansion: based on the existing turbines, we then analyse the untapped potential in each country and 

optimize the spatially explicit onshore wind expansion in Europe by 2050 in a total of 180 scenarios. 

We measure 

� the optimum achievable cost-effectiveness on the basis of the turbine levelized cost of electricity 

(LCOE, Low LCOE scenarios), 

� the lowest achievable disamenities for the local population caused by the turbines (Low 

disamanities), 

� the maximal achievable regional equality of all NUTS-3 regions measuered by the Gini index 

(High equality), 
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In general, the affected population ratio for Europe increases degressively with distance (Figure 4), 

which illustrates that greater weight has been placed on affecting as few inhabitants as possible at lower 

distances between turbines and population. This suggests that disamenities had an impact on turbine 

location choice, but this impact decreases with distance from the turbine. This analysis of the historical 

deployment thus already shows that the onshore wind expansion is probably not possible without trade-

offs. The following analysis of the allocation of future expansion further elucidates this. 
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Figure 4: The mean affected population and disamenity costs as a function of distance. Panel (a) shows the mean affected 

population for the existing and the potential turbines in Europe. Panel (b) illustrates the population affected by existing turbines 

in Europe relative to the affected population at potential turbine sites compared to an empirically derived30 curve for disamenity 

costs for the affected population caused by wind turbines. For better comparability, the curves in panel (b) are scaled to values 

between 0 and 1. In addition, the affected population ratio curve has been inverted for better comparability. A low value of this 

curve means that the affected population ratio is high, which in turn means that in comparison to the potentially placeable 

turbines, less importance was attributed to the impact on the population by turbines at a corresponding distance. The fact that 

the value is 1 at a distance of 1 km and then regresses to 0 means the following: at a distance of 1 km, strong attention is paid 

to selecting turbine locations that affect as few people as possible. At 4 km, significantly less importance is attached to the 

number of people affected by the turbines at that distance. The curves for “affected population ratio (inverted” and “disamenity 

costs” in panel (b) are comparable in their course. Thus, the real allocation follows the empirically derived external costs 

caused by the proximity to the wind turbines. Interpolation points for the affected population ratio are values at 1 km, 2 km, 3 

km, and 4 km. 

Widely differing locations for turbine expansion

If the future onshore wind expansion is optimized at the European level, significant differences in turbine 

locations are observed, depending on the scenario (Figure 5). The expansion is limited to a few countries 

when LCOEs or affected populations are minimized, respectively. In the former case, when a large 

generation capacity is added, the low-cost potentials in Ireland, Norway, and the United Kingdom are 

mainly exploited (42%, 27%, and 18% of all added turbines, respectively, in Figure 5a and Figure 5b). 

The results in the Low LCOE scenarios are logically not affected by a different distance for measuring 

the affected population.

If the affected population is minimized (Low disamenities scenarios), Nordic countries all take a 

prominent role, as does Spain, which is sparsely populated in many regions. In the scenario with the 

largest onshore wind expansion, i.e. with an expansion target of 1000 GW and no repowering of existing 

plants, and a 2 km disamenity distance, most generation capacity is added in Spain and Finland (51% 

and 23%, respectively, in the scenario in Figure 5c). When measuring the disamenity distance in a 4 km 
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radius, the share of the two countries decreases and Norway and Sweden take over the major roles in 

the expansion (Figure 5d). These Nordic countries stop contributing if only a very small amount of 

capacity is expanded (scenarios with 500 GW expansion target and repowering of existing plants in 

Figure 5e und Figure 5f). The first, smaller capacity extensions seem to be predominantly installed in 

Spain, which accounts for as much as 97% of the installed generation capacity in the scenario shown in 

Figure 4f. 

Disamenity distance: 4 km

Target criteria: Low LCOE

Expansion target: 750 GW

Repowering: no

Disamenity distance: 2 km

Target criteria: Low disamenities

Expansion target: 1000 GW

Repowering: no

Target criteria: Low disamenities

Expansion target: 500 GW

Repowering: yes

Target criteria: High equality

Expansion target: 750 GW

Repowering: no

1% 100% of expanded generation

a) b)

c) d)

h)g)

f)e)

Figure 5: Eight exemplary onshore wind expansion scenarios from the set of 180 scenarios, from the perspective of a central 

planner at the European level. A distinction is made between the target criterion, the expansion target, whether the existing 
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turbines are repowered and up to which distance the affected population is measured (disamenity distance). The blue bubbles 

show the countries' share of the total added onshore wind generation capacity in the respective scenarios. The results of the 

“Low disamenities” scenario are shown for an expansion target of 1000 GW without repowering of the existing turbines and 

for 500 GW with repowering, in order to show the difference for a maximum deviation of the capacity to be expanded. For 

comparability with the other scenarios with 750 GW expansion target, we note that the percentage distribution in scenarios 

c-d for 750 GW is very similar to the one with 1000 GW.

In the High equality scenarios, the additional turbines are distributed much more evenly among the 

individual countries (Figure 5g-h) than in the previously discussed scenarios. This can be attributed to 

the fact that onshore wind turbines are located in more densely populated regions in almost all countries 

now, especially in the United Kingdom, which shows the largest increase in generation capacity. This 

more even distribution is associated with higher regional equality, as will be discussed in more detail 

below. 

Significant differences also emerge in expansion allocation at the country level (e.g. in Germany, Figure 

S6). However, we only address the locations in the case of European-wide optimization here, as 

addressing the differentiation for individual countries or NUTS-3 regions would require excessive low-

level detail. When optimized at the country level, the locations in Germany in the scenarios with 

minimization of LCOEs and minimization of affected population (largely) correspond to those from 

previous studies on German onshore wind expansion17,30,31. In the following, the analysis deals with all 

180 scenarios, i.e. also for individual countries or NUTS-3 regions.

Reducing disamenity drives up costs and inequality

Choosing a spatial allocation of wind turbines that affect fewer people nearby would be associated with 

a high trade-off in terms of LCOEs. Depending on the scenario, a reduction of disamenities (Low 

disamenities) would increase LCOEs (Low LCOE) by 18% to 105% on average (Figure 6). The mean 

LCOEs of the expanded turbines in the Low LCOE scenarios are consistently below the mean LCOEs 

of the existing turbine sites of 5€-cent2050/kWh (between 0.5% and 43% lower), while they are above 

this level in the other scenarios with very few exceptions. Lower values than those realized with the 

existing turbines are also achievable for the other two target criteria, which again illustrates that 

historical siting decisions seem to have involved trade-offs between the target criteria. Placing turbines 

as close as possible to the population (High equality) increases the average LCOEs even more, between 

129% and 218%. This suggests that the wind conditions near settlements are worse than in rural areas – 

which has also been suggested in studies on the relation between landscape scenicness and wind 

potentials9,30,31. 
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through the disamenity analysis and “distribution of financial benefits” at least partially through the 

consideration of cost-effectiveness as well as regional equality, “meaningful engagement” and 

“landscape concerns” are neglected. The examination or even quantification of meaningful engagement 

across the broad scope of our analyses is practically impossible. The landscape impact of onshore wind, 

on the other hand, has already been quantified in previous studies for individual countries such as 

Germany10,17,30,31 and Great Britain9,33. The integration of this dimension fails on the European level due 

to the unavailability of data on the beauty or quality of landscapes. 

Our analysis first demonstrates strong disparities among European countries in historical onshore wind 

deployment. The low expansion level in relation to potential in Ireland, Sweden, Norway and Finland 

could be related to policy-effects or the low population densities and thus lower energy demands in these 

countries. In contrast, Germany and Denmark, two countries with higher population densities, already 

have relatively high shares of exploited potential. Since it will probably become increasingly difficult 

to find suitable locations for wind turbines in the latter countries in the future, it may be beneficial to 

optimize the expansion on a European level and exploit the large and cost-effective potentials in the 

former countries. 

Whilst LCOEs and disamenities explain the spatial allocation of existing wind turbines in general, some 

countries show different results. In Sweden, for example, there seems to have been very little emphasis 

on minimizing the number of people affected by wind turbines. This apparently cannot be explained by 

politically driven lower minimum distance rules to settlements or infrastructure, which have been similar 

to those in other countries34. However, the population serves as a direct sink for generation, which may 

have been of relevance in this case.

Second, while a focus on cost-effectiveness was evident, we also show that disamenities have 

historically been a key driver of onshore wind development. The affected population ratio in Europe as 

a function of distance to the existing turbines compared with an empirically-derived30 curve for 

disamenity costs for the affected population, show similar courses (Figure 4). In other words, the closer 

the turbine, the more emphasis was placed in historical siting decisions on affecting as few people as 

possible. Thus, our findings support the trend of empirically-derived external costs caused by the 

proximity to the wind turbines. Due to focusing on a few particularly suitable regions regarding LCOEs 

and disamenities, regional equality has been largely neglected in the past. Previous quantitative studies 

of renewable expansion in Germany17,19, Switzerland21 and Europe22,24 have shown that an increase in 

regional equality is associated with a significant increase in energy system costs compared to cost-

optimized systems. Especially countries with comparatively low utilization of onshore wind potential, 

such as Ireland and Sweden, show the highest values for regional equality. This could indicate that an 

increased expansion requires strong compromises in this criterion in many countries. We also need to 

clarify that our approach for regional equality of wind turbines does not translate into an equitable energy 

transition. While some regions might benefit from an equal distribution of turbines, this could on the 
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other hand further disadvantage already marginalized populations. For example, if higher LCOEs result 

in higher retail electricity prices, this will impose a relatively larger burden on low-income households. 

The supplementary material provides a detailed discussion of our approach for equality measurement.

Third, our expansion scenarios show that with respect to the three objectives of high LCOE, high 

regional equality and low affected population, the future allocation of wind turbines can be significantly 

improved compared to the historical situation. Onshore wind turbine expansion can, on average, result 

in up to 43% lower LCOEs, up to 42% higher regional equality, or up to 93% less affected population 

than is the case with existing turbines. However, in only 10% of the expansion scenarios (18 out of 180) 

are the values of all target criteria superior to those of the historical allocation. This again suggests that 

unavoidable trade-offs have been made in the past, which will also occur in the future: for example, 

mean LCOEs increase between 18% and 105%, when local disamenities are minimized, or between 

129% and 218%, when local disamenities and thus regional equality are maximized. These outcomes 

are in line with previous studies on onshore wind expansion or holistic energy system analyses which 

also found substantial trade-offs between minimizing LCOEs on the one hand and minimizing 

disamenities30,31,35,36 or maximizing regional equality17,19,21,22,24 on the other. 

Since low LCOEs are linked to good wind resources and thus to higher annual electricity generation, 

the minimization of LCOEs at the European level reduces the number of added turbines by about half 

compared to scenarios with other target criteria. Repowering of the existing turbine fleet has a similar, 

albeit less pronounced, impact. Both might be decisive for the optimal allocation of future expansion 

due to increasing land-use constraints and opposition towards onshore wind37. 

By focusing on onshore wind, we have neglected opportunity costs of the required land, e.g. due to other 

renewable technologies such as photovoltaics. Solar energy expansion could also be associated with 

lower disamenities, however, recent studies show that solar farms result in externalities of a similar 

magnitude as onshore wind38. Furthermore, our expansion optimization is static, and the actual 

deployment process is neglected. While we have opted for single-objective optimizations due to the high 

number of scenarios, a multi-objective optimization of onshore turbine locations in holistic and 

sophisticated energy system models would provide further useful insights39,40. For example, binary 

decisions could be made for repowering individual existing plants and pareto fronts could provide 

further insights on the trade-offs between the target criteria. An approach that weights different criteria 

and optimizes the expansion on this basis could be appropriate. However, a recent article shows the 

difficulties of reaching an agreement among experts regarding the weighting of criteria for onshore wind 

allocation32. In addition, implementing a siting approach that accounts for disamenities does not 

necessarily lead to greater acceptance of wind turbines. Previous research emphasizes that acceptance 

is a multifaceted function of wind turbine exposure, personal attitudes, social norms, and procedural and 

financial involvement in wind turbine siting decisions41–44. Also, among the people who reject wind 

turbines, mostly “vocal minorities” actively express their resistance, which emphasizes the need for 
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identifying the general standpoints by enquiring45,46. On the other hand, the majority may accept wind 

turbine siting decisions but not publicly support wind turbines - while a small minority is willing to 

engage and oppose wind turbines47–49.

Fourth, the greatest degree of allocation flexibility is naturally available at the European level and 

decreases towards the NUTS-3 level. If the LCOEs or the affected population are minimized at the 

European level, the added turbines will be concentrated in a few countries, mainly in the north of Europe 

(Ireland, United Kingdom, Norway, Sweden, Finland), which have very good and large untapped wind 

potentials. This can partly be explained in that we only considered turbine LCOEs and the typically 

higher system LCOEs50 due to power grid integration51,52, balancing and profiling requirements are 

neglected. The concentration of large capacities in the north of Europe with long distances to other 

consumers are likely to be challenging to integrate into the European energy system and could lead to 

strong curtailments. Although economic curtailment could be system serving by ensuring grid 

reliability, excessive curtailments can affect the financial viability of renewable energy projects53, which 

has been experienced in the past in European54 and Chinese55,56 regions. Since grid integration costs can 

roughly double the cost of wind farms depending on the distance to transformers and consumers9, this 

criterion should be considered in future studies for both historical analysis and future expansion of 

onshore wind. Nevertheless, wind projects such as the Önusberget wind farm mentioned above, show 

that large wind farms are increasingly planned in the remote and sparsely populated north of Europe. 

Promising options to reduce or prevent (further) renewable energy curtailment include energy storage 

technologies and hydrogen generation, which have strong synergies with onshore wind system 

integration57,58. Although our results provide important insights into the trade-offs in Europe's onshore 

wind expansion, consideration of the system LCOEs including grid integration could lead to further 

important findings in future studies. Recent energy system analyses for Europe show that continent-

wide renewable energy allocation is the cheapest, but requires large grid extensions. In contrast, small-

scale planning (NUTS-3 regions in our analysis) is more cost-intensive and requires more generation 

infrastructure59. 

Fifth, the study shows that no optimal spatial scale exists for optimizing the expansion. While 

optimizing at the European level offers the greatest flexibility and thus the best achievable values for 

LCOEs and affected population, the NUTS-3 level should be chosen as the spatial allocation scale if the 

focus is on increasing regional equality. In theory, a non-linear (see Equation 3 in Methods) optimization 

of regional equality could also be performed at the European level and the results would be similar to 

those of our analyses at the NUTS-3 level. While in reality energy systems are mostly planned at the 

national level and lower (NUTS-3 or municipalities), it is questionable whether coordinated onshore 

wind planning at the European level will take place in the future, or is even realistic. Furthermore, it is 

questionable whether all countries would participate proportionally in the future expansion as assumed 

here. The analysis of the existing turbine stock has shown that so far in some countries (e.g. Switzerland, 

Czech Republic, Hungary or Slovakia) there is almost no utilization of the existing potential. Empirical 
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studies show that under-utilization may be due to various drivers including the ambition and design of 

national support policies as well as economic drivers (e.g., electricity prices, cost of capital, GDP)60,61. 

Whilst it is doubtful whether this policy will change in the future, however, the growth rate of onshore 

wind, which has never exceeded 1% in Europe, must be accelerated significantly to meet 1.5°C-

compatible scenarios62 and take advantage of the cost benefits of early decarbonisation63. 

Conclusion

Onshore wind expansion has historically focused on cost-effectiveness while disamenities were given 

subordinate consideration and regional equality was largely neglected. In light of increasing local 

opposition to new wind turbines, consideration of disamenities and regional equality is expected to 

become more important in future turbine allocations. However, our study confirms that such a shift in 

priorities may involve strong trade-offs in cost-effectiveness. Consequently, disamenities and regional 

equality cannot be addressed by siting decisions alone. Financial and procedural participation may help 

reducing perceived disamenities at the local scale and improve regional equality in the distribution of 

benefits and costs of wind power deployment. In addition, repowering of existing turbines at good sites 

could help to avoid many less favorable sites in the future. 

Methods

In this Method section, we explain the GIS analyses and the developed MATLAB simulation model for 

analyzing the current European onshore wind fleet as well as the spatial allocation for expanding this 

fleet until 2050. Please refer to the Supplementary material for the identification and validation of 

existing and potential turbine locations.

Measurement of disamenity

In addition to the positive externalities in terms of emission mitigation, wind power also entails negative 

externalities, such as a lower quality of life due to noise and visual impacts, as well as threats to 

wildlife64. These disamenities play a key role in the political debate and must be considered in the 

placement of turbines. The findings of a life-satisfaction study in Germany suggest that negative 

externalities of onshore wind turbines on residential well-being seem spatially restricted to about 4 km 

around households16. A further study in England and Wales focussing on visual environmental impacts 

of wind turbines, shows that wind farm visibility reduces local house prices, which implies substantial 

visual environmental costs65. This price reduction falls to under 2% for distances between 2 and 4 km. 

Another article finds that onshore turbines in Denmark impact residential property prices in a �PE� 

radius66. Furthermore, wind farm infrasound and low-frequency noise exceeds the audibility threshold 

only at distances up to 4 km from the wind farm67. Therefore, as in other studies30, we assume that local 

disamenities caused by wind turbines diminish at a distance of 4 km. This distance could increase in the 

future, however empirical studies do not yet show a clear trend on how future turbine designs with 

larger, but also fewer and more widely spaced turbines will affect disamenity distances38.
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We determine the number of residents affected by an existing or potential wind turbine in a GIS analysis 

as follows: first, geodesic buffers with radii of 1 km, 2 km, 3 km or 4 km are created around the 

respective turbines to account for different levels of disamenity. Second, European population data68 on 

a 1 km² grid level are intersected with these buffers. For each grid cell intersected by the buffer, the 

affected population number is assigned to the corresponding turbine. In the process, some inhabitants 

could be counted multiple times due to many proximate turbines.

Measurement of historical turbine allocation targets

The OpenStreetMap69 data on existing turbines can only be used for the locations, as information on 

capacity etc. is incomplete or hardly available. Therefore, we intersect the existing turbine sites with the 

potential sites for 2050 using buffers of 1,088 m (geodesic)27. Thus, LCOEs for 2050 can be assigned to 

the turbine sites by using the values of the intersected potential sites (see Figure 1 and Figure 2). 

Thereby, we assume that in 2050 the same sites will be used with repowered turbines, resulting in fewer 

turbines at these sites due to the higher minimum distances between the larger turbines. This approach 

enables an economic comparability of the sites.  

The mean LCOEs or disamenity of existing turbines alone would not compare well between countries. 

Higher mean LCOEs in a country could simply reflect the poorer economic onshore wind potential of 

that country and not necessarily be related to inefficient allocation. Similarly, a higher value for the 

mean affected population could be due to a higher population density in a country. To ensure 

comparability of the historical turbine allocations between countries, we therefore normalise the mean 

values of LCOEs ( ) and disamenity of the existing turbines (ex) of a country (c) by dividing ������	


them by the mean LCOEs ( ) or disamenity of the total turbine potential (pot), here for example ������
	


for the LCOEs:

�����	
 =
������	


������
	

=

�
��

� = 1
����� � ��

�
��

� = 1
��

�
��


� = 1
����� � ��

�
��


� = 1
��

#2

The ratio depends on the LCOEs and the electricity generation (E) of turbine i. The resulting ratios are 

shown in Figure 3.

Measurement of regional equality

In this study, we measure regional equality from a county level (NUTS-370) perspective, similar to other 

energy economics studies22. Through GIS intersection analyses, we assign existing and potential 

turbines to the NUTS-3 regions. In addition, we use publicly available data for annual electricity 

demands in 2050 for all NUTS-3 regions from the eXtremOS project71. These future electricity demands 
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are available for industrial, residential, tertiary and transport sectors71 (see individual descriptions for 

the detailed models of every sector72). As in other studies19,22,23, we measure regional equality using the 

Gini index, where x is the annual generation of wind turbines per annual electricity demand in NUTS-3 

region j or k, and n represents the total number of regions:

���� ����� =

�
�

� = 1
�
�

� = 1
|��� ��|

2 � �2 � �
#3

A Gini index of 0 means the highest and of 1 the lowest regional equality score. If a percentage change 

in regional equality is mentioned in the main text, this means a percentage change in the Gini index.

Expansion methodology and scenarios

On the basis of a newly developed heuristic, the existing and potential turbine locations and various 

scenario criteria (highlighted in bold hereafter), the European wind turbine fleet is expanded. The 

distribution of the turbines is performed from a macroeconomic perspective, i.e. increasing local 

support, e.g. through community energy73, has not been considered. The scenarios studied are designed 

to assess the trade-offs between cost-effectiveness, local amenities and regional equality for different 

capacity targets, repowering decisions and spatial allocation scales (Figure 8). Firstly, different 

expansion targets are examined in terms of the targeted capacity, namely 500 GW, 750 GW and 

1,000 GW. On the one hand, this allows us to analyse the impacts of less ambitious as well as more 

ambitious capacity targets. On the other hand, we also consider Norway, the United Kingdom and 

Switzerland, countries that do not (or no longer) belong to the European Union and thus may not 

participate in meeting the 750 GW target. Furthermore, since the capacity targets formulated by 

policymakers may result in significantly different electricity generation volumes for turbines with the 

same capacity due to site-dependent wind conditions17, we multiply these capacities by the mean annual 

full load hours (approx. 2500 h) of all potential turbines in Europe in 2050 (i.e. converted to approx. 

1,250 TWh, 1,900 TWh and 2,500 TWh). This ensures the same amount of electricity generation in all 

scenarios.

Secondly, a distinction is made between repowering and not repowering the existing turbines by 2050. 

In the case of repowering, the current capacity increases from about 200 GW (about 500 TWh) to about 

400 GW (about 1,100 TWh). As described above, buffers are created around the existing turbines and 

the capacities of the intersected potential turbines by 2050 at the locations of the existing turbines are 

used. In the case of non-repowering, the potential turbines located in the buffers of the existing turbines 

are excluded as options for expansion. 

Thirdly, a distinction is made between different spatial allocation scales, namely central turbine 

allocation at the European, national (NUTS-0) and county level (NUTS-3). At the European level, the 

previously described data are sufficient for the turbine expansion. In the case of the NUTS-0 or NUTS-3 

level, the European capacity targets are allocated to the individual countries or counties on the basis of 
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the shares of electricity demand71. This involves subtracting the generation capacity of the existing 

turbines in the respective regions from the target values. At the NUTS-0 level, turbine capacities are 

known, but this is not the case for the NUTS-3 level. Hence, in the latter case, only the scenarios with 

repowering of the existing plants are considered, instead of incorporating uncertainties with the 

assumption of current capacities. Turbine allocation at the European level represents the optimal case 

here, allocation at the NUTS-0 or NUTS-3 level the more realistic ones. The scenarios at NUTS-3 level 

are also used to examine the impacts of higher regional equality. 

Expansion target

500 GW 750 GW 1000 GW

Repowering

no yes

Spatial allocation scale

Europe
Countries 

(NUTS-0)

Counties* 

(NUTS-3)

3 scenarios

6 scenarios

15 scenarios

Disamenity distance

1 km 2 km 3 km 4 km 60 scenarios

Target criterion

Low

LCOE
Low 

disamenities

High 

equality
180 scenarios

*only with repowering

Figure 8: Compilation of all criteria considered in this study to define the onshore wind power expansion scenarios. Since the 

optimizations at NUTS-3 level are only possible with repowered turbines at the locations of currently existing turbines, the 

combination of all criteria results in a total of 180 different scenarios.

Fourthly, the affected population is measured for scenarios with distances from the turbine of up to 

1 km, 2 km, 3 km and 4 km. This allows the influence of various degrees of disamenities to be 

evaluated, which, as described above, decrease with distance. 

Lastly, all these criteria are investigated in scenarios with different target criteria. Firstly, in a turbine 

expansion where turbine LCOEs are minimized to maximize the cost-effectiveness of the turbine stock 

(Low LCOE). Secondly, for an expansion that minimizes the affected population, i.e. to minimize local 

disamenities (Low disamenities). And thirdly, by maximizing the affected population, on the one hand 

to maximize regional opportunities such as economic benefits or job creation, but also to show the 

impact on LCOEs and regional equality when disamenities are neglected (High equality). A total of 

180 scenarios result from the combination of the different criteria. In the heuristic, the potential turbines 

are sorted and selected on the basis of the target criteria at European, NUTS-0 or NUTS-3 level. Since 

the approach is not multi-objective, but instead considers only one target criterion per scenario, global 
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optima result in the heuristic. This MATLAB algorithm runs until the generation target is met and takes 

about three hours for all scenarios.
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