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Overview
Facing climate change many countries around the world promote renewable energy sources (RES). Besides the deployment of photovoltaics (PV) especially a high increase in wind power generation is planned worldwide. Wind power has major benefits compared to conventional power plants: it is renewable, climate friendly, has no nuclear threat.
However, there are also some negative environmental effects potentially associated with wind power [1]. In the context of nature and wildlife conservation wind turbines can have negative direct effects on birds and bats, i.e. fatalities caused by collisions with rotor blades. Negative indirect effects on birds are also possible, i.e. habitat losses because of avoidance of wind turbine locations. Concerning humans wind turbines can deteriorate well-being because of noise and visual impairments.
Economically speaking the negative impacts of wind turbines are typically externalities, i.e. external costs. The occurrence of these externalities is highly site-specific depending on the local conditions at the sites of the wind turbines. Thus, the total extent of externalities coming along with wind power generation in a region relies on the spatial wind turbine allocation. The energy yields of wind turbines, and thus the wind power generation costs, are site-specific, too: the better the wind conditions at a site the higher the potential energy yields and the lower the generation costs.
The future wind turbine allocation is influenced by regulatory conditions. From an economic perspective policy makers therefore should be aware of the impacts that different regulatory conditions have not only on the (internal) wind power generation costs but also on the external costs and eventually on the total (i.e. internal plus external) wind power costs. Against this background, the studied research question is: how can different policy options to govern the future spatial wind power deployment be assessed from an ecological-economic perspective?
As a partial analysis two negative wind power externalities are considered. (1) The red kite, a protected raptor bird, can collide with wind turbines potentially leading to population losses. (2) Residents may suffer from wind turbines in their direct vicinity. In principle both externalities are distance-dependent: the closer a wind turbine is sited to red kite nests and residents the higher the externalities of the turbine, respectively.
These externalities can be addressed by minimum distance regulations. Such minimum distances define buffer zones around settlements and red kite nests assuring that no wind turbine is built within these restricted areas. This reflects e.g. the regulatory practice in Germany. However, economic intuition suggests that minimum distance regulations cannot lead to first-best cost-efficient wind turbine allocations. At least two reasons can be named for this intuition.
Firstly, minimum distance regulations treat all locations within the buffer zones and all locations outside the buffer zones the same, respectively. Binary it is either not allowed building a wind turbine or it is allowed. Gradual differences in the negative impacts of the sites are neglected. Secondly, minimum distance regulations are blind for the site properties that are not addressed by the respective minimum distances. This can lead e.g. to a case that a location is excluded because it is within the buffer zone around a red kite nest although the location has (almost) no impact on residents and high potential energy yields such that from a total cost perspective it would be efficient to use the location.
In contrast, economic siting incentives theoretically can lead to cost-efficient allocations – at least if perfect information of the regulator is assumed. The idea is that economic incentives can make exactly those sites the most profitable ones for investors that are the most efficient from a total cost perspective. Concretely, two economic incentive instruments are studied: a spatially differentiated wind power support and obligatory compensation payments. Different assumptions are considered on how informed the regulator is about the externalities of the potential sites. Instrument mixes of minimum distances and economic incentives are evaluated, too.
Methods
A spatially explicit ecological-economic modelling approach is applied. Taking into account the different policy instruments, the model simulates siting decisions of private wind power investors aiming at profit maximization. Having the current wind power support scheme in Germany in mind, it is assumed that an expansion of wind power is only supported, and hence is only taking place, until a certain political energy goal is reached. Therefore, the future wind turbine allocation can be modeled as an optimization problem. This is: choose those potential sites that are the most profitable ones until the externally given political energy goal is met. As a benchmark also a social planner case is modeled. This is the allocation that minimizes total costs.
In a second modelling step the allocations modelled with the different policy instruments are evaluated with respect to their (internal) power generation costs, their external costs (for residents and red kite impacts), and finally their total costs comprising all cost components. The external costs are modelled by drawing on the results of studies by other authors using choice experiments, ecological modelling and the life satisfaction approach [2–4].
The modeling is implemented in GAMS (General Algebraic Modeling System). It is applied with GIS data for the German federal state of Saxony as a case study. The assumed energy goal refers to the year 2030. All monetary values are summed up and discounted over 20 years since this is a typical life-span for wind turbines.
Results
In line with the economic intuition the modelling results show that the cost-efficient allocation for which a social planer would decide for cannot be reached by any of the assumed minimum distance regulations. The results indicate that higher minimum distances to settlements and red kite nests lead to reductions of the respective external costs. Yet, the results also imply that higher minimum distances to settlements might increase the red kite externality, and vice versa. In addition, higher minimum distances increase the generation costs since sites with high energy potentials then get excluded such that in total more turbines are needed to meet the energy goal. According to the modelling none of the named effects is predominant. Therefore, the observed total cost effects of higher minimum distances are ambiguous.
Moreover, the modelling confirms that the social planer case can be achieved by the assumed economic incentive instruments. However, according to the modelling this is only possible if the regulator has perfect information about the characteristics of all potential sites. If more realistic assumptions about the knowledge of the regulator are assumed, the modelling results imply that the economic incentive instruments will not lead to lower total cost levels than certain minimum distance regulations.
Furthermore, the modelling indicates that due to typical spatial patterns the red kite externality can almost completely be avoided by minimum distances while this is not the case for external costs of residents. This is why also an instrument mix of minimum distances to red kite nests and economic siting incentives addressing the externalities for residents is considered. The modelling results imply that such an instrument mix will lead to lower total cost levels than all considered minimum distance scenarios – even if the regulator has imperfect information.
Conclusions
[bookmark: _GoBack]The findings of the analysis are relevant for policy makers. The following conclusions can be drawn. It is not guaranteed that higher minimum distances are beneficial from a total cost perspective. If the regulator does not have perfect information about the characteristics of all potential sites, economic siting incentives alone will not lead to more cost-efficient allocations than certain minimum distance regulations. An instrument mix of minimum distances to red kite nests and economic siting incentives addressing the externalities for residents might be promising from total cost perspective. Yet, further aspects that are not considered in the modelling (e.g. administrative and transaction costs) should also be taken into account before final policy recommendations are derived.
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