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With the rapid acceleration of wind energy development there is a growing need to meet the consequences this has for the natural environment. Failing to mitigate environmental impacts is an important cause of conflict in wind energy projects, leading to costly delays in planned wind energy development. It is therefore of the utmost importance to identify effective solutions and measures to reduce such impacts. This requires that the joint responsibility for mitigation across stakeholders is recognized and acted upon. This is exemplified with the black-blade concept that has shown to reduce bird collision rates at the Smøla wind-power plant in Norway by 70%. While presented as a “golden bullet” solution in the media, there remain unanswered challenges that need to be addressed. However, instead of disagreeing on the uncertain efficacy elsewhere, I pose that collaborative and transdisciplinary action is needed to jointly resolve remaining challenges and actively seek for solutions to support the sound implementation of promising wind-turbine collision-reducing solutions.
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INTRODUCTION
The current energy crisis coupled with the IPCC targets to reduce our dependency on fossil fuels is expected to lead to a rapid acceleration of wind energy development, particularly offshore. To reach a low-emission and sustainable society by 2050, wind energy worldwide will have to increase seven- and thirty-fold for onshore and offshore wind, respectively, relative to installed capacity in 2020 (IRENA, 2019). Assuming a direct and indirect area requirement of 0.7 ha/MW (Denholm et al., 2009) would render a total footprint of over 35,000 km2 and 7 000 km2 for onshore and offshore wind, respectively in 2050 (Figure 1). These footprints are however likely an underestimate as they are based on onshore turbines from a study from 2009, and neither include lost airspace nor species-specific sensitivities. With the increase of the total wind energy footprint, also impacts on the natural environment will increase as the developed areas often replace habitats for species (Diffendorfer et al., 2019). While wind energy contributes to the reduction of greenhouse gas emissions, it can also affect biodiversity negatively, and thus necessitates balancing trade-offs between climate change mitigation and environmental protection (IPCC, 2011; Köppel et al., 2014; May et al., 2017; Kati et al., 2021). As wind energy deployment increases and larger wind-power plants are considered, existing concerns become more acute and new concerns may arise (May et al., 2021; Green et al., 2022; Maxwell et al., 2022). One of the major environmental concerns are birds colliding with the wind turbines. To avoid costly delays of planned wind energy projects, it is therefore of the utmost importance to identify effective solutions and measures to reduce such impacts (Marques et al., 2014; May et al., 2015; Gartman et al., 2016).
[image: Figure 1]FIGURE 1 | Wind roadmap to 2050: tracking progress of wind energy to achieve the global energy transformation (source: IRENA 2019 (top two panels)). Area footprints (lower panel) are calculated from the installed capacity, assuming an area requirement of 0.7 ha/MW.
MITIGATION RESPONSIBILITY
Regulatory consenting practice are usually based on impact assessments, however, often lack requirements for mitigating allowed impacts (Tallis et al., 2015; Copping et al., 2020). Failing to fully address environmental impacts is an important cause of conflict in wind energy proposals (Tinker et al., 2005; Inderberg et al., 2020; Vuichard et al., 2022). This often leads to significant and costly delays or refusal of consent (Hastik et al., 2015; May et al., 2017), with subjective assessments of environmental risks, driven largely by budget caps rather than a sound knowledge base (Stoutenborough and Vedlitz, 2016; Inderberg et al., 2019; Pedersen et al., 2019). Evidence-based knowledge on the efficacy of mitigation measures can therefore foster sound decision-making processes, particularly when based on “best available science” efforts (Stoutenborough and Vedlitz, 2016; Weber et al., 2019). As wildlife impacts are not intended, these often become public costs external to the private costs of developing wind power (Cole, 2011). Also, such impacts are also often considered to be “local costs” (Inderberg et al., 2020). To avert this, potential impacts should be considered by developers by evoking the polluter-pays and precautionary principles to prevent harm to the environment (Stabell and Steel, 2018), and encompassed into consenting practice (Tinker et al., 2005; May 2017; Copping et al., 2020). Still, mitigating wildlife impacts is a shared responsibility, since society desires more renewable energy (“beneficiary of development”) as well as a resilient natural environment (“beneficiary of mitigation”) (May 2019). This means that all stakeholders related to wind energy development have a responsibility to ensure that proper measures are implemented to reduce for instance collision risks to birds.
PAINT IT BLACK
To exemplify this, I would like to address the consequences a recently published in-situ experiment have had in practice. This experiment tested the efficacy of painting one rotor blade black in reducing collision rates in birds (May et al., 2020; Figure 2). The rationale behind this measure is that by painting one rotor blade black will reduce so-called motion smear (i.e., blurring of the moving blades) to increase their visibility to enable birds to take evasive action in due time. May et al. (2020) found a staggering 70% reduction in bird collision rates in a Before-After-Control-Impact (BACI) study performed over an 11-year period at the Smøla wind-power plant in Norway. Upon its publication, this was quickly picked by the media worldwide (35 million hits in the Google search engine for the search terms “bird black blade wind,” d.d. 10.10.2022) as being a simple and cost-effective solution to significantly reduce bird collisions. Even though May et al. (2020) stressed the importance of replicating their study to verify whether similar results are obtained elsewhere to determine to which extent the effect is generalizable across sites and species compositions, it was readily picked up as a “golden bullet” solution. Since then, initiatives have been employed elsewhere to do just that, including Westereems wind farm (171 MW, RWE), the Netherlands; Cavar and Zorreras wind farms (111 MW and 20 MW, Iberdrola), Spain; Glenrock Rolling Hills wind energy project (281 MW, PacifiCorp), Wyoming (United States). In the coming years more insight into this can be expected.
[image: Figure 2]FIGURE 2 | A wind turbine in the Smøla wind-power plant with one rotor blade painted black. © Roel May.
TRANSDISCIPLINARY CHALLENGES
Although there has been much interest to implement this mitigation measure, there is also scepticism both due to uncertainty related to its efficacy elsewhere–which is being addressed through the above-mentioned replication studies–but also other challenges that need to be resolved prior to implementation. Besides the need for replications, May et al. (2020) also discussed other aspects that need to be addressed, these being.
• efficacy of other colour regimes,
• issues related to aviation regulations,
• visual effects on humans, and
• mechanical damages to the rotor blades.
To start with the first aspect of colouring, this will require more in-situ tests either through fatality monitoring within existing wind farms or with dedicated research-based experiments. For instance, the laboratory studies investigating effect of colour in reducing “motion smear” (Hodos, 2003) showed that also green, red and yellow performed well (besides black). As wind turbines in various countries must be fitted with red blade tips to forewarn civil aviation, this may well have similar mitigating effects on birds. This remains to be tested during operation.
This brings me to the aviation regulations that require that rotor blades are to be off-white. Although the Smøla study received exemption from these regulations, this may not be the same for other situations. The purpose of painting one blade black, however, is to increase its visibility. Would this also hold for pilots? This merits further investigations (e.g., 3D terrain modelling, virtual reality, flight simulators) as that may lead to a more ready acceptance to provide exemptions from aviation regulations. This could also include studying visibility effects for people living in the vicinity to the wind turbines, and their attitudes towards black blades to reduce bird collisions. Here a trade-off exists between protecting landscape scenery and avifauna (Alphan, 2021). Both aspects receive more influence regarding the licensing of wind farms in most countries (Suškevičs et al., 2019; Diógenes et al., 2020; Vuichard et al., 2022), and are interlinked. There exist multiple and continually refined virtual methods for testing visual perceptions of wind turbines, however often based on worst-case (full-frontal) conditions (Bishop, 2019). Simulation of ‘typical’ conditions that take into account visual magnitude and colour difference may in addition provide greater insight into modification of aesthetic features of individual turbines (Bishop, 2019). Evaluation of human perceptions is of special relevance for the black blade concept as a higher visibility might be accepted more readily when people know its purpose is to reduce bird collisions. Whether or not environmental concerns “colour” human perceptions of turbine visibility in the landscape and enhance socio-technical acceptance merits further research.
Finally, black blades may have effects on the long-term performance of the rotor blades. Due to differential heating of black blades relative to off-white blades, this may lead to structural damages to the blade paints or imbalances in the blades during operation. Such effect may be site-specific, whereby heating may either pose positive effects (e.g., reduced icing of blades) in more Northern latitudes or more negative effects in warmer regions. Black carbon-based paints might also enhance lightning likelihood. Blade and turbine manufacturers and wind farm operators should address such issues both during production and after construction.
DISCUSSION
The consequence of the uncertainty related to such issues has led to opposing views in practice. While some wish to implement the black blade concept without further delay, others remain hesitant and point to the limitations of the published study at hand. However, uncertainty will always remain to some degree, and the only way to reduce uncertainty will be to implement and test the aspects mentioned above. Decisions regarding the necessity of mitigation is in the end based on normative ethical stances (May 2019). Mitigation has–potentially conflicting–economic, technological, social and environmental dimensions that decision-makers have to reconcile. This means that making the right decisions regarding the implementation of mitigation actions, requires insight into the ethical principles guiding decision-making (i.e., energy justice; Jenkins et al., 2016). May (2019) here warns that a pure utilitarian stance focusing solely on the cost-effectiveness of mitigation measures may, especially when uncertain aspects still need to be resolved, lead to a situation where none will take responsibility for action. However, all stakeholders have a certain level of responsibility for mitigation; either as the beneficiary of development or beneficiary of mitigation (May 2019). With all this in mind, I hereby call for collaborative and transdisciplinary action of manufacturers, developers, operators, consenting and environmental agencies as well as the ecological, sociological and engineering research and consulting communities and environmental and societal NGO’s. It will be our joint responsibility and in everyone’s interest to overcome practical hindrances to implementation to ensure a sustainable development of wind energy. Jointly, addressing the above-mentioned challenges and actively seeking for solutions will support the sound implementation of the black blade concept and other wind-turbine collision-reducing solutions in the years to come. Also, results should be made readily available to all to ensure the immediate uptake of effective solutions. Given the fast pace of development in the decades to come, having collision-reducing mitigation solutions that are proven effective and ready to implement is of the utmost importance to tackle the climate-energy-nature nexus.
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