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As part of the electricity mix in many countries, wind electrical power is generated by thousands of wind farms
spread over the continents and more recently of fshore. The expansion of wind farms is being debated and the
installation of wind turbines with increasingly large dimensions and power (multi-MW wind turbines) is being
criticized, particularly in Europe. In this context, what are the impacts of onshore wind farms on the environment
and society as well as on the public electricity network? What is the value of democratic debate and a consensual
approach to avoid, reduce and compensate for residual impacts? Moreover, wind-generated electricity is a source
of value creation. To reinforce this and mitigate the impacts, an alternative proposal is supported: to favour the
development of onshore wind farms which would be of a more compact critical size, grouping together less
ostentatious wind turbines. This would alleviate the pressure of wind power installations on the areas. This proposal
is associated with the development of of fshore wind energy, which has a very high potential off the coasts of all
oceans. Thus, the wind energy sector (onshore and of fshore) should make a very low-carbon and significant
contribution to the global electricity mix in 2050.

The production of wind electricity is ensured by the operation of wind turbines of imposing dimensions and nominal power
(multi-MW), which have been continuously increasing over the last decades. These industrial wind farms [1] (see From wind power
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to electricity production) are the source of impacts on the environment and the population, and are also a source of value creation
for the community.

1. Impacts of wind power production facilities
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Figure 1. Diagram of the analysis of the impacts of a wind farm on the whole life cycle [Source: © G.BESLIN, 2021, Encyclopédie de
l'Environnement]

The impacts [2] resulting from the development of wind power generation must be identified, assessed and evaluated over the
entire life cycle of the structures and equipment involved in the wind power plants : preliminary studies and initial investigation
work, then site development, construction of the works, manufacture of the wind turbines including the exceptional transport of
oversized components to the site, followed by the operation and maintenance of the structures, and finally the deconstruction or
reallocation of the site after the operating period.

1.1. Analysis and assessment of impacts [3] from onshore wind power plants [4]

Figure 2. Environmental impact of a large wind farm located in Spain [Source: Pixabay / royalty free]

The impacts of wind power generation are closely related to the geographical and environmental characteristics of the site as well
as to the technical-economic choices made, including the model, the size of the wind turbines and the number of machines
grouped in the wind farm [5].

Furthermore, the perception of wind energy in a particular country, the acceptance by the national community or by the local
residents differs depending on whether one looks at it from a national or local level or from the vicinity of the wind turbines [6].

Wind farms, which are considered to be of general interest and are intended for industrial electricity generation, give rise to
impacts, some of which are felt by local residents to generate conflicts of use. They are summarised below:
Impacts on landscapes: modification of the "historical" perspective of the territory, visual impacts on environmental heritage,

emblematic sites and monuments,

Impacts on land use, land occupation, housing, commercial or industrial zones, tourist activities if any,
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Impacts on the site's hydrology and water flow due to land clearing and clearing operations, access roads, tracks or tarmac roads
within the wind farm, external works, gravity foundations,

Impacts on flora,

Impacts on fauna: insects, animals living above or below ground, breeding and migratory birds, chiropterans, amphibians, etc.
Impacts on noise emissions: absolute noise level, daytime versus nighttime emergent noise level,

Impacts on the transmission of radio waves, on radar echoes due to the rotation of the large blades,

Impacts on the sunshine and lighting of the surrounding land according to the azimuth of the sun: alternation of normal sunshine
and shadow according to the rotation of the blades,

Impacts on the structure of the public electricity distribution or transport network,

Impacts on the use of sand, raw materials, rare earths and the recycling of these materials and components at the end of the
works' life.

1.2. Industrial risks

Over the entire life cycle of wind power plants, several industrial risks are identified:

During site development: the risks are typical of large-scale infrastructure and civil engineering works,

For the transport of large equipments and components by sea or land: these risks are known and controlled by the exceptional
transport companies,

During construction, for the installation in situ of large and heavy components, some of which are placed at great heights, at the
top of the mast: the risks are specific to the imposing dimensions of wind turbines (multi-MW machines). They are associated
with the use of non-standard lifting equipment by highly specialized teams,

Figure 3. Wind turbine generator fall at Mount Eta, near Norden, Rochdale, UK [Source: © Colin Park, CC BY-SA 2.0,
www.geograph.org.uk|

In the operational phase, i.e. over a period of about 20 years, the risks mainly fall into five categories:
- Risks of intervention and handling at height,
- Risks of intervention on complex electromechanical machines and electrical equipments,

- Risks related to lightning, which can create a weak point on a blade or even cause it to break up suddenly,
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- Risks of failure of the mast or rotating components of the wind generator: risk of the wind generator falling to the ground
during a "cyclonic" wind event or component fatigue, risk of detachment of a blade or part of the blade [7] leading to a dynamic
imbalance which could cause the wind turbine to fall. It should be noted that the choice of wind turbines is specified according
to the wind field [8]

- The characteristics, design and strength of the machines must meet the wind speeds and gusts mentioned in the wind resource
study,

- The risks of overheating or electrical ignition in the nacelle or mast that could fuel a fire.

Furthermore, when the siting study is well done, the wind turbines are installed in such a way that the risks of the whole machine
falling to the ground or of all or part of a blade flying off avoid residential areas, commercial areas, road or rail traffic [9].

Experience from thousands of wind farms in operation around the world shows that wind turbines falling to the ground and the
detachment of a blade or part of a blade are exceptional events [10].

Thanks to the experience gained by manufacturers and industry professionals, risk studies and regulatory approvals granted to
operators, it appears that wind power generation in OECD countries, and particularly in the EU, has a very low severity rate and
is now considered as a very safe technology of electricity generation when accidents - which are infrequent - are analysed over
the entire life cycle of the structures and equipments installed.

1.3. Avoid, reduce and compensate impacts. The "ERC" sequence

Capturing wind energy is a question of surface area and the development of wind power plants mobilises or rather neutralises
territories. In most countries where this renewable energy is developed, there is a democratic debate around this industrial
activity.

The consultation and democratic debate allow the search for and validation of acceptable technical-economic and environmental
solutions which aim to improve the balance between the advantages and disadvantages [11] of the project with the objective of

preserving the well understood interests of the parties involved.

To this end, the ERC sequence [12]: "Avoid, Reduce, Compensate" for residual impacts provides a framework for dialogue and
consultation.

For example, the options available to the project owner to avoid and reduce impacts are:

The choice of a neighbouring site, other locations for the wind turbines,
The reduction of the global size of the wind farm (number of wind turbines, unit power),

The characteristics of the wind turbines: dimensions (rotor diameter, mast height), unit power, aerodynamic regulation (blade
profile, power regulation, etc.).
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Figure 4. The ERC sequence: Avoid, Reduce, and Compensate impacts. [Source: © Ministére de l'environnement, de l'énergie et de la mer,
en charge des relations internationales sur le climat, La séquence ERC : Eviter, Réduire, Compenser les impacts, mars 2017]

As for compensation measures, they can be distinguished between financial compensations that apply to the vast majority of
wind power plants and other compensations that are often intangible and specific to a given wind farm:

Examples of financial compensation: purchase or lease of land from owners, land use fee (in some countries or states), tax or fee
collected by the locality or community of communes, compensation paid to local residents (compensation for damage to views
and/or noise), compensation paid to farmers, compensation paid to associations (bird protection), subsidy for the development of
local tourism, subsidy for the renovation of historical monuments, etc.

Examples of non-material compensation: creation of permanent jobs (operation and maintenance of the production facility),
on-the-job training, apprenticeships for young people, provision of labour to support a tourist activity, production of a
documentary film to promote the local authority, etc.

1.4. Positive impacts. Wind power generation as a source of value creation

The development of wind farms and the generation of wind electricity are, in the vast majority of sites around the world, a
source of positive impacts and value creation for the developer and the community. Very generally, the advantages outweigh the
disadvantages. The creation of value can be analysed from various angles, including:

1.4.1. Value creation for the power system and the environment

Every wind turbine in operation converts the available wind energy near the earth's surface, which is renewable, carbon-free
energy, into a quantity of electricity of between 1,700 and 2,200 MWh [13] per installed MW per year, depending on the land

site and operating conditions.

The average discounted production cost of electricity (LCOE [14]) from wind power is competitive, ranging from 70 to 80
€/MWh [15 ] in France.

Moreover, this "green" energy is very low carbon [16]. It thus contributes to avoided carbon emissions in most of the electricity
mixes of countries that generally have a higher average "carbon" signature due to the operation of fossil fuel power plants.

1.4.2. Value creation for the country
The development of wind farms is accompanied by complex upstream studies and engineering, the execution of infrastructure
and civil engineering works (foundations) with high added value [17], in addition to the supply and transport of the wind

turbines.

The specific development cost [18] of an onshore wind farm is currently between 1,400 and 1,700 €/MW, of which 1,000 to
1,200 €/MW is for the wind turbine alone (mast, nacelle, rotor, blades).

1.4.3. Value creation for local communities
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The operation and maintenance of a wind farm involves the intervention of highly qualified human resources to carry out
diversified operations in order to implement imposing machines. These machines embody a complex technology. These
operation and maintenance operations are carried out by an experienced multidisciplinary team that works on the site on a daily
basis. They result in the creation of permanent jobs [19] in the municipality or the community of municipalities. They represent,
on average, the equivalent of 2 to 3 highly qualified full-time jobs that cannot be relocated for every 20 MW of wind power
installed on land.

1.4.4. Financial spin-offs: taxes and royalties paid to the State, local authorities and local residents
Wind power plants now have a significant critical size: a few MW to several tens of MW per site for onshore wind farms, several
hundred MW for offshore wind farms. They generate a significant industrial activity over the long term, a significant and

sustainable turnover and generate significant added value.

This business model, which is now well known and mastered in the countries, gives rise to the payment of various taxes and
royalties which depend on the tax legislation and customs in the country in question.

The following is a non-exhaustive list of taxes and other contributions:
For the benefit of the State: VAT, turnover tax, income tax, national fee or contribution for the public energy service, for the
development of the electricity network, etc.

For the benefit of local authorities: business tax [20] or equivalent, fees for the operation of electrical installations, fees for
occupying the public domain, rental of municipal land, etc.

For the benefit of local residents or landowners: this mainly concerns the sale or rental [21] of private land.

2. Balance sheet and outlook for wind power generation

2.1. What is the situation in 2020?

With the benefit of solid experience consolidated over four decades, wind power generation today appears to be one of the most
credible sources of renewable energy to participate in the construction of an efficient, safe and increasingly low-carbon
electricity mix on all continents.

However, for a part of the community, for some hostile minorities, the results are mixed, even negative.

What are the arguments of this part of the population that does not see the deployment of wind farms (onshore and/or offshore)
as a success, but rather as a relative failure [22] ?

2.1.1. A relative, sometimes limited support of the population to the development of wind projects

In spite of the democratic debate and the consultation process which prevail in democracies, the opponents' arguments are based
on:

A concentration of wind turbines considered as "aggressive" in regions with high wind energy potential,

The increasingly imposing dimensions of wind turbines. They are visible from far away; they impose a visual impact on the
residents and also on the population of the surrounding communities; they modify and disrupt the landscape, they are likely to
devaluate the historical sites as well as the built property, notably the value of the houses,

Limited involvement of local stakeholders in the financing, development and operation of wind power plants that have an

industrial vocation. This type of installation is the responsibility of legal, financial and technical structures that are most often
dependent on large electricity companies or industrial groups [23].

2.1.2. The promoters of the wind energy sector have bet on the increase in the power of wind turbines
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and the critical size of wind farms

The rapid development of wind power plants over the period 1980 - 2020 shows a continuous evolution towards more and more
impressive turbines and groupings of wind turbines within wind farms that are increasingly imposing in their dimensions and
power. By proposing this evolution, the professionals and actors of the sector have demonstrated that the production of wind
electricity is efficient, competitive, reliable and safe. The public authorities have also adhered to this "promise".

In most OECD countries, in particular in the EU and in France, political decision-makers have developed a legislative and/or
regulatory framework that is favourable to this development, one of the objectives of which is to avoid the sprawl of wind farms
that could be dispersed over the territories [24].

2.1.3. Another way: smaller onshore wind farms?
Today, it makes sense to consider the design of smaller, less powerful onshore wind power plants [25], spread out over the

territory, with a limited number of smaller wind turbines. This would be another way of conceiving land use planning with
perhaps more wind farms in the country, but less imposing and considered less aggressive by local populations.

Figure 5: Example of a "small" wind farm near agricultural facilities in Denmark [Source: rights reserved]
Such a pathway would likely sacrifice some of the efficiency of wind power; it could involve more municipalities and would lead
to more nationally distributed electricity production and a possibly higher, though still competitive, production cost per MWh.
On the other hand, this other conception of wind power generation would have the merit of making production facilities on land
more acceptable for the environment, for local communities and their inhabitants, thus reconciling the constraints of an

industrial production of decarbonised renewable electricity and the will of local populations to preserve their living environment.

2.1.4. The integration of wind energy on the public electricity network and the sizing of electrical
infrastructures

Wind power production is variable and random. The amplitude of the production variations and the uncertainty of the production
depend on the wind regime [26].
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Figure 6. Monthly power supplied by wind farms in France in 2020. [Source: © RTE, Bilan électrigue 2020]

As an example, the figure below shows the variations in power supplied by wind farms in France in 2020. We can see the
difference between the maximum power reached in the month and the average monthly power, thus translating the variability of
this energy source.

As wind generation plays an increasingly significant role in the electricity mix of many countries, transient phenomena can occur
on the electricity transmission network (HV/VHV) that can degrade the voltage and frequency plan. To compensate for these
phenomena, the grid operator must call on sufficient reserve capacity to ensure grid stability and meet user demand, in
accordance with the specifications in force in the country.

The balance of the electricity system will be maintained if wind power plants are combined with means of adjusting electricity
supply and demand: portfolio of consumers with interruptible electricity supply contracts, energy storage devices (STEP: energy
transfer stations and hydraulic pumping stations, large-capacity accumulators, hydrogen storage, etc.), "dispatchable" power
plants [27].

In addition, the connection of new production sources such as wind farms to the public electricity network requires the resizing
of certain transmission and sometimes distribution network facilities to eliminate possible congestion points.

2.2. Putting wind power generation into perspective

2.2.1. Wind energy: a key component of the future electricity mix

Electricity is the energy vector that the community must prioritize in order to move towards an efficient, low-carbon
international energy model and move towards carbon neutrality by 2050.

Onshore wind energy, combined with considerable offshore development programs on several continents, is a "key" component
of the energy landscape that will play an increasingly significant role in the electricity mix of the future.

In addition to the natural resource that is very well distributed over the different regions of the world, wind power generation
benefits from technological progress, which gives it a competitive advantage. It is therefore in a position to occupy an
increasingly significant place alongside other renewable energies (biomass, for which the transport of the resource to production
plants remains subject to complex and costly logistics, hydroelectricity for which exploitable sites are becoming increasingly rare
in OECD countries, and of course photovoltaic and concentrated solar power).
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Figure 7. Evolution of the cost of wind power generation. Comparison with solar PV (base 100 in 2010) [Source: left: Global Wind
Report 2018, Global Wind Energy Council (GWEC), right: IEA, Tracking Clean Energy Progress 2016 Report, International Energy
Agency www.iea.org]

The graph below illustrates the improvement in the competitiveness of wind electricity (onshore and offshore); the uninterrupted
decrease in the cost of production (LCOE) of the wind MWh is the main feature. The relative value curve on the right-hand side
with the reference index set in 2010 shows the progress made by solar photovoltaic electricity over the last decade.

2.2.2. Wind power generation in Europe: a success factor for carbon neutrality in 2050

The European Commission has been supporting the wind energy sector since its industrial take-off in the early 1980s, on the
basis of an ambitious R&D programme combined with voluntary incentives.

Observing the technological progress made by the sector, the EU has frequently raised the long-term objectives set for wind
power generationand its place in the electricity mix of the European "copper" plate.

Aware of the debate on onshore wind power and of a relative saturation phenomenon perceived by the populations in some high
density countries which are today marked by the installation of numerous wind turbines, Europe intends to increase the
contribution of wind power in the electricity mix by relying on two success factors:

The generalization of "repowering" operations [28] to optimize the yield of sites dedicated to wind power generation by
replacing wind turbines when they reach the end of their life time,

The dynamics of large offshore wind power plants, taking into account the considerable offshore wind resource around the EU
countries and also the very positive and encouraging performances obtained by the first industrial-scale offshore wind farms
(installed capacity: several tens and then hundreds of MW), whose feedback from countries such as the United Kingdom [29],
Germany, Denmark, Belgium, the Netherlands, etc. now covers about ten years. Thus, the EU strategy is to increase the installed
offshore wind power capacity from 12 GW (excluding the UK) in 2020 to 60 GW in 2030 and sets a target of 300 GW for 2050.

2.2.3. Onshore and offshore wind power: a significant contribution to the global electricity mix in 2050

Although the objective of carbon neutrality by 2050 has not yet been adopted by all developed countries, the main emitters of
GHG emissions, renewable energies - all of which are complementary - will play an essential role in the electricity mix of the
future. Among these, onshore wind energy will be supplemented, almost to the extent of 50%, by offshore wind energy [30]
which will progressively reach most of the seas and oceans, at various distances from the coast.
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Figure 8. Global electricity mix to 2050. Baseline 2DS and 2DS hi-REN (Renewable Energy Enhanced) scenario [Source: IEA (2013),
Wind Energy Technology Roadmap 2013. All rights reserved]

By 2050, the different scenarios highlight that wind electricity contribution (onshore and offshore) will be of the same order of

magnitude as hydro (6,000 to 8,000 TWh/year) and lower than solar electricity (photovoltaic + CSP).

2.2.4. An even greater exploitable wind power potential

More recent prospective studies (2019) assume a greater exploitable wind potential on land and even more offshore. They give
renewable energies a possible contribution of up to 86% of the electricity mix in 2050, with a share for onshore and offshore
wind power that would approach 20,000 TWh produced (6,044 GW installed).
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Figure 9. Global electricity mix by 2050, Renewable Energy (RE) Case [Source: Future of Wind, A global Energy Transformation paper
2019, © International Renewable Energy Agency, www.irena.org]|

Indeed, offshore wind has a recoverable potential that is growing with the feedback of experience and innovative solutions in a
very important way; this is thanks to technological progress (floating structures, high voltage submarine electrical links). This
will make it possible to access deeper water sites (several tens of metres) far from the coast (several tens or even hundreds of
kilometres) in due course under technical and economic conditions that must make sense.

2.2.5. Wind electricity generation: an opportunity for the post-international health crisis
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The development of wind power generation is likely to contribute to economic recovery and mitigate the impacts of the COVID
pandemic. The wind energy sector (onshore and offshore) has technical and economic characteristics and competitive advantages
that are favourable for countries and populations around the world:

Firstly, the aim is to massively produce clean energy which will replace carbon-emitting fossil fuels in the coming decades and
thus contribute to the construction of a sustainable future,

Secondly, the professionals in the wind energy sector and especially the results of the operation of wind power plants on land and
offshore demonstrate that wind power generation is efficient, competitive, reliable and safe. Backed by flexible production
capacities and storage devices, wind-generated electricity will be better integrated into public electricity networks and
consequently, it will be better valued. In this perspective, it will contribute to technological progress and to the improvement of
the economic and environmental living conditions of populations,

Finally, the massive development of wind power generation, especially offshore, will lead to the realization of productive
investments of the first rank on the international scene and the renewal of essential infrastructures. The construction and
operation of wind farms will lead to the creation and location of tens of thousands of permanent jobs [31], most of them highly
qualified, spread over many countries.

3. Take-home messages

The generation of electricity by wind turbines with increasingly large dimensions and characteristics (multi-MW turbines)
grouped together in industrial wind farms (critical size: several tens of MW on land, several hundred MW offshore) connected to
the public electricity grid (medium or high voltage) is the industrial process that optimises the conversion of wind energy into an
efficient and renewable energy vector today. In 2019, wind power generation (onshore and offshore) accounted for 1,597 TWh,
or 5.9% of global electricity demand.

However, the development of large wind farms is accompanied by impacts on the environment (landscapes, wildlife, hydrology,
neutralization of the land concerned, etc.), on local residents (shadow cast by the rotation of the blades, noise level), on human
activities (radar echo, hertzian transmission), on the local economy (depreciation of land and built-up areas in the vicinity and in
the surrounding area) and on the electricity system (balance of the grid). These impacts are highlighted by a minority of
influential opponents.

By respecting the legislative context in force in the country, the regulations, standards and provisions of democratic debate
(impact study, public inquiry, consultation with elected officials, local residents and associations) the development of wind farms
can be agreed on a positive approach: assess and reduce the impacts, compensate for residual impacts.

The development of offshore wind power since the beginning of the 2000s could encourage countries to limit the progression of
onshore wind power installations and thus reduce the pressure of these installations on the environment and society. One option,
probably more consensual, would be to give up, especially in areas with high population density, the increasingly excessive
characteristics of wind turbines and wind farms that group them. More reasonable wind turbines (recommended nominal power:
from 2.5 to 3.5 MW) and less extensive wind farms (cap : more or less 20 MW) could be more appropriate in the general
interest.

There is no doubt that wind power generation is a key component for achieving a low-carbon electricity mix in the future and
also a success factor for the energy transition. In the scenarios envisaged for 2050, the contribution of wind energy is essential;
based on an annual production of wind electricity of the order of 6,000 to 8,000 TWh (divided between onshore and offshore
wind), it should exceed that of hydroelectricity and provide more than a quarter of global electricity generation in 2050.

Notes and references

Cover image. Large onshore wind farm in Germany. Example of industrial wind turbines inserted into the landscape [Source:
Pixabay, copyright free]
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16] This is "grey" energy, as the industrial process of converting the wind resource into electricity is CO2-free. For an onshore
wind farm, the grey energy is equivalent to about twelve months of the electricity production facility's deliverable. The carbon
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MW of nominal power per unit.
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nominal power can play a privileged role in ensuring the balance of the electricity network. They also have a carbon footprint
(300 to 400 grams of CO2/kWh) that is acceptable for ensuring power adjustment with a limited inrush time.

The experience gained in several European countries where the proportion of wind power is significant (e.g. Germany,
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life time (about 20 years). In this way, the old machines are replaced by wind turbines of the best current technology. The latter
allow a significant increase in the site's productivity after redevelopment: from 20 to 40% depending on the site.

[29] The United Kingdom, now outside the EU, has been a pioneer in developing demonstration offshore wind farms since the
2000s, and has developed an offshore industry that is among the most efficient based on feedback. Today, the country has 10
GW of wind turbines installed at sea. Offshore wind power around the UK produced 32 TWh in 2019, almost as much as
onshore wind power.
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[31] The wind industry has already created tens of thousands of jobs in Europe (Germany, Denmark, Spain, the United
Kingdom, etc.) in the United States and more recently in Asia-Pacific (China, India, South Korea). And even in France, where
the absence of major industrial players is regrettable, the wind industry provides high value-added work to many qualified
subcontractors and specialized design offices, as shown by the "2019 Wind Observatory" published by France Energie Eolienne
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