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Over time, the political motivation for support-
ing wind energy has been driven by a diver-

sity of factors. Early demonstration programmes 
initiated in the 1970s were largely motivated by the 
oil crisis [1]. Today, the policy focus has changed to 
emphasise climate change mitigation and the devel-
opment of sustainable energy systems. 

Over the past decade, public awareness about climate 
change and political action in this area have increased 
substantially. The public wants more climate action 
and has increased its demands that governments make 
climate change a policy priority [2]. Indeed, changing 
public priorities and increased public scrutiny have 
led to political pledges around carbon neutrality and 
a sustainable society: ‘net zero energy pledges’ today 
cover around 70% of global CO2 emissions. However, 
less than a quarter of such announcements have been 
incorporated into legislation, and even fewer are sup-
ported by specific policy measures [3]. 

Despite the growing momentum in pledges toward 
zero-carbon energy systems and renewable energy, 
renewable sources of energy still account for only 
10% of global primary energy consumption and 29% 
of electricity consumption [3]. While some areas have 
high penetrations of renewable energy (RE), the ener-
gy mix has yet to see a large-scale shift globally.

Every year, chief executive officers (CEOs), minis-
ters, and high-level European Union policymakers 
come together at the ‘Power Summit’, Europe’s main 
power-sector event dubbed the “Electric Davos,” 
[4] to discuss the most pressing issues and strate-
gic visions for the energy system. Here, the 2020s 
were declared the ‘Electric Decade’ for digital and 

decarbonized electrification, in which an accelerated 
uptake of clean electricity will take place across all 
sectors, delivering reductions in carbon emissions, 
economic recovery from COVID-19, clean air and 
new jobs [5]. Sector integration, e-mobility, grid in-
frastructure and investments have been identified as 
significant sectoral opportunities and challenges [4]. 

At the same time, a new paradigm for wind energy 
policy is emerging that is driven by rapidly decreas-
ing costs, increasing market share and the need for 
more energy system services provided by wind en-
ergy. Increased recognition of the diversity of policy 
needs, tailored to the conditions of each respective 
jurisdiction, is another significant aspect of this new 
paradigm. This evolving perspective has come about 
as onshore (land-based) wind energy has become 
the most competitive technology for new energy 
production in many countries, [6] reducing the need 
for direct financial support. Accordingly, while the 
need for wind energy policy support continues, it 
is becoming increasingly nuanced and focused on 
serving an array of social objectives associated with 
the broader evolution of the energy sector. In the 
future, successful wind energy policies will increas-
ingly be related to creating enabling environments 
and adapting frameworks, as opposed to focusing 
on direct investment incentives alone. This reflects 
a fundamental shift in the perspectives and roles of 
policymakers. This is also the focus of this chapter, 
in which we first provide an overview of the state of 
the art in wind energy policy, followed by upcoming 
policy challenges and research needs. We conclude 
with our perspective on the future focus of wind 
energy policy research. 

Wind energy policy  
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State-of-the-art wind energy policy
Historically, the development of wind energy has 
been heavily policy-driven, relying on governments 
and policymakers to design, implement and enforce 
adequate policy frameworks to attract technology de-
velopment and investments. During the past 30 years, 
major steps in the development of national policies 
have led to the creation of a large and successful wind 
energy market [1], with high growth rates for global 
installed capacity and even more anticipated in the 
future, as described in detail in Chapter 1. In 2019 and 
2020, respectively, the global wind industry saw invest-
ments of $151B and $143B, up from $89B in 2010 [7].

Generally speaking, three complementary strategies 
have been employed to foster the uptake of renew-
able energy [8]: 1) direct financial support for the 
deployment of currently available technologies; 2) 
direct financial support for research and develop-
ment (R&D) and innovation activities to facilitate 
new technologies and reduce the future costs of the 
technology; and 3) indirect support by internalising 
externalities and making undesired (polluting) tech-
nologies less competitive through taxation, carbon 
pricing or regulation. Here, two innovation policies 
interact: technological development through R&D, 
and market deployment through ‘learning-by-do-
ing,’ resulting in two mutually reinforcing cycles that 
together drive down technology costs [9].

Policy-driven growth
Until the 1990s, with some exceptions, including 
Denmark and California, support for renewable ener-
gy was focused primarily on R&D [10]. Broad-based 
market uptake was slow because of economic and 
market barriers, administrative and legal restrictions, 
grid-related problems and other factors [10]. In the 
1990s and especially the 2000s, the focus shifted 
toward supporting the deployment, i.e., the introduc-
tion of renewable technologies into the market. By 
2019, 143 countries had implemented deployment 
policies for renewable energy in the form of fiscal 
incentives or public finance mechanisms to support 
investments in renewable energy [11]. 

A range of different support mechanisms have been 
developed and implemented to promote the deploy-
ment of wind energy, including investment grants, 
feed-in tariffs, feed-in premiums, tax exemptions, 
tax credits, tendering and auctions, net metering and 
renewable portfolio standards. Support mechanisms 
differ greatly between markets, as the requirements 
for implementation vary from country to coun-
try. The selection of support policies is shaped by 

country circumstances, political culture and history, 
the stage of economic development and many other 
factors. The most commonly used production-based 
support policies include the following:

• Feed-in tariff (FIT) schemes are still widely 
used as a technology-specific mechanism that 
offers a guaranteed price to eligible producers. 
They have traditionally been implemented in 
combination with priority dispatch and exemp-
tion from participation in balancing markets. 
Today, these are also often combined with 
competitive support-allocation procedures such 
as auctions. 

• Feed-in premium (FIP) schemes typically provide 
fixed, guaranteed add-ons to market prices. Recent 
feed-in implementations feature sliding premiums, 
incorporating the characteristics of an add-on to 
market price and a guaranteed price level. 

• Traditional tradeable green certificate (TGC) 
schemes are technology-neutral mechanisms 
that require energy suppliers to have a certain 
amount of RE in their portfolio. This require-
ment can be met through green certificates that 
can be acquired from eligible producers in a 
dedicated certificates market. 

FIT and FIP are considered price-control instru-
ments, in which policymakers traditionally deter-
mine the support level. TGC schemes are considered 
quantity-control instruments, wherein policymakers 
define a volume quota, and the price is determined 
through trading in a dedicated market. More recent-
ly, auction schemes have been introduced to award 
FIT and FIP support payments. Here, policymakers 
determine a certain target volume of renewables and 
then conduct an auction at which developers offer to 
build projects, and the price (support level) is deter-
mined through competitive bidding. These new FIT 
auction implementations have the characteristics of 
a volume-control instrument while still supporting 
the stability and security of price guarantees.

A support policy (or policy package) is deemed 
effective if it can deliver the desired outcome at the 
desired time without excessive social costs. Accord-
ingly, a key measure of success for support policies is 
how efficiently they allocate support payments. For 
example, can they ensure investment in the low-
est-cost projects with the least amount of support 
necessary?. A dynamic balance must be struck: if 
support levels are too low, there will be underinvest-
ment and a failure to meet deployment targets. 

Chapter 4 – Wind energy policy and economics
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Next to the efficient deployment of a technology, 
policymakers often pursue other, secondary policy 
objectives through support schemes. These often in-
clude domestic industry development, job creation, 
the strengthening of technology export capabilities 
and increasing energy security. 

Successful wind energy policy: clarity, commit-
ment and an enabling environment
In a recent study of the past thirty years of wind 
energy policy globally, the International Renewable 
Energy Agency (IRENA) and the Global Wind En-
ergy Council (GWEC) found the elements of policy 
success to be [1]: 
• Clarity in the design of the support scheme, 
• An expression of long-term political commit-

ment, and 
• A sufficient level of remuneration to allow an 

acceptable level of profit for investors. 

While there is evidence that wind energy can de-
velop under typical market economic frameworks, 

e.g. using fiscal incentives, such as tax credits in the 
U.S., a clear and effective pricing structure and a 
stable remuneration scheme are often instrumental 
to drive deployment. However,  such structures are 
not always sufficient [1]: wind energy policy is often 
most successful when it is backed up by political 
commitments from the government and expressed 
through national or state-level targets. Targets are 
important for raising public awareness and sending 
clear, long-term signals to investors [1]. It is criti-
cal that targets are translated into dedicated policy 
schemes and paired with effective rule of law and 
transparency, as well as effective administration and 
an efficient process of issuing permissions. 

Well-designed procedures for permissions and 
siting keep costs and risks down, allow for better 
returns on investment and reduce the likelihood of 
conflicts with local authorities and communities. 
Anecdotally, wind installations in the state of Texas, 
a global leader with more than 33 GW installed 
wind capacity, have been fostered by a relatively 
open and hands-off approach to regulation. Coupled 

Between 2015 and 2017, DTU coordinated the EU Horizon2020 project 
AURES (Auctions for Renewable Energy Support). AURES was the first 
European project solely focused on renewable energy auctions and laid 
some pioneering groundwork for auctions in the European renewable 
electricity sector from both an analytical and practical perspective. Through 
theory-based work, empirical analysis of auctions in 12 European and eight 
non-European countries, model simulations and economic experiments, AU-
RES generated new insights on the applicability of specific auction designs 
under different market conditions and policy goals. The project supported 
the implementation of renewable energy auctions in EU member states. A 
major outcome of the project was the AURES Auction Designer, an interac-
tive online tool for policymakers (aures2project.eu/auction-designer). The 
project was featured by the European Commission as a Research & Innova-
tion project success story [12].

AURES II, likewise an EU Horizon2020 project, running from 2018 to 2022 
and coordinated by Fraunhofer ISI, expands the insights into renewable ener-
gy auctions by providing auction design and results monitoring. It provides a 
detailed database of renewable energy auctions conducted in the EU; further 
collaboration with policymakers on auction implementations and analyses 
on the effects of auctions on the RE sector; technological innovation and 
project financing. The DTU team is leading the financial analysis work, which 
investigates the development of renewable energy financing in the EU, 
has quantified the recent costs of capital and has explored the impact of 
auctions on financing. AURESII elaborates on the topics of multi-technology 
and cross-border auctions, as well as the effects on community projects and 
options to mitigate the undesirable effects of introducing auctions. 

Chapter 4 – Wind energy policy and economics
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with supportive policy and the investment to build 
transmission, a culture of energy production and a 
robust electricity market have contributed to wind 
energy deployment in the state for over two decades. 
Moreover, streamlining the permitting process, as 
Germany did, for example, in the early years of tech-
nology deployment by minimizing requirements 
and creating national standards, can also reduce 
project development costs and incentivize more 
actors to enter the market.

Ease of access to the electricity grid is another 
important aspect of a successful framework for the 
deployment of wind energy. Today, in ten of the 
twelve surveyed markets in the IRENA/GWEC 
study, wind energy has priority access to the grid. 
Carefully designed grid-connection procedures are 
best when supported by strategies for the allocation 
of transmission system capacity, otherwise regula-
tory agencies and managers can be overwhelmed by 
a large number of project applications, as has been 
in the case in China [1]. Early experiences in several 
markets have shown that system integration remains 
a critical element for project development, with 
several interrelated aspects: the effective handling of 
grid-connection requests and the rapid allocation of 
grid-connection points; authorization to connect to 
the grid; and ensuring the availability of sufficient 
grid capacity to inject power effectively from the 
wind park into the system [1]. To achieve the latter, 
early and forward-looking planning is required to 
ensure grid access over longer time frames. 

Another important factor for success is the aware-
ness and involvement of local communities. For ex-
ample, in Denmark, Germany, Greece and Scotland, 
policymakers developed policies to ensure that local 
communities received tangible benefits from local 
wind projects [1]. Early technology development in 
Denmark and Germany started by engaging local 
farmers and encouraging them to produce their own 
electricity. This approach facilitated the creation of a 
nascent industry before 1980 and planted the seeds 
for the modern wind industry.
 
Over the past three decades, a number of cases 
have been documented of delays to and failures of 
wind projects due to social factors. Although the 
reasons are multifaceted [13], the main ones have 
been described as community opposition to wind 
projects, lack of public engagement and low levels 
of awareness about the technology [1]. See Chapter 
5 for more details on wind farm planning and social 
aspects. The most successful policies promote ‘win-

win’ ideas for all stakeholders (local industry, local 
residents etc.) during wind farm development.

Wind energy policy is often also about domestic 
industry development. Governments strive to devel-
op local manufacturing capacity to maximize local 
benefits, but also to ensure the supply of equipment 
at reasonable prices, as well as potential technolo-
gy export opportunities. Creating successful local 
supply chains requires large and steady domestic 
demand and growth opportunities to ensure a 
sustained market for locally trained workers, parts 
and machines. Long-term targets can signal future 
market volumes and contribute to success.

Upcoming policy challenges and research 
needs
In 2019, experts declared that ‘renewables are now 
mainstream in the power sector’ [11]. In Europe and 
around the globe, wind energy represents one of the 
primary and most advanced sources of renewable 
energy. Policy challenges around wind energy are 
changing and evolving as the technology matures. 
In this section, we examine major upcoming policy 
challenges and associated research needs.

Notwithstanding the considerable successes achieved 
by wind energy policy, research is needed to under-
stand the effects of past, current and future energy 
policies. This work includes a need for a better 
understanding of the social costs and effectiveness of 
financial incentives, as well as economic evaluation of 
policies, laws and regulations. Assessment and eval-
uation inform how policies are working in practice, il-
luminate best practices and enable tailored replication 
and adoption across different countries in different 
stages of energy transition. Furthermore, as jurisdic-
tions differ in their experiences with wind energy, 
opportunities for learning and sharing experiences 
can help support the diffusion of technology. 

Experience to date has shown that there is no ‘silver 
bullet’ for a comprehensive national energy policy. 
The best policy is one that is tailored to the local 
context that takes many different idiosyncratic fac-
tors into account. Accordingly, wind energy policy 
design will look different in different jurisdictions, as 
it is shaped by market conditions, existing policies, 
the legal system, the policy-making tradition and 
culture. To inform policy customization, different 
kinds of energy policy research are needed. Empiri-
cal research and case studies can explore local differ-
ences and assess their implications for policy design. 
Quantitative economic analysis can help evaluate the 

Chapter 4 – Wind energy policy and economics
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impact of energy policies on individual actors and 
systems as a whole, informing which factors drive 
deployment across different contexts. Interdiscipli-
nary analysis, combining economic analysis with 
efforts to explore land, space and the social aspects 
of wind energy, can be used to better inform how 
local host communities are impacted by and interact 
with wind energy, in turn enabling more informed 
decisions regarding the local costs and benefits of 
projects. Such work is increasingly important, as the 
deployment of wind energy is expected to expand; 
projects could be built closer to communities, and 
wind energy facilities could become a more integral 
part of the landscape. 

These varied studies and research projects are allow-
ing researchers to learn more about policy, market 
and technology interactions, and the dynamics of 
different policy interventions. In turn, this will allow 
policymakers to tailor policy design, identify best 
practices and develop recommendations for specific 
sites and countries at different stages of develop-
ment. It is particularly valuable to understand how 
existing and planned policies interact in practice 
and model the effects of policy shifts and the uses of 
different policy instruments. These efforts and the 
knowledge they foster allow adaptation to changing 
market conditions and environments while simul-
taneously providing the stability and reliability for a 
thriving investment market.

Unleashing the full potential of wind energy
The global path to net-zero emissions necessitates the 
immediate and substantial deployment of all available 
clean and efficient energy technologies. The Interna-
tional Energy Agency (IEA) concludes that achieving 
‘net zero by 2050 hinges on an unprecedented clean 
technology push to 2030’ [3], with annual additions 
of up to 390 GW of wind by 2030, equating to 4 
times the record level set in 2020. To bring this future 
about, policies that continue to support new markets 
and that support and address the challenges of mature 
markets will play a major role. 

More specifically, policy can be used to continue to 
drive the growth in wind energy. Setting ambitious 
build-out targets might enable deployment to be ac-
celerated. Targets enshrined in law and accompanied 
by the phasing out of fossil-fuel subsidies, carbon 
pricing and other market reforms send consistent 
price signals to spur wind energy development 
[see also 3]. But this alone will not be sufficient. To 
unleash the full potential of wind energy, additional 
policy work must consider other factors that will 

impact on the manner and extent with which wind 
is integrated into the electricity system. Even with 
the identification of best practices from past experi-
ences (see Section 2), significant issues persist: “The 
barrier to the expansion of wind energy needed for 
the [European] Green Deal is not technology. Nor 
cost. Nor financing. It’s permitting. Europe is simply 
not permitting enough new wind farms to reach its 
renewable energy targets. The rules and procedures 
are too complex. There aren’t enough staff to process 
the permit applications. It’ll be nice to have a higher 
renewables target, but it’ll be academic if we don’t 
tackle permitting,” says Giles Dickson, WindEurope 
CEO [14]. Of course, future technological innova-
tion can focus on alleviating some of the impacts 
of wind energy projects, such as reducing noise 
or impacts on the natural environment. This may 
help projects to become less contentious and enable 
easier permitting procedures for regulators in the 
future. At the same time, policy research and design 
must push to achieve a workable balance between 
the social need for clean energy and the impacts on 
communities caused by specific projects. 

In this vein, identifying sustainable pathways, both 
environmental and social, to the deployment of wind 
energy, both onshore and offshore, is a major task 
with many avenues for future research. For example, 
analysis exploring the use of other policy instruments 
in addition to market-based incentivization schemes 
or evaluating the costs and benefits of more drastic 
command-and-control measures (such as coal and 
oil moratoria, quotas, decarbonization requirements 
for firms, etc.) in light of the pressing challenges of 
climate change could be considered. In addition, pol-
icy research might examine how to better incentivize 
the integration of wind energy into the landscape or 
designs that mitigate the impacts on wildlife. Policy 
that supports a more equitable distribution of the 
costs and benefits of the energy transition may also be 
of relevance. Each of these potential avenues is likely 
to shape future energy policy agendas. 

Wind energy as major market player
Driven by sharp cost declines [15], the share of wind 
energy in electricity markets is rapidly increasing. In 
future decarbonization scenarios, these shares be-
come substantially greater [16]. Given their growing 
presence on the market, wind energy producers will 
probably be expected to take on many of the same 
responsibilities as other dispatchable power produc-
ers. ‘Market-aware’ policies are becoming increas-
ingly necessary for the power markets to continue to 
operate efficiently with high shares of RE, as in a case 
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study for policy changes in the mid-continent  region 
of the U.S. [17] we develop an in-depth, grounded 
case study examining decision making within the 
Midcontinent Independent System Operator, a U.S. 
Regional Transmission Organization. We use a mul-
ti-method approach to the strategic action field theory 
(SAF; e.g. Moulton and Sandfort, 2015, or the Danish 
discussion around the ‘market model 3.0’ [18]. Under 
these conditions, value creation and flexibility become 
relatively more important than reducing costs in a 
system in which energy is sometimes abundant and at 
other times scarce. Producers must be ready to inte-
grate into markets, cease production and ride through 
disturbances while consumers must be prepared to 
adjust their demand flexibly. Moving power across 
large regions to ensure system reliability may also be 
important, as market signals guide energy dispatch, 
and system operations integrate variable resources, 
demand resources and storage in response to dynamic 
system need. These markets and the associated needs 
and incentives will drive wind energy and the electric-
ity system to behave in new ways. Policy research that 
informs the development and management of these 
markets is expected to be increasingly important.

The enhanced focus on value creation also requires 
a broader scope of optimization. The value of wind 
energy will be shaped by the technology mix in 
the overall system and its future development, the 
availability of storage, the demand response, and 
the overall regulatory and market framework. Some 
system developments will benefit wind energy and 
open up new business opportunities, such as the 
interaction between wind and solar energy. In some 
locations, having more solar energy in the system 
will boost the market value of wind energy, as mar-
ket prices will then be more closely correlated with 
solar production rather than wind energy. The hy-
bridization of plants (combining, for example, wind, 
PV and storage at the same site) could exploit this 
effect on a small scale. Here, research can analyse 
the overall potential and added value of different 
options, investigate how regulatory and economic 
barriers interact, and develop specific scenarios to 
take advantage of opportunities.

In addition, innovation in electricity market design 
could create new market opportunities, further 
enabling the massive scaling up of RE generation. 
The IEA estimates that, without changes in electricity 
market design, by 2050 about 7% of electricity gener-
ation from wind and solar will not be readily inte-
grated into markets (and hence curtailed). Moreover, 
the share of zero or negative price hours in a year will 

increase to around 30%, even with the active use of 
demand response [3]. Changes in market design for 
the efficient operation of the market and the better in-
tegration of renewables can reduce system costs while 
improving operations. For example, price signals to 
consumers, faster market operations, shorter gate-clo-
sure times, the participation of all market participants 
in balancing markets, potentially through aggrega-
tion, can change the roles of all market participants.

Investments, risk, financing and capital flows
The rapid declines in the cost of wind technology, 
coupled with reduced support levels (even zero-sub-
isdy – see [19]), make wind energy more exposed to 
market risks. It is often argued that renewable ener-
gy projects have inherently higher financing-related 
risks than fossil-based thermal generation assets 
[20], which in a competitive market makes financing 
issues and the cost of capital significant factors.  

Energy policy directly shapes the market risk 
exposure of wind projects through choice and the 
design of support instruments. Although many 
economic risks can be managed by projects them-
selves through insurance, guarantees, derivatives 
(including financial hedging), risk-sharing (in joint 
ventures etc.) and risk-transfer approaches [21], the 
provision of long-term revenue stability by govern-
ments can be crucial in facilitating the financing 
of capital-intensive projects. In low-risk policy 
frameworks, such projects can achieve greater debt 
capacity and lower costs of debt, potentially reduc-
ing the costs of equity [22, pp. 385, 23].

Future research on financing wind energy is needed 
to address questions such as: How much risk should 
be allocated to renewables projects? Who should bear 
this risk? Research can examine the partitioning of 
risk across different actors and time scales to support 
the development and operations of wind projects. 
Furthermore, improved understanding of the invest-
ment considerations of private investors can inform 
policy design across different contexts. Here, decisions 
depend as much on the variability of returns as on 
the return expectation itself. Project owners are not 
concerned to develop a least-cost project, nor even to 
achieve the highest returns: they are seeking the best 
risk-return relationship for their investments. In addi-
tion, individual strategies, opportunity costs, irreversi-
bility, decision flexibilities, etc., also play a role in their 
decision-making. Risks on both the cost and revenue 
sides must become an integrated part of policy con-
siderations, so that implemented support measures 
can in fact deliver the desired private investments.  

Chapter 4 – Wind energy policy and economics
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When risk is added to the context of policy-making, a 
different set of policy instruments becomes available 
with which additional investments can be supported 
and managed. For example, policymakers can help 
to reduce risk through ‘financing support’ measures, 
such as the provision of reimbursable equity or ven-
ture capital from governmental institutions, low inter-
est loans, equity guarantees, loan guarantees and secu-
ritization products [24]. The development of financial 
engineering instruments for smart support policy that 
de-risks investments could also be worthwhile.

Over the next decade, a large increase in capital 
investment in renewable energy assets is expected, 
reaching about USD 1.3 trillion in annual investment; 
such levels are high compared to current renewa-
bles investments, but only slightly more than the 
highest level ever spent on fossil-fuel investments 
(USD 1.2 trillion in 2014) [3]. Traditionally, much 
of the capital in the energy market came from public 
markets or government support. In recent years, 
however, investor profiles have been shifting toward 
private investors, including pension funds and private 
equity firms [25]. With targeted reforms, policy and 
regulatory frameworks can become successful in lev-
eraging more private resources to finance renewable 
energy projects. An interesting development driving 
investment involves initiatives to ensure transparency 
and the disclosure of private financial activities. The 
recently developed EU Taxonomy for sustainable ac-
tivities and related disclosure obligations for financial 
activities is a crucial step in this direction [26]. In 
research endeavours, the impacts of energy policies 
on individual market actors can be investigated to 
improve understanding of the future market develop-
ment potential and industry development. Such work 
will be critical to understanding if and how sufficient 
capital can be made available to enable the invest-
ments necessary for energy transition. 

Electrification, enabling infrastructures and 
digitalization 
The future sustainable energy system is generally 
expected to rely more on electricity, which may 
account for 50% of global energy consumption in 
2050 [3]. The different energy sectors will be more 
integrated, and electricity will play a key role in link-
ing across sectors (including transport, heating and 
industry). To achieve this, total electricity generation 
must increase two to three times by 2050 [3]. The 
scaling up of wind energy in a future energy system 
will coincide with and depends on a shift toward 
electric power and away from traditional fuels in 
all energy sectors (see IEA’s suggested zero-carbon 

pathways [3]). The shift to electricity and increas-
ing the coupling of different energy sectors will be 
partially driven by a ‘mobility revolution,’ in which 
we expect electric vehicles to dominate in transport 
during the next ten to fifteen years [27]; see also 
the recently announced EU sustainable and smart 
mobility strategy [28]. In heating, electrification 
through heat pumps, both large-scale heat pumps in 
district heating and industry and small-scale ones in 
households, is expected to play an important role. 

In areas that are not easily directly electrified, such 
as heavy land and air transport, other solutions are 
needed to achieve decarbonization. In this respect, 
Power-to-X (PtX) technologies might be crucial for 
the energy transition, as they have the potential to 
act as a substitute for fossil fuels. Hydrogen is pro-
duced from electricity through electrolysis and can 
be used directly by industry and for transport pur-
poses, but it can also be injected into the gas grid, 
either directly, in small amounts, or by techniques 
such as the methanization of biogas. In Germany, 
large amounts of hydrogen are already used by 
industry, today mostly produced using natural gas 
as a feedstock. In the PtX process, hydrogen can be 
converted, for example, into ammonia (for use in 
maritime applications), methanol (for use in heavy 
trucks) and kerosene (for use in air transport).

This implies that wind energy policy is not and 
should not be about wind energy technology alone. 
An increased focus on enabling infrastructures and 
technologies can ensure the successful transformation 
of the energy system into one that is highly electrified 
and dominated largely by wind and solar energy. 

The first and largest element in this is electric grid 
infrastructure. Recent years have seen a trend toward 
declining investment in electricity grid infrastruc-
ture globally [25], which does not support increased 
electrification. Here, investments in long-distance 
transmission, local distribution networks, new grid 
substation structures, charging stations for electric ve-
hicles and more could improve support for the energy 
transition. Ensuring that this critical infrastructure 
is built with climate adaptation in mind is also key. 
Infrastructure development must anticipate and be 
adapted to future extreme weather events, including 
floods and wildfires.  Some scenarios find that annual 
investments in transmission and distribution grids 
must triple within the next decade [3]. Such massive 
investments in infrastructure require governments 
to take the lead in planning and devising appropriate 
incentivization structures. 
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Second, technologies such as those delivering 
additional flexibility into the electricity system 
have not been developed in the legacy system, 
where they are not needed in the same way. Policy 
can incentivize their development by introducing 
dedicated mechanisms. One of the biggest innova-
tion opportunities is advanced batteries, as well as 
other storage options (thermal and mechanical), 
but also hydrogen electrolysers that can be used to 
smooth the variable production of wind and solar 
production and support value creation (see also 
Chapter 6). Here, leaps in innovation are required, 
with major innovation efforts occurring during the 
2020s in order to bring the required new technolo-
gies to market in time [3]. 

Advances in digitalization and cybersecurity can 
provide new business opportunities to the wind 
industry and complementary actors, as system 
controllability increases and more efficient op-
erations of appliances and processes can reduce 
costs, especially for electricity use. For the past half 
century, energy markets have been dominated by 
large players and state-supported or state-owned 
entities whose scale has been an advantage. In the 
future, however, the driving force behind energy 
markets could be a new interplay between smaller, 
more diverse and more agile participants, includ-
ing residential and industrial energy ‘prosumers’ 
and financial players competing across increas-
ingly local markets. Local competition demands 
extensive use of digital tools to make the business 
manageable. Technologies to support this range 
from advanced analytics to virtualization and from 
automation to blockchain applications [25]. Along 
with advances in digital solutions, cybersecurity 
is increasingly becoming a focus as well, fostering 
access to the desired efficiency gains while protect-
ing critical infrastructure.

Defining new international and domestic rela-
tionships 
Creating net-zero-carbon energy systems requires 
unprecedented international cooperation between 
governments. The global challenges can only be 
solved through coordinated actions, especially on 
innovation and investment. Some best practice 
cooperation initiatives are already forming, such as 
the North Seas Energy Cooperation (NSEC), a coa-
lition of national policymakers from ten European 
countries around the North Sea with participation 
from the European Commission, coordinating the 
offshore grid development and the large renewable 
energy potential in the region [29].

New energy security challenges will emerge for 
governments, as resource and material requirements 
of a renewable energy system differ profoundly 
from those of a system running on fossil fuels. The 
wind energy industry is expected to become the 
largest consumer of raw materials in the world by 
2040 [30]. The production and processing of many 
minerals, such as copper, lithium, nickel, cobalt 
and rare-earth elements, are highly concentrated 
in only a few countries, with the top three produc-
ers accounting for more than 75% of supplies [30]. 
Policymakers across the globe will have to address 
the potential vulnerabilities around the availability 
of critical minerals, as well as ensure that extraction 
is socially and environmentally sustainable. “This is 
what energy security looks like in the 21st century,” 
says Fatih Birol, executive director of the IEA [30]. 

Domestic coordination across ministries and between 
different kinds of stakeholders could enable an effec-
tive and efficient decarbonization strategy, making 
decarbonization an integral part of all policy-making 
in a country, including on finance, labour, taxation, 
transport and industry. Public-private partnerships 
may be increasingly formed to tackle the enormous 
investment requirements in infrastructure and 
production assets. Research will have to accompany 
political efforts in this arena to enable informed deci-
sions and objective evaluations of actions.

The energy transition is reaching into the heart of 
societies, where many more members of societies 
must be deeply involved in change to make the 
zero-carbon future a reality. Energy policy needs 
to evolve to embrace the interests of people and the 
environment within this new expanded reach. In 
effect, “the transition to net zero is for and about 
people” [3]. This has implications for the policy 
process and decision-making: ensuring that future 
energy pathways fundamentally integrate social 
goals requires making energy policy transparent, fair 
and cost-effective at the same time. 

Conclusions and outlook 
Addressing climate change and the rapidly declining 
costs of wind energy provide new opportunities for 
wind energy, but also present new challenges. Even 
though “renewables are now mainstream in the 
power sector” [11], policy challenges remain, and 
new challenges are emerging. This also drives how 
wind energy policy research needs to be structured.

From a historical context, among the most important 
success factors in wind energy policy were 1) clarity 
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in the design of support schemes, 2) expressions 
of long-term political commitments, and 3) suffi-
cient levels of remuneration, allowing an acceptable 
level of profits for investors. Although these remain 
important, in the future a vital part of wind energy 
policy will be rooted in embedding wind energy into 
an enabling environment that allows the technology 
to become an even more significant contributor to 
the energy transition. Well-designed permitting and 
siting procedures are important, as are grid connec-
tion and operational and valuation procedures, which 
must be carefully designed and implemented. Poli-
cymakers need to enable pathways to allocate access 
to grids and markets, including innovative strategies, 
such as power-to-heat and power-to-fuel technolo-
gy interlinkages. Giving a high priority to equitable 
allocations of costs and benefits, as well as public en-
gagement and the involvement of local communities 
in shaping their energy future, may also be critical.

The trend of wind energy becoming a mainstream 
technology implies that wind energy producers are 
now market players with the same responsibilities as 
every other power producer. Looking ahead, value 
creation becomes more important than cost reduc-
tion in a system with variable power resources. The 
increased focus on value creation requires a flexible 
orientation allowing for a broader scope of optimi-
zation variables, wherein the value of wind will be 
shaped by the technology mix, the development and 
operation of the whole energy system, including the 
availability of storage and demand response, and the 
supporting regulatory and market framework. 

This requires a refocusing of current energy policy 
research, creating more and truly interdiscipli-
nary projects to enhance our understanding of the 
dependencies between wind energy technology 
and its surroundings and to enable the creation of 
innovative policy solutions, thereby enhancing the 
embedding of the technology in the natural, social 
and market environments. 

The achievement of a net-zero energy system will 
require unprecedented international cooperation 
between policymakers, market actors, citizens and 
researchers. The global challenges can only be solved 
through coordinated actions in which different targets 
and interests need to be carefully negotiated, evaluated 
and managed, including local issues such as job crea-
tion and commercial advantages against the collective 
global need for clean energy technology deployment.
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