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H I G H L I G H T S

• International trend is for larger, taller wind turbines with lower specific powers.• Capital costs fell by 10% to 1,422€/MW over the period.

• Reduction of 33% in levelised cost of energy to 48€/MWh.

• Specific power, finance and capital cost account for 45%, 25% and 17% of reduction.

• Levelized cost of wind energy has fallen, but value has fallen proportionately more.

A R T I C L E I N F O

Keywords:
Wind energy
Levelized cost of energy
Technology trends
Market value of wind energy

A B S T R A C T

This paper presents work by the International Energy Agency’s Task 26 ‘Cost of Wind Energy’ on technological
and cost trends in land-based wind energy in six participating countries (Denmark, Germany, Ireland, Norway,
Sweden, United States) and the European Union between 2008 and 2016. Results indicate that there is a general
trend towards larger, taller machines with lower specific powers resulting in higher capacity factors, despite
small falls in new site wind resources in most countries, while wind project capital costs and project finance costs
also fell. This resulted in an average levelized cost of energy (LCOE) fall of 33% for new projects to 48€/MWh at
the end of the study period. Analysis of the components of levelized cost change indicated that changes in
specific power, financing cost and capital cost accounted for 45%, 25% and 17% respectively of the estimated
reduction. It is therefore important that trends in technological factors such as specific power are considered
when assessing wind energy learning rates, rather than just capital costs, which has been the primary focus
heretofore. While LCOEs have fallen, the value of wind energy has fallen proportionately more, meaning grid
parity appears no closer than at the beginning of the study. Policymakers must therefore consider both the cost
and value of wind energy, and understand the volatility of this gap when designing land-based wind energy
policy measures.

1. Introduction

The decarbonization of electricity generation is a key international
policy objective in reducing global greenhouse gas (GHG) emissions. A

variety of renewable technologies, such as wind and solar, are currently
competing with conventional fossil-fuelled thermal plant to serve new
and existing system demand. In 2017, net global renewable electricity
capacity additions were 178GW, accounting for more than two-thirds of
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all new capacity [1]. Globally, renewables are expected to account for
30% of installed power generation capacity by 2022 [2]. In recent
years, electricity production using wind energy has been among the
fastest growing forms of renewable generation around the world [2],
while global average annual wind capacity additions are projected to be
in the region of 50GW/annum over the period 2017–2040 [3]. The
European Union (EU) has set a binding renewable energy target for
2030 of at least 32% [4], much of which is likely to be delivered by
wind. Similarly, China may increase its 2030 renewable energy gen-
eration target from 20% to 35% by 2030, with wind expected to play an
important role [5].

As wind becomes an increasingly important and competitive source
of energy generation in many electricity markets, it is crucial that
governments, the wind industry and the wind research community are
able to discuss the costs of wind energy on the basis of a sound meth-
odology. Without transparent, robust and credible information on their
costs, organizations without a clear understanding of wind systems are
left to determine and publicize their costs, possibly in error. This pro-
blem is exacerbated by the diversity of wind technologies, asset man-
agement practices and variations in international project development
cost assumptions. Growing wind capacities are affecting wholesale
electricity prices in many countries and are resulting in changes in the
value of wind energy itself. These changing costs and benefits are af-
fecting the economic performance of new wind projects. While this
paper primarily focuses on international cost developments, it also in-
vestigates concurrent changes in the value of wind energy and its im-
plications for the industry.

Wind power deployment has been supported by energy policies and
by cost reductions [6]. The degree of future deployment will be affected
by similar dynamics, requiring careful assessments of cost-reduction
opportunities (inter alia [7,8]). Evaluating the possibilities for further
cost reductions, meanwhile, requires a clear understanding of the past
and current cost of wind energy as well as drivers for those costs and the
relationship between the cost and value of wind energy.

The International Energy Agency’s Task 26 ‘Cost of Wind Energy’
comprises government, research, industry and academic experts from
nine countries as well as the European Commission, and has been es-
tablished to help fill this informational gap.2 The primary objective of
the Task is to provide information on the cost of wind energy in order to
understand past and present and anticipate future trends using con-
sistent, transparent methodologies. This will facilitate comparisons
between wind technologies and other generation options within the
broader electricity sector.

The aim of this paper is to communicate some of the recent work
undertaken by the Task in estimating the cost of land-based wind en-
ergy in participating countries.3 It details the various data sources used
in the different jurisdictions, the methodologies employed, and some of
the important results obtained, notably:

• Land-based wind technology, cost, performance and financing
trends in participating countries from 2008 to 2016;
• land-based wind production cost trends in each country, using the
metric levelized cost of energy (LCOE);

• factors contributing to LCOE changes in each country over the
period; and
• how the gap between LCOE and the market price for electricity has
changed over the period.

A variety of approaches have been used to assess wind energy costs.
Learning curves have been used to understand past cost trends and as
tools to forecast future possibilities [9,10]; more recently Tu et al. [11]
used this method to investigate the future grid parity of wind energy in
China. They have been criticized for, in most cases, focusing primarily
on capital costs [12,10] and ignoring other means of reducing gen-
eration costs (one notable recent exception is [13]), and for simplifying
the many causal mechanisms that lead to cost reduction [12,14,15]. In
part due to methodological variations, estimated historical learning
rates for land-based wind span an enormous range, from a 33% cost
decline with each doubling of cumulative production to a cost increase
of 11% for each doubling [8,10]. Engineering assessments can provide a
technology-rich complement to learning analyses [16]. They typically
entail detailed modelling of specific technology advancements and
often consider both cost and performance, providing insights into
trends in the total production costs of wind energy [17,18]. But they
also require complex design and cost models, and sometimes emphasize
incremental advances. Finally, some studies have used expert knowl-
edge to gain insight into the possible magnitude of future cost reduc-
tions [19,20]. When well designed, expert elicitation has been shown to
provide valuable insights, but it is impossible to eliminate the possibi-
lity of motivational or cognitive biases when surveying experts.

Our cross-country analysis contributes to the above literature, and
to related literature that have tracked the historical levelized cost of
land-based wind energy [21,22] and/or assessed the impact of turbine
scaling on wind energy potential, costs, and value [23–26]. Our core
focus is on assessing historical trends in wind technology advancement,
cost, performance, and financing in order to develop an overall picture
of the ’all-in’ generation costs of wind energy across a number of
countries, and to explore how those costs have varied over time, the
drivers for the observed cost reductions, and trends in achieving ‘grid
parity.’ Our results can inform policy and planning decisions related to
wind and improve the representation of wind in energy-sector models
by establishing a well-referenced historical and recent baseline for a
diverse set of countries. The work presents a unique detailed analysis of
internationally-comparable wind project data which provide new in-
sights into land-based wind project technology, cost and financing
trends, and describes the components contributing to production cost
and market value changes over the 2008–16 period.

The remainder of this paper is structured as follows. Section 2 de-
tails the approach used in estimating the levelized cost of energy.
Section 3 gives an overview of the various international sources of the
technical, cost and financial data used. Section 4 describes the metho-
dology used for comparing LCOEs both temporally and between parti-
cipating countries, how the components of LCOE change over time were
identified, and how the value of wind energy was estimated in order to
contextualize LCOEs. Section 5 presents the results of our analysis,
while Section 6 provides some concluding remarks.

2. Levelized cost of energy for wind

The levelized cost of energy can be thought of as the time-weighted
‘average’ cost of producing one unit of energy from a generator taking
account of all life cycle costs (such as those for construction, fuel,
maintenance and decommissioning) discounted at the opportunity cost
of capital (or ‘discount rate’). It sums all such costs and apportions them
equally to each unit of energy produced by the energy investment over
its lifespan. Both future costs and energy outputs are discounted at a
financial discount rate which is appropriate to the investment, con-
sidering its risk profile and debt:equity ratio (gearing). The LCOE can be
thought of as the revenue (or energy tariff) required for each unit of

2 This work has been sponsored by the International Energy Agency (IEA)
Wind Implementing Agreement (part of the Technology Collaboration
Programme) for Co-operation in the Research, Development, and Deployment
of Wind Energy Systems (IEA Wind), and funded by the respective entities in
the participating countries of Task 26, The Cost of Wind Energy, including
Denmark, Germany, Ireland, Norway, Sweden, the European Commission, and
the United States. The IEA Wind implementing agreement functions within a
framework created by IEA. Views and findings within this article do not ne-
cessarily represent the views or policies of the IEA Secretariat or of its in-
dividual member countries.
3 Work by the Task on offshore wind technology can be found on the Task 26

website (https://community.ieawind.org/task26/home) results section.
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energy produced to give a net present value (NPV) of zero over a pro-
ject’s lifespan.4

LCOEs normally represent the average or typical cost of new gen-
erating investment in a particular market. Individual projects are higher
and lower than this average. It is used widely in the electricity gen-
eration sector to track progress in reducing the cost of individual
technologies and to assess the sensitivity of production costs to various
input parameters (e.g. [21,27]); a review of available unit energy cost
metrics by Aldersey-Williams and Rubert [28] concludes that LCOE is
the industry-preferred choice. It also serves as an input to comparisons
of the economic competitiveness of different forms of electricity gen-
eration such as fossil fuelled power stations (coal, gas and oil), nuclear
power and more recently renewables such as wind and solar. At the
same time, it is important to recognize that LCOE is imperfect as a
measure of economic competitiveness, and so is not used as the sole
decision-variable when comparing alternative sources of electricity
supply. This is because generation sources are not homogenous, but
instead have varying technical and economic characteristics and so
deliver different grid services [29,30]. Moreover, the external costs of
different power generation technologies are not captured by LCOE, thus
distorting the benefits of some technologies, notably those with high
emissions such as coal-fired plant. The LCOE of a resource must be
paired with an assessment of its ‘value’ to the electricity system to as-
sess its economic competitiveness [31,32] – we present a simple com-
parison of this type for land-based wind in Section 5.4 of this paper.

The simplest estimate of LCOE considers all real cash outflows
without accounting for the cash effects of tax, interest or depreciation.
Here, the discounted costs incurred over the lifespan of the project
(right hand side of Eq. (1)) are balanced by notional discounted bene-
fits; the latter are represented by the product of the discounted energy
output over the same period and the LCOE (right hand side). This
equality is based on the fact that LCOE represents the unit value of
energy which gives a net present value of zero; that is where the sum of
discounted costs equal the discounted benefits.

× × + = + + +
= =

LCOE E r C OM D r(1 ) ( )(1 )
n

N

n n
n

n

N

n n n n
n

0 0 (1)

where: LCOE is the levelized cost of energy (€/MWh); En is the
energy produced in year n (MWh); rn is the real discount rate in year
n N; is the economic life of the project (years); Cn is project capital
expenditure in year n (€); OMn is project operation and maintenance
expenditure in year n (€); Dn is project decommissioning cost in year n
(€).

The weighted average cost of capital (WACC) is the average rate a
company pays to finance its assets. It represents the opportunity cost of
the project to the company. In our analysis we use standard practice
and let WACC equal the discount rate (rn). For a simple company fi-
nanced by debt and equity only, and where interest payments are tax-
deductible (which is the case for participating countries), WACC is
given by:

=
+

× +
+

×WACC Dt
Dt Eq

i T Eq
Dt Eq

e(1 )
(2)

where Dt is the amount of project debt funding; Eq is the amount of
equity funding; i is the interest rate on debt; e is the return on equity;
and T is the corporate tax rate.

WACC may be either real or nominal, depending on whether real or
nominal costs of debt and equity are used. For ease of calculation, we
employ real (i.e. unaffected by inflation) cash flows in all cases. For this
reason, a real WACC is used for discounting in all cases unless otherwise
specified. While WACC may not be constant over the lifespan of a
project in-as-much as refinancing occurs after construction, we are

estimating the present value of costs using a lifetime average WACC
figure.

We make a number of assumptions. First, we assume the capital
cost, C0, which represents the total investment necessary to achieve
commercial wind project operation, including any interest payments
during the construction period, is incurred immediately preceding full
project operation (i.e. in ‘year zero’); this is conventional practice. We
assume that the energy output (En), operating and maintenance costs
(OMn) and WACC (rn) are the same for each year n, or have been pre-
viously levelized over the economic life of the project (N). It is also
assumed that there is no degradation in asset performance over its
lifespan. We take the view that the end-of-life scrap value of the asset
balances decommissioning costs (Dn); any error in this assumption is
small given the relatively small contribution of decommissioning costs
to life cycle costs and because it is incurred at the end of the project and
is thus heavily discounted. Taking these assumptions and solving for
LCOE, Eq. 1 becomes:

=
+ × +

× +

=

=
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In order to avoid the need for multi-annual cash flow calculations,
we levelise the one-off, up-front capital expenditure over the project
lifespan, while taking account of the time value of money. To do this,
we use the Capital Recovery Factor (CRF) ratio which, when multiplied
by the capital cost (C0) gives a constant annual cash flow, discounted to
the base year; it equals the capital cost when summed over the project
lifespan and is given by:

=
+

=

CRF
r

1

(1 )
n

N
n

1 (4)

Substituting CRF into Eq. (3) we get:

= × +LCOE CRF C OM
E

0
(5)

However, this expression does not allow for the cash effects of de-
preciation. Depreciation involves writing off an annual tax-deductible
proportion of the capital investment (C0) over a specified period. Again,
to simplify calculations, these proportions can be discounted and
summed to give the present value of all future depreciation effects:

=
+=

PVD
Dp

r(1 )m

M
m

nom
m

1 (6)

where: PVD is the sum of the present values of all annual depre-
ciation rates; M is the depreciation period (years); Dpm is the fraction of
capital depreciated in each year m r; nom is the nominal WACC.

We assume that projects face the prevailing tax rates and follow the
tax depreciation rules for each country. We do not, however, include
any explicit tax credits for wind in the LCOE calculation. By deducting
depreciation allowances at the corporate tax rate (T) from all costs and
(energy-related) revenues, and by also including PVD (Eq. 6), Eq. (5)
becomes:

=
× +×

LCOE
CRF C OM

E
( )T PVD

T
1

1 0

(7)

This is the expression for LCOE which is used for all calculations in
this paper.

3. Data sources

Given the size of the wind energy markets in the participating
countries and the resources available to the Task members, it was

4 By definition we use the real WACC as a proxy for the time value of money,
which may or may not be accurate but is nonetheless standard practice.
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generally not possible to gather primary survey data. Participants
therefore relied on a variety of secondary sources, both public and
private. Due to differences in the legal, regulatory and national data
gathering environments in the participating countries, the quality and
quantity of these sources varied. Data acquisition methods for LCOE
estimation therefore varied from country to country depending on the
availability and format of these data sources. The Task members,
however, strove to make data as compatible as possible.

The equations in Section 2 above identify the main variables and,
therefore, data required to calculate LCOE. These include:

• capital expenditure (C0, in €) invested in the wind project;
• economic lifespan (N, in years) of a typical wind project;
• operational expenditure (OM in €/annum): the annual operating and
maintenance expenditure (maintenance, management, land rental,
insurances, etc.) used in each year of the project (assumed to be
fixed or levelized over the project lifespan);
• annual wind project energy output (E, in MWh/annum);
• financial parameters such as corporate income tax and depreciation
rates (T and Dp respectively);
• nominal and real WACCs based on the nominal costs of debt and
equity, and representative debt:equity ratios in each country; these
are converted to real values using expected forward-looking infla-
tion rates (2% for all countries); and
• World Bank GDP and currency exchange rate values were used to
convert nominal prices in different years to real prices in the base
study year (2017), with the exception of the EU which used Eurostat
deflators.

Table 1 summarizes the sources of data for the most important
variables for each of the participating countries: capital expenditure
(CapEx); operational expenditure (OpEx); annual wind project energy
output (Energy Output); and weighted cost of capital (WACC). A
number of data sources and assumptions which are common to all
countries are not included in the table. For example, the economic
lifespan was assumed to be 20 years for all countries. While there is
growing evidence that wind project lifespans exceed this duration, it
remains a common assumption among the policy and research com-
munity, as well as within the wind industry. Taxation and capital de-
preciation rules were obtained from the relevant national tax autho-
rities in all cases.

Most capital expenditure data for the study were obtained from
project-level national government sources. In Denmark, for example,
developers must provide capital cost information at the project plan-
ning stage to the government in accordance with the Koberetsordning
(‘Share Purchase Right’) regulation. Norwegian wind farm licenses re-
quire all wind farm owners to report capital cost information to NVE
after commissioning. In Ireland statutory financial statements (for all
companies) were used to obtain wind project investments for approxi-
mately 80% of all wind projects. Sweden also gathered investment data
from annual financial reports for a representative sample of wind pro-
jects. In the US capital cost data are available from government agen-
cies such as the Energy Information Administration (EIA) and the
Federal Energy Regulatory Commission (FERC); these were supple-
mented by information from industry sources, with data ultimately
collected for roughly 90% of all wind projects. Germany, however,
relied on industry surveys for their capital cost data.

In all countries official primary sources of operational cost data
were either very limited or absent. Denmark was the exception, with
OpEx data collected by government agencies under the same
Koberetsordning regulation as for investment costs above; however
these data only cover the 2013–16 period. Both Ireland and Sweden
estimated OpEx costs from official, filed financial accounts data for
wind project companies. However, due to data quality issues these
sources often required that OpEx data be separated from other data
using expert judgement and so this may have resulted in some

inaccuracies. Ireland obtained operating costs from profit and loss (P&
L) accounts contained in statutory financial statements (as for CapEx
above); however, these only accounted for approximately 10% of
companies although results were cross-checked with industry contacts.
Most countries therefore relied primarily on data gathered directly from
industry contacts and sample sizes were typically small. Germany, for
example, relied on direct industry surveys for operational cost data.
Norway used a small sample of official data supplemented with the
findings of a wind industry association (NORWEA) survey. The EU used
secondary data sources which were then validated with industry ex-
perts. In the US only small amounts operational cost data are available
from government agencies [33], so those data were again supplemented
with industry interviews. Given the foregoing, it is important to stress
that there is considerable uncertainty attached to OpEx data for most
countries. This is not ideal given that OpEx can account for 20–25% of
life cycle costs [21]. In all cases, the OpEx data obtained were re-
presentative of average annual costs levelised over the project lifespan.

High quality energy output data were available from official sources
in all countries. Typically, transmissions system operators (TSOs),
market operators, government departments or energy regulators gather
metered data at the individual wind project level for market partici-
pation purposes. For example, German data were obtained from the
country’s TSOs (Tennet, Amprion, 50Hertz and Transnet BW) and the
Federal Network Agency (Bundesnetzagentur). In Ireland half-hourly
energy data are available from the Single Electricity Market Operator
for all wind projects; these were summed to provide annual figures.
Swedish figures were predominantly metered data from the Swedish
Energy Agency. In Denmark, the Danish Energy Agency (DEA) provides
data on annual energy output at a turbine level in the Core data reg-
istry. In the US over 90% of energy outputs were available at an in-
dividual wind project level from the EIA and FERC. The energy output
data were normalized to average wind years in each country to better
compare resulting LCOEs. Given limitations in data availability, we do
not fully consider the possibility of performance degradation as projects
age; however, given the limited temporal span of our analysis and re-
cent research on performance degradation [6,42], we do not believe
this creates substantial error.

Data on project financing (costs of debt and equity) and capital
structure were difficult to obtain due to their commercial sensitivity
and there is therefore significant uncertainty regarding the figures ob-
tained. In almost all instances these data were obtained through in-
terviews with developers and/or financial institutions, or through sec-
ondary sources of industry data. In general, large companies with an
excellent knowledge of key wind industry sub-sectors were targetted for
these secondary data sources. These included, for example: energy in-
vestment and generation companies with large wind portfolios; finan-
cing institutions specialising in energy and wind; and the operation and
maintenance divisions of large turbine manufacturers. In Denmark, a
series of interviews with banks and land-based wind developers was
conducted; Germany and Sweden also used this method. The US relied
primarily on secondary sources of industry data. A similar approach
was adopted in Norway where typical debt and equity data were ac-
quired from several financial institutions, but this information was
supplemented by data from NORWEA. Ireland used a different ap-
proach whereby statutory audited accounts including profit and loss (P
&L) data were used to identify the cost of debt and gearing for a small
sample of wind project companies; these were verified with financial
institutions. The cost of equity was estimated using the capital asset
pricing model (CAPM).

In addition to gathering the data required to estimate LCOEs, data
which might help explain the underlying reasons for changes in LCOE
over time and differences between regions were also obtained. These
included:

• wind project size, describing the total installed nameplate capacity in
MW for each project included in the study;
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• turbine nameplate rating capacities for each project describing the
maximum power output in MW;
• rotor diameters in metres for the turbines used in each project;
• hub heights in meters;
• average wind resource available at the wind project site (m/s) at a
representative hub height based on national wind mapping tools;
• specific power, which is the ratio of capacity to swept area (W/m2)
(lower specific power typically improves turbine capacity factors for
a site); and
• IEC class describing the suitability of the turbine for different site
wind resources (IEC class I, II and III are designed for use with high,
medium and low site wind resources respectively).

These data were obtained from a variety of sources in the partici-
pating countries. For example, in Ireland turbine data were largely
obtained from independent wind market reports, the Irish Wind Energy
Association and statutory planning applications. In Denmark, all wind
project turbine characteristics are publicly available in the Core Data
Registry (Stamdataregister), maintained by the Danish Energy Agency.
In Sweden the main souces of project data were the electricity certifi-
cate system registry, (hosted by the Swedish Energy Agency) and a
wind project database (‘Vindbrukskollen’ administered by County
Administrative Board of Västra Götaland). In the United States, tech-
nical data on wind projects and turbines are collected by the American
Wind Energy Association, EIA, Lawrence Berkeley National Laboratory,
and others, and are summarized in [33]. In Germany turbine char-
acteristics are available from the Federal Network Agency.

Wind speed data were obtained from two main sources: national
spatial wind resource datasets; or site-specific measurements. Ireland,
Germany, Sweden and the US use the former source whereby wind farm
grid coordinates are used to access interpolated data based on long-
term synoptic meteorological data. In Germany, wind atlas data were
interpreted and adjusted using expert knowledge and IEC class in-
formation. Denmark and Norway use wind speeds measured on the
wind project sites.

In all countries, sample sizes (see Table 2) equal to or approaching
the population were obtained for turbine capacity, rotor diameter, hub
height, wind speeds and capacity factors. Sample sizes were slightly
lower for CapEx and much more limited for OpEx and WACC, which
relied heavily on industry sources. For the EU, large samples of data
were only available for turbine capacity and diameter.

For the whole of the EU those specifications were only available for
nameplate capacity and rotor diameter, around half the hub heights and
marginally less for other elements. The table illustrates that the greatest

data uncertainties relate to OpEx and WACC inputs.

4. Methodology

A summary flowchart of the methodology used is presented in
Fig. 1. National participants gathered the most compatible available
data at the level of the wind project for the variables described in
Section 3 above for the period 2008 to 2016. This period was chosen for
the study since little data were available before this for many of the
countries involved; and delays in national data collation meant that
post-2016 data were largely unavailable at the time of writing. Power
output data were collected for the most recent study year only (2016)
and these were corrected to reflect long-term average outputs (this is
discussed in more detail later in this section). All cost data were con-
verted to Euro in the year they were incurred and then inflated to a
common 2016 base year.5 Once the data were collected and normal-
ized, mean annual values were calculated for each country. CapEx and
OpEx were weighted by installed capacity. Capacity factors were gen-
eration-weighted in a similar way. The resulting parameters thus

Table 2
Summary of national wind project sample sizes for key technology, performance and financing variables expressed as a percentage of installed capacity.

Country Period Turb. Cap. Diam. Hub Ht. Wind Speed Cap. Fact. CapEx OpEx WACC

DE 2008–10 97% 97% 97% 100%† 96% n.a.∗ n.a.∗ I
2014–16 100% 100% 100% 100%† 99% n.a.∗ n.a.∗ I

DK 2008–10 94% 94% 94% 93% 86% n.a.‡ 0% I
2014–16 97% 97% 97% 91% 95% 90% 90% I

IE 2008–10 100% 100% 100% 100%† 86% 85% 10 10%
2014–16 100% 100% 100% 100%† 100% 78% 10 10%

NO 2008–10 100% 100% 100% 100% 100% 100% I I
2014–16 100% 100% 100% 100% 100% 100% I I

SE 2008–10 99% 94% 94% 96%† 98% 32% 10% I
2014–16 101% 91% 91% 91%† 104% 73% 20% I

US 2008–10 100% 100% 100% 100%† 92% 90% I I
2014–16 100% 100% 100% 99%† 99% 96% I I

EU 2008–10 93% 93% 46% I I I I I
2014–16 100% 100% 8% I I I I I

Notes: ’I’ denotes where industry- rather than project-level data were gathered; †based on national wind resource datasets rather than site measurements; ∗based on a
variety of surveys, for further details see <https://community.ieawind.org/task26/dataviewer>;‡exact coverage unavailable.

Fig. 1. Flow diagram overview of the methodological approach used.

5 US$ results can be found on the IEA Task 26 website
<community.ieawind.org/task26>.
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represent mean or ‘typical’ project characteristics for each study year.
In reality, parameter values vary significantly from project to project in
each country and result in a wide range of LCOEs. However, we esti-
mate ‘typical’ LCOEs which can be used for comparative analysis, both
between countries and over time. We do this by estimating LCOE from
averages of the input parameters, rather than estimating LCOE for each
project, and then averaging those estimates; we use the former ap-
proach over the latter approach due to data availability issues in several
participating countries that preclude conducting the analysis for each
wind project.

Eq. 7 was used to estimate annual LCOEs for each country using the
resulting mean vales. This assumes that input parameters (e.g. energy
production, WACC, OpEx) for each of the study years (2008–16) re-
mained constant over the 20-year LCOE assessment period. Two dif-
ferent LCOEs were calculated for each participating country for each of
the sample years. These are:

• LCOEnat which uses the country-specific tax and depreciation rules
which apply in each year (see Table 3); and
• LCOEstd which applies ‘standard’ (or internationally representative)
tax, depreciation and WACC rates to all countries (these are taken as
the average values of participating countries, excluding the EU to
prevent double counting).

LCOEnat results give the truest estimation of the levelized costs of
energy in a country since it considers all the country-specific inputs
including technology performance (e.g. capacity factors), costs (e.g.
CapEx, OpEx and taxation) and financial structure (e.g. the typical costs
of debt and equity, gearing and depreciation rules). LCOEstd standar-
dises the effects of financial structure, tax and depreciation across all
countries so that the effects of national differences in technology per-
formance and industry costs can be compared. The two measures help
to establish whether wind energy is cheaper in some countries due to
lower financing costs and more competitive financial rules or because
of better wind site quality, more appropriate turbine characteristics or
lower industry costs. In order to calculate LCOEstd, all-country average
values of tax, depreciation (straight line) and WACC were used for the
2008–10 and 2014–16 periods as shown in Table 4.

2016 electricity production data were used when estimating the
LCOE for each year in each country to give the most up-to-date com-
parative cost of wind energy production in each case. Here, wind pro-
ject production data for the 2016 calendar year are used for all projects
installed between 2008 and 2016. However, because the wind resource
for 2016 might not be representative of the long-term average for a
country or region, the corresponding wind energy output data obtained
for each project may either be an over- or under-estimate, thus resulting
in unrepresentative LCOEs. The representativeness of 2016 data was
therefore assessed and corrected for each country. Regional wind en-
ergy indices were estimated as the ratio of the 2016 average wind re-
source to an average calculated over a representative number of years
(typically based on synoptic wind data). This period varied between
countries: 1993–2012 was used in Denmark; 2007–2016 in Sweden;

and in Ireland a 30-year average was used. The resulting ratios were
used to scale energy output data for each wind project.

In order to simplify presentation and help identify trends, results are
averaged over two three-year intervals, one each at the beginning
(2008–10 inclusive) and end (2014–16) of the study period. Three-year
periods are used in order to remove the effects of unusually high or low
values which are present in single year statistics for some countries. The
full set of annual time-series data are available for viewing and
download for all countries on the Task 26 website.6 The main analysis
then proceeded as described below.

– The main technological, financing and cost trends for each country,
and differences between countries were identified by comparing
average values for the two three-year periods 2008–10 and
2014–16.

– LCOEnat and LCOEstd were estimated for each country for the two
periods (2008–10 and 2014–16) using the corrected wind energy
outputs from Eq. (7) and the data from Table 3 and Table 4 re-
spectively.

– The contributions of changes in performance, cost and financing to
changes in national LCOEs were analysed. This involved comparing
average LCOEnat in the periods 2008–10 and 2014–16. The LCOE for
2008–10 was calculated in the usual way for each country according
to Eq. (7) using average 2008–10 cost and financing parameters and
the wind index-corrected energy output for 2016. The value of each
of the 2008–10 variables was then substituted in turn with that for
2014–16 and its corresponding effect on the 2008–10 LCOE esti-
mated. The effect of each single variable change was then scaled to
the total difference between the 2008–10 and 2010–16 LCOEs to
estimate the contribution of each to the change over the study
period.

– The extent to which life cycle wind energy production costs (as
measured by LCOE) are approaching the wholesale market value of
electricity was then assessed in each country. Wind production-
weighted wholesale prices (also referred to as the ‘market value of
wind power’) were calculated for each trading period and averaged
for each year (see Eq. (8)). These were then compared to national
average LCOEs for each year of the study period.

Table 3
Corporate income tax rates and, in parenthesis, depreciation periods for each of the participating countries.

Country 2008 2009 2010 2011 2012 2013 2014 2015 2016

DE 29.5 (16–25∗) 29.4 (16–25∗) 29.4 (16–25∗) 29.4 (16) 29.5 (16) 29.6 (16) 29.6 (16) 29.7 (16) 29.7 (16)
DK 25.0 (5) 25.0 (5) 25.0 (5) 25.0 (5) 25.0 (5) 25.0 (8) 24.0 (8) 23.0 (8) 22.0 (8)
IE 12.5 (20) 12.5 (20) 12.5 (20) 12.5 (20) 12.5 (20) 12.5 (20) 12.5 (20) 12.5 (20) 12.5 (20)
NO 28.0 (20) 28.0 (20) 28.0 (20) 28.0 (20) 28.0 (20) 28.0 (20) 28.0 (20) 27.0 (20) 25.0 (5)
SE 26.0 (20) 26.0 (20) 26.0 (20) 26.0 (20) 26.0 (20) 22.0 (20) 22.0 (20) 22.0 (20) 22.0 (20)
US 40.0 (5†) 40.0 (5†) 40.0 (5†) 40.0 (5†) 40.0 (5†) 40.0 (5†) 40.0 (5†) 40.0 (5†) 40.0 (5†)
EU‡ 20.0 (20) 20.0 (20) 20.0 (20) 20.0 (20) 20.0 (20) 20.0 (20) 20.0 (20) 20.0 (20) 20.0 (20)

Notes: ∗different durations applied to project components: turbines (16 yrs), cabling and grid connection (20–25 yrs) and infrastructure (19 yrs); †using the Modified
Accelerated Cost-Recovery System (MACRS). Sources: relevant national tax offices, ‡except EU which are indicative values.

Table 4
Corporate tax rate, depreciation period and WACC values used to calculate
LCOEstd based on average values for all participating countries.

Parameter 2008–10 2014–16

Tax Rate (%) 26.8 25.6
Depreciation Period (yrs) 15.1 14.8
WACC (nominal) (%) 6.6 5.4
WACC (real) (%) 4.5 3.3

6<https://community.ieawind.org/task26/dataviewer>
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where: MV is the market value of wind; t1 and t2 are the start and end
times of the sampling period; Pt is the wholesale electricity price for
time period t; and Et is the quantity of wind energy delivered to the
market in time period t.

5. Results and Discussion

Results of the technology, cost, performance and financing trend
analysis are first presented. Changes in both measures of LCOE - na-
tional and standard - are then discussed for each country. The compo-
nents of national LCOE changes between the two time periods are then
described. Finally, LCOEnat results are presented alongside wholesale
electricity prices. Results are presented over the two averaging periods:
2008–10 and 2014–16.

5.1. Technology, cost, performance and financing trends

Fig. 2(a)-(d) summarise key technology trends over the study period
and show the average hub heights, turbine nameplate capacity, rotor
diameter and specific power for each country for the periods 2008–10
and 2014–16.

It can be seen that there is a trend towards larger and taller turbines.
Hub heights increased from approximately 65–95m to 80–120m over
the periods, with an average increase in the region of 20%. In general
this has been simply driven by the availability of taller machines cap-
able of accessing higher wind resources. The highest turbines were

observed in Germany where a lack of easily-accessible high wind-re-
source sites has resulted in the development of complex, forested ter-
rain with lower wind speeds and higher turbulence; these require tur-
bines with taller towers to maximise economic returns. Growth was
lowest in Denmark and the US at approximately 9% and 5% respec-
tively. In Denmark, tip height restrictions have limited height increases.
In the US the focus over this period was on increasing rotor size and
thereby reducing specific power; some additional regulatory complexity
also hindered the move towards higher hub heights.

Turbine nameplate capacities have also increased in all countries. In
the 2008–10 period turbines were typically in the 1.5–2.5MW range in
all countries; by 2014–16 average values were roughly 2.5–3.0MW in
all countries excepting the US, where growth was more muted. Average
rotor diameter also grew in all countries, from 70–90m in the 2008–10
period to over 100m in 2014–16 (with the exception of Ireland, where
diameters grew to approximately 95m). The resultant growth in rotor
swept area was relatively greater than that for nameplate capacity and,
therefore, resulted in a decline in specific power in all countries, as can
be seen in Fig. 2(d). All else equal, a lower specific power will boost
capacity factors, because there is more swept rotor area available (re-
sulting in greater energy capture) for each watt of rated turbine capa-
city. This means that the generator is likely to run closer to or at its
rated capacity more often. In general, turbines with low specific power
were originally designed for lower wind speed sites; they were intended
to maximize energy capture in areas where the wind resource is modest,
and where large rotor machines would not be placed under excessive
physical stress due to high or turbulent winds. However, as wind
technology has developed these machines are now being deployed on
sites with stronger and more turblent winds. In the 2008–10 period,

Fig. 2. Technology trends in participating countries (capacity-weighted averages) shown for the periods 2008–2010 and 2014–16: (a) hub height; (b) turbine
nameplate capacity; (c) rotor diameter (d) turbine specific power. (Notes: 2009, 2010 NO data unavailable for (a)-(c); 2016 EU data unavailable for (a)).
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average specific power typically ranged from 350 to 450W/m2, al-
though Norway was in excess of 500W/m2. The averages for the
2014–16 period decreased to 250–400W/m2, with the lowest values
observed in the US and the highest in Ireland and Norway. Average
wind speeds in Norway and Ireland are higher than other countries (see
below), which suggests higher specific power turbines may be more
appropriate in these countries.

Fig. 3(a) and (b) summarise the average wind speeds and capacity
factors for the periods 2008–10 and 2014–16. While countries provided
wind speeds at between 75 and 110m, these were adjusted to 100m
above ground level using the power law to allow better comparison. It
can be seen that Ireland and Norway have the highest average wind
speeds and there has been very little change over the two periods for all
countries. Average speeds on newer sites in Denmark, Ireland, Norway
and Sweden were marginally (2–4%) lower than for the 2008–10
period, with those in the US increasing by approximately 4%. The
reasons for these changes are complex and include both climatological
and country-specific aspects. For example, between 2010 and 2017 it is
estimated that global wind energy has increased by 17% [43]. The
development of the transmission network is one reason for the im-
provement in the available wind resource quality in the US.

Capacity factors increased for all countries, albeit only marginally
for Ireland. In general, capacity factors increased from the 22–36% to
27–42% ranges between the periods. Average capacity factors in
Germany, Norway and the US increased by 21%, 31% and 23% re-
spectively, with Sweden registering a 15% increase. Because there is a
slight decline in the quality of the wind resource in which projects are
being located in all countries (expect the US), these increases appear to
be explained by higher hub heights and lower specific powers. Given
the fact that the US registered among the highest increases in capacity
factor but only a small increase in hub height, changes in specific power
may in large measure explain the improvements in capacity factors,
although increases in wind speeds also contributed to a smaller extent.
The observed higher capacity factors are important since they reduce
LCOEs. Higher capacity factors can (when achieved through turbine
designs that shift generation from higher to lower wind speed periods)
also result in lower balancing costs and an increased wholesale market
value for wind, as highlighted in Hirth and Muller [25] and Dalla Riva
et al. [26].

Fig. 4(a)–(c) present the average trends in capital costs, project fi-
nancing, and operational expenditure in the participating countries.
Capital costs have fallen by a combined all-country average of 10%
between the periods. Almost all countries recorded falls from a range of
approximately 1,100–2,100€/MW to 1,200–1,600€/MW. Very small
decreases were observed for Germany and Ireland (1–3%) with larger
falls for Denmark and Sweden (16–21%). Average US capital costs were

high in the 2008–10 period but have fallen most significantly (27%)
and are now in line with other countries. Norway registered a 23%
increase but costs here remain below the all-country average none-
theless. This increase may be more reflective of low 2008–10 prices
resulting from strategic bidding or more accessible sites than of high
prices in the latter period. In general, however, cost decreases can be
explained by technology learning, economies of scale (e.g. larger ma-
chines and wind projects) and changes in market conditions. The rea-
sons for cost stagnation in Ireland and Germany are unclear. In Ger-
many increases in hub heights required to access suitable wind speeds
has been a factor limiting CapEx reductions, although these have con-
tributed to reductions in LCOE (see next section). In Ireland, stagnant
costs might be due to a significant loss of construction sector capacity
following a deep recession in 2008–10 and subsequent strong economic
growth resulting in high construction inflation; this may have offset any
falls in turbine prices over the period. It is not possible to determine the
extent to which individual CapEx components (e.g. turbines, site works,
grid connections) contribute to these cost reductions due to data con-
straints. The effects of CapEx component changes on LCOE could not be
investigated for the same reason (see inter alia Stehly et al. [44] and
IRENA [21] for a more detailed analysis of recent changes in wind
porject capital costs). Other studies have found that period-averaged
global wind turbine costs have fallen by 26% (in real US$ prices) be-
tween 2008–10 and 2014–16 [45]. We find a 10% average decrease in
the all-country wind project costs, suggesting that non-turbine costs
have increased. If true, this may be due to higher land costs, greater site
access difficulties, more substantial civil costs for larger units or addi-
tional grid-connection and reinforcement requirements as the easiest-
to-develop sites are used.

Operational cost ranges (see Fig. 4(c)) were approximately 45–60
and 40–50€/kW-yr over the 2008–10 and 2014–16 periods respectively
for all countries. EU figures, however, are much lower but focus on
direct turbine maintenance contracts and ignore other operation and
maintenance charges such as land lease payments, insurance costs and
owner costs; therefore, they may not be directly comparable to other
OpEx statistics reported here. As mentioned above, OpEx data are
limited for most countries so any observed trends should be treated
with caution. Results indicate a moderate decrease (8–18%) over the
period for all countries with the exception of Sweden which recorded
the greatest reduction of 29%.

The period-average real, after-tax WACCs have fallen for all coun-
tries from the 2.9–5.6% range to 1.2–4.6%. Germany, Denmark,
Norway and Sweden all recorded falls of 40–60% between the two
averaging periods, with falls of approximately 15% in Ireland and the
US. Decreases in the risk-free cost of debt over the period has had a
significant impact on lower WACCs in all countries. For example, the

Fig. 3. Site trends in participating countries (weighted averages) (a) wind speeds adjusted to 100m elevation; (b) capacity factors. (Notes: no DE data available for
(a); no EU data available for (a); 2009, 2010 NO data unavailable for (a) and (b).).
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period-averaged LIBOR has fallen from 1.09% (2008–10) to 0.29%
(2014–16). Furthermore, since the mid-2000s wind power has come to
be seen as a more mature technology with a proven track record and
thus new projects attract lower risk premiums, thus reducing the cost of
debt and, consequently, WACC.

5.2. Levelized cost of energy trends

As discussed in Section 4, two LCOEs are estimated using ’standard’
tax and depreciation (LCOEstd) and ’national’ tax and depreciation rates
(LCOEnat). Fig. 5 shows the results for both of these measures for the

participating countries. In the 2008–10 period, values of LCOEnat
ranged from 45–89€/MWh, falling to 34–68€/MWh 2014–16. Denmark
recorded the lowest national generation costs for both periods. The
2014–16 values for Ireland (68€/MWh) and Germany (57€/MWh) are
higher than the other countries which cluster in the 34–49€/MWh
range. It is evident that values decreased in all countries, with average
decreases between the 2008–10 and 2014–16 periods of approximately
25–45% for all countries except Ireland, which recorded a fall of only
10% due to small declines in capital costs and WACC, as well as little
change in capacity factors. In all other countries the combination of
lower financing costs, increased capacity factors and falls in capital and
operational costs resulted in the significant LCOE reductions observed.

Fig. 5 also shows the LCOEstd results which indicate the relative
differences in siting, performance and cost characteristics among
countries, since financing, tax and depreciation differences are elimi-
nated. Overall LCOEstd trends are similar to LCOEnat, with significant
falls observed. Germany and Ireland record the highest 2014–16 values
(both 62€/MWh) due to a combination of relatively higher capital costs
with lower capacity factors. Conversely Denmark, Norway and the US
have the lowest values (37–39€/MWh); these countries have the
highest capacity factors and lowest operating costs as well as relatively
low capital costs. Country-specific financing, taxes and depreciation are
relatively more costly in Ireland, Sweden and the US in the 2014–16
period, thus leading to relatively higher LCOEnat than in other coun-
tries.

Fig. 4. Cost and financing trends in participating countries (weighted averages) (a) unit capital cost (CapEx); (b) after-tax real weighted average cost of capital
(WACC); and (c) unit operational cost (OpEx). (Notes: 2009, 2014 DE data, 2009, 2010 DK and 2009, 2010 NO data unavailable for (a). 2009, 2010 NO data
unavailable for (b); 2009 DE, 2008–10 DK data and 2009, 2010 NO data unavailable for (c)).

Fig. 5. Levelized costs of energy results: 2008–10 and 2014–16 average
LCOEnat and LCOEstd.
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5.3. Components of LCOE change

The factors contributing to the falls in LCOEnat reported above are
illustrated for each country in Fig. 6. Overall, increased capacity factors
(resulting in greater energy outputs) have had the greatest effect on
reducing LCOEs, contributing to reductions in the region of 12–20€/
MWh except in Ireland and Denmark where much smaller contributions
of 1 and 3€/MWh were estimated respectively. The key driver of in-
creased capacity factors appears to be the trend towards lower specific
power machines. This is illustrated by the significant increase in ca-
pacity factors in the US where hub heights remained largely unchanged
but specific power declined. In other countries, the combination of
falling specific power and higher hub heights combined to increase
capacity factors.

Falls in project investment costs (CapEx) have contributed sig-
nificantly to lower LCOEs in Sweden, the US and the EU, with falls
between 12 and 13€/MWh attributable to this factor; this is consistent
with the significant CapEx reductions recorded in these countries (see
Section 5.1). In Denmark, however, CapEx changes resulted in a smaller
LCOE reduction (4.3€/MWh) and this parameter had virtually no im-
pact in either Germany or Ireland. In contrast to other countries, the
higher capital costs increased the Norwegian LCOE by almost 7€/MWh
over the periods. Falling costs of finance, as measured by WACC, have
resulted in LCOEnat reductions in all countries. This has had varying
impacts, with reductions of as much as 8–9€/MWh in Germany,
Norway and Sweden, but smaller decreases were observed in the US,
Germany, Ireland (2.4–4.5€/MWh) and the EU (1.4€/MWh).

Operational costs resulted in a 7€/MWh fall in Sweden’s LCOE, but
had smaller effects elsewhere. Changes in corporate tax and deprecia-
tion rules had minor effects on LCOEs in Norway and Sweden resulting
in reductions of 2 and 1€/MWh respectively, but had no observable
effects in other countries.

5.4. LCOE and market value of wind energy

In this section we compare LCOE estimates to the market value of
wind. This value can be thought of as the amount of revenue wind
plants in each country would have earned if they had sold their power
to the local wholesale power market and received no other policy or
financial incentives. It should be noted that LCOEs are estimated over a
20-year project lifespan, whereas the market values of wind energy are
for individual years. As such, comparisons should be handled with care.

An important policy consideration is whether the LCOE of wind has
fallen to the price it can earn in wholesale electricity markets; LCOEs at
or below this value would not need the types of direct supports which
have traditionally been used to promote the technology. Fig. 7 (a)
shows LCOEnat for 2008–10 and 2014–16 as well as the market value of

wind energy for both periods. It is evident that the falls in the cost of
wind energy have been accompanied by falls in the market value of the
electricity produced by wind projects. Whereas the overall average
value of wind energy has fallen by 43% between the periods, LCOE has
fallen by a lesser proportion (33%), thus indicating the ’grid parity’ gap
has widened. A number of factors explain the reduction in wholesale
electricity prices in the countries analysed, including: the significant
decrease in the prices of fossil fuels over the period which has resulted
in lower generation costs; and the increase in variable renewable en-
ergy production, which has a near-zero marginal cost and shifts the
generation merit order so that wholesale electricity spot prices fall,
especially at times when wind production is high [46].

The market value of wind energy has decreased by approximately
50% for DK, NO and SE. Falls of 34% and 19% were recorded for the US
and IE respectively. Data are unavailable for DE and the EU.

It is noteworthy that market values greater than LCOE were ob-
served in Denmark in the 2008–10 period but that by 2014–16 this
situation had reversed. This highlights the ongoing importance of un-
derstanding and forecasting the relative ’grid parity’ gap between wind
energy costs and wholesale electricity prices and how policy responses
must consider the dynamic nature of this relationship. For example, the
sudden removal of policy supports when electricity prices are relatively
high may quickly result in the loss of investment incentives when they
fall. While it is difficult for policymakers to forecast the market value of
wind, there are expectations for a medium term increase of wholesale
price in Europe possibly leading to grid parity in the medium term in
many counties [26].

Fig. 7(b) shows the ratio of the market value of wind to LCOEnat in
both the 2008–10 and 2014–16 periods and indicates whether the ‘grid
parity’ gap is increasing or decreasing in each country. It can be seen
that ratios have fallen for all countries excepting the US, with the
greatest falls observed in DK and NO (although no comparative DE or
EU data were available). The 2008–10 ratio in DK was greater than 1
(1.08), but this fell to 0.71 in 2014–16 indicating that market value of
wind fell more rapidly than LCOE. The US is unique in that the fall in
LCOE has been proportionately greater than the fall in the value of wind
energy, resulting in an increase in the ratio from 0.42 to 0.52. Small
decreases were recorded in both IE and SE. By 2014–16 ratios for DE,
SE and the US were in the range 0.46–0.54, while for DK, IE and NO
they lay between 0.68 and 0.71.

6. Conclusions

This paper presents the findings of recent work undertaken by the
International Energy Agency’s Task 26 Cost of Wind Energy in relation
to technological and cost trends in land-based wind energy in six par-
ticipating countries and the EU. Results indicate that there is a general
trend towards larger, taller machines with lower specific powers re-
sulting in higher capacity factors. Between the 2008–10 and 2014–16
periods, average hub heights, rotor diameters and nameplate capacities
for all countries have grown by approximately 20% to 94m, 30% to
104m and 35% to 2.7MW respectively. The relatively greater increase
in swept area than nameplate capacity resulted in a 10% decrease in
specific power to 335W/m2 and a consequent 14% increase in capacity
factor to 34%.

Despite an increase in global wind speeds over the period, almost all
countries recorded a small reduction in average wind speeds for new
sites (2–4%), suggesting that high-quality wind resource sites are still
available for development; the United States saw a 4% increase. The use
of lower specific power machines has meant that new project capacity
factors have continued to increase despite these small decreases in site
wind speeds.

Wind project capital costs have fallen for all countries by an average
of 10% to 1,422€/MW between the two averaging periods. Given the
reported 26% fall in international wind turbine (as opposed to project)
costs [45], it appears that non-turbine development costs have

Fig. 6. Contribution of input variables to changes in average national LCOEs for
2008–10 and 2014–16.

A. Duffy, et al. Applied Energy 277 (2020) 114777

11



increased in many countries. Reductions in the international cost of
debt and the maturing of wind energy technology has meant that pro-
ject finance costs fell significantly in many countries: approximately
halving in Denmark, Germany and Norway; and falling by 10–15% in
other countries.

These increases in capacity factors, falling capital costs and lower
financing costs, in concert with trends in operating costs, taxation, and
depreciation resulted in an overall fall of 33% in average levelized costs
of energy for new land-based wind projects over the study period,
which by 2014–16 averaged 48€/MWh. However, large variations in
national values were observed: in 2014–16 Denmark recorded the
lowest levelized costs (national) at 34€/MWh due to a combination of a
good average capacity factor, relatively low capital costs and a very low
weighted cost of capital; Ireland recorded the highest value of 68€/
MWh for the opposite reasons. The comparison of ’standard’ and ’na-
tional’ levelized costs shows that higher-than-average costs of national
taxes, depreciation and costs of capital resulted in relatively higher
20014–16 values in Ireland in particular and, to a lesser extent, in
Sweden and the United States. In contrast, lower-than-average finance,
tax and depreciation costs in Denmark and Germany helped to lower
their production costs relative to other countries over the same period.
These effects were largely explained by variations in national weighted
average costs of capital rather than by taxes and depreciation.

An analysis of the components of levelized cost of energy change
found that increases in capacity factors and decreases in weighted
average costs of capital and capital costs had the biggest impact on
lower levelized costs, accounting for 45%, 25% and 17% respectively of
the decrease in the all-country average between the two periods.
Operating cost reductions accounted for almost all of the remainder of
the fall, but this particular result should be treated with caution due to
significant data uncertainty. It is interesting to note that capital ex-
penditure ranks third in order of importance to the observed falls in
levelized costs. Historically, however, wind-related technology learning
literature has tended to focus on capital cost trends, although this only
partly explains changes in the cost of wind energy production.
Therefore, while larger turbines and the associated economies of scale
will play an important future role in reducing wind energy costs, the
impact of technological advances to enhance energy production should
not be underestimated.

While levelized costs of energy have fallen in all countries, the value
of wind energy has fallen proportionately more, meaning grid parity is
possibly further away than previously thought. To what extent this fall
in value is caused by low fossil fuel prices or the very low marginal cost
of wind on the market is not known. It is therefore difficult to predict
whether these prices will increase to close the ’grid parity’ gap for land-
based wind energy. Policymakers must therefore consider both the cost
and value of wind energy, and understand the volatility of this gap

when assessing competitiveness and designing policy measures to in-
centivise investment in wind projects.

Renewable energy technologies such as wind which require evi-
dence-based policy supports need consistent, accurate and readily
available data which can be used for national policymaking and inter-
national benchmarking. A wide variety of national data sources were
used in this study, and while much of this was of high quality and in-
ternationally comparable, some areas were identified which require
improvement. In particular, the quality and representativeness of op-
erating cost data was a concern given its importance to life cycle costs.
Similarly, there was uncertainty regarding the cost of finance (parti-
cularly the cost of equity) and financial structure; weighted average
cost of capital has a significant impact on the levelized cost of energy.
There was very little data on the break down of capital costs which
hindered understanding of the where costs changes were occurring in
the supply chain. Improving data quality requires up-front planning at a
national level. In many respects Denmark is a good model for other
countries. Here there is public access to a wide range of high-quality
wind project data as a result of the Koberetsordning regulation which
links project policy supports to data sharing.

In addition to improving data access and quality, several other ex-
tensions of this work hold merit. First, our analysis has focused on a
narrow subset of countries for which data are collected though an
International Energy Agency collaboration, but this analysis could
usefully be expanded to a broader set of major wind energy markets
globally. Second, our assessment has focused on land-based wind
power, but as offshore wind power expands, it will be valuable to
conduct similar assessments that disentangle cost drivers.

Finally, our analysis has focused on 2008–2016, but future work
would usefully extend the time frame both back and forward in time, in
part to inform future cost projections. The cost of land-based wind is not
expected to remain stagnant; instead, additional technological ad-
vancements and cost reductions are anticipated (e.g., [19,47]). More-
over, given trends in the value of wind energy presented earlier, further
cost reductions may be necessary if wind is to become a primary source
of global electricity supply. While we do not project future costs in this
paper, an assessment of historical costs and the applications of learning
curves is one means of doing so, and the work presented here provides
useful guidance in this regard. In particular, and as discussed pre-
viously, learning curves for wind have, with few exceptions, focused on
extrapolating the capital cost of wind into the future. And yet, as shown
in this paper, there are multiple means of reducing the levelized cost of
wind energy – not only through capital cost improvements, but also
through increased performance, lower operating costs, and improved
financing. Any analysis that considers only capital cost improvements
and that ignores other cost-reduction pathways is therefore likely to
understate the potential for further cost reductions.

Fig. 7. LCOE and electricity prices: (a) LCOEs and the wholesale market value of wind energy 2008–10 and 2014–16 for participating countries; (b) ratios of
wholesale value:LCOE of wind energy for both years. (Notes: market value of wind energy 2008–10 and 2014–16 unavailable for DE and EU respectively).
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