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This paper aims to provide insights in the cost developments of offshore wind energy in Europe. This is
done by analysing 46 operational offshore wind farms commissioned after 2000. An increase of the
Capital Expenditures (CAPEX) is found that is linked to the distance to shore and depth of more recent
wind farms and commodity prices. Analysis results indicate that these two factors are only responsible
for about half of the observed CAPEX increase, suggesting other factors such as turbine market with
limited competition also led to an increasing CAPEX. Using CAPEX, Annual Energy Production, Financings
costs and Operational Expenditures, the development of average Levelized Cost of Electricity (LCoE) is
shown to increase from 120 €/MWh in 2000 towards 190 €/ MWh in 2014, which is a direct result of the
CAPEX increase. The results indicate very different LCoE values among European countries, from cur-
rently about 100 Euro/MWh in Denmark and Sweden to 150-220 Euro/MWh in all other countries in-
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vestigated suggesting an effect of national policy frameworks on the LCoE of offshore wind energy.

© 2015 Elsevier Ltd. All rights reserved.

1. Introduction

With the growing awareness of human induced climate
change, countries are investing in renewable energy sources. As a
result, renewable energy technologies are rapidly developing.
Most of these technologies are relatively young and have not been
in a commercial stage for more than 20 years. One of these tech-
nologies is offshore wind energy, which is currently mainly located
in the North West of Europe. At the end of 2014, 2488 offshore
wind turbines were installed with a combined total of 8.045 GW
installed capacity (EWEA, 2015). At the beginning of 2015, 11
Offshore Wind Farms (OWFs) are under construction with a ca-
pacity of 2.9 GW. Most recent scenarios predict an installed ca-
pacity in 2020 of 23.5 GW in Europe (EWEA, 2014). Beyond 2020,
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offshore wind is expected to continue its rapid expansion, as it will
also be implemented outside Europe. China has a target to install
50 GW of offshore wind by 2030 (GWEC, 2014).

Although the future of offshore wind looks promising the Le-
velized Cost of Energy (LCoE) of offshore wind ranged between 114
and 190 €/ MWh in Germany in 2013, compared to 70 and 85 €/
MWh respectively for coal and gas fired power plants (Fraunhofer
ISE, 2013). In general, all renewable technologies are or have been
more expensive compared to conventional energy producing
technologies because of their lack of maturity and market size.
Due to the high LCoE, offshore wind presently is not profitable
without financial support from governments (IEA, 2014). However,
governments are not expected to continue supporting offshore
wind energy and therefore the industry needs to reduce the LCoE
rapidly (Perveen et al., 2014; European Wind Energy Technology
Platform, 2014).

In 2012, the potential cost reduction of offshore wind energy in
the United Kingdom was studied from an engineering perspective.
A potential LCoE reduction of 39% from 2011 to 2020 was reported
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(The Crown Estate, 2012). A similar study was done a year later in
Germany, reporting a LCoE reduction potential between 32% and
39% in 2023 compared to 2013 (Fichter and Prognos, 2013). In
2011, the Dutch government made an agreement with the Dutch
offshore wind sector that the LCoE needs to be reduced with 40%
by 2020, in order to receive long-term support (Rijksoverheid,
2011). Based on these sources it appears that there is general
consensus within the offshore wind sector that a 40% cost reduc-
tion within 10 years seems realistic. Also scientific literature has
studied future developments in offshore wind energy (Junginger
et al,, 2005; Van der Zwaan et al., 2012). As installed capacity in-
creases, experience and efficiency of the supply chain increase
resulting in lower production costs. This phenomenon is captured
by the experience curve: it has been empirically shown for many
products that for each doubling of the total capacity the produc-
tion costs decrease with a fixed percentage, called the learning
rate (Junginger et al., 2010). In 2005, Junginger et al. reported
progress ratios of 77-85% for offshore wind. This implied that
offshore wind has the potential to become an affordable renew-
able technology, if deployed at large scale.

Despite the optimistic forecasts for the future cost develop-
ments, the Capital Expenditures (CAPEX) have actually increased
since 2000 (NREL, 2010). It increased from 1.5 M€/ MW in 2000 to
4.0 ME/MW in 2010 and it was expected to remain above 4.0 M
€/MW up to 2015. This increase suggests that an experience curve
approach cannot be applied in a straightforward fashion for off-
shore wind farms (MacGillivray et al., 2014; Moller et al., 2012).
Frequent arguments explaining the CAPEX increase are increasing
commodity prices and OWFs being built further offshore in deeper
waters (UKERC, 2010; Rabobank, 2011; IRENA, 2012; Kaiser and
Snyder, 2010). Additionally bottlenecks in the supply of turbines
and specialized installation vessels led to price increases. However,
the influence of these factors so far has not been quantified in
relation to the CAPEX increase. In 2015, IRENA published a cost
analysis of renewable energy costs in which it reconstructed the
LCoE development of offshore wind. The results indicate an in-
crease from around 100 $/MWh in 2000 to 200 $/MWh in 2014,
but also with a large variance in specific years. No additional
analysis was performed in order to be able to explain these de-
velopments. Also, there is no data on how the LCoE differs be-
tween different sites or countries, although this has been studied
for onshore wind energy (Klaassen et al., 2005; EWEA, 2011a).
Another issue when analysing the costs of offshore wind is that
there is a mismatch between the use of CAPEX and LCoE. The
CAPEX development is used to present existing OWFs, while the
LCoE is used to predict future costs. Due to the limited number of
offshore wind farms that have been built, until a few years ago, the
amount of data on CAPEX, LCoE and financial data was not suffi-
cient to perform such research.

The aim of this research is to provide better insight in the re-
cent CAPEX increase and to connect the historical CAPEX and LCoE
developments. This is done by analysing offshore wind farms in
Europe that became fully operational between 2000 and January
2015. The scope of this research is limited to European OWFs after
2000, as OWFs built before 2000 were much more similar to on-
shore technology and cannot be compared with current offshore
technology.

Therefore the research question in this paper is: How did the
capital expenditures and the levelised cost of electricity of offshore
wind farms in Europe develop since 2000? Additional sub questions
are: Can the influence of depth, distance to shore and commodity
prices be excluded from the capital expenditures? Have costs devel-
oped differently among certain countries?

Section 2 present a short background on learning. In Section 3
the research methodology is presented. Results of the analyses of
the influence of location and commodity prices on the CAPEX

development are given and discussed in Section 4, followed by
how important input factors for the LCoE have developed and how
the LCoE developed as a result. Additionally it is analysed if costs
developed differently among countries. Section 5 closes the paper
with a conclusion and policy implications as well as re-
commendations for further research.

2. Background
2.1. Experience curves

It was made clear in the introduction that a (one factor) ex-
perience curve cannot be used to explain the historical develop-
ments of the CAPEX of offshore wind energy. First of all, the
learning curve is about one specific product while each offshore
wind farm is a combination of many custom-made products and
services (and thus as done by Junginger et al. (2005), one would
have to devise experience curves per component). Secondly it does
not account for different costs based on geographical character-
istics, therefore, it does not consider the difference between an
OWF installed 10 km from shore at 10 m depth or 50 km and 40 m
depth. Although the experience curve does not apply to offshore
wind energy, it can still be expected that the costs go down.
Several factors that can lead to cost reductions (Junginger et al.,
2010), are:

® Learning-by-doing,

® [earning-by-using,

® [earning-by-search,

e Standardization of the production,

® Redesigning and upsizing of the product.

These factors have been used to identify technological learning
within offshore wind energy. Another important aspect is that the
experience curve describes production costs, while only prices are
published and there is no information related to the profit margins
available. The dynamics between costs and prices is described for
an emerging product/technology by Boston Consulting Group
(1968) (see Fig. 1). During the development phase it is possible
that the costs are actually higher than the price. As experience is
gained by increasing the cumulative output, costs start to decrease
while the price remains constant and the producer will start to
make a profit. As increasing experience will continue to lead to
lower production costs, new market entrants are attracted by the
increasing profit margins. Increasing competition follows and
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Fig. 1. Development of costs and prices of emerging technologies (Boston Con-
sulting Group, 1968).
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leads to lower prices; at some point the profit margins will be-
come so small that competitors will leave the market (shakeout).
From this point the decline of costs and prices is equal, so in
principle the experience curve based on prices can only be used
from this point onwards. Although this is a general framework
without any clear indications regarding the amount of competitors
or cumulative output, it can be used to understand to develop-
ment of a technology regarding the difference between prices and
costs.

2.2. Levelized cost of electricity

LCoE of offshore wind farms is calculated using Eq. (1). The
LCoE is equal to the discounted lifetime costs divided by the dis-
count lifetime energy production.

L OPEX
CAPEX + ¥,_, i

LCoE = L AEP

lem M

In this formula i is the discount factor, similar to other research
this is assumed to be similar to the Weighted Average Cost of
Capital (WACC) (Fichter and Prognos, 2013; Levitt et al., 2011), t is
the year of operation, which goes up to a lifetime L=20 year, AEP
is the Annual Energy Production, which is based on the capacity
factor (including transport losses to shore) and finally OPEX stands
for Operational Expenditures. The WACC is an expression of the
financing costs of a project expressed as a rate of return. It is the
weighted average of the required returns on the debt and equity:

WACC(%) = share of equity x cost of equity (%) + share of debt
x cost of debt (%) )

3. Methods

In order to analyse the price developments, an offshore wind
energy cost model is combined with data of operational OWFs.
First the cost model is explained and secondly the data collection
of the wind farms is presented, followed by a description of ana-
lysis of CAPEX and calculation of LCoE.

The model is a result of the FLOW project by TKI-WoZ (Top
consortium for Knowledge and Innovation Offshore Wind) (TKI-
WoZ, 2015). FLOW stands for Far and Large Offshore Wind, it is a
Dutch R&D program focussing on innovations that can reduce the
costs of offshore wind. Its partners are: 2-B Energy, Ballast Nedam,
ECN, Eneco, [HC Merwede, RWE, TenneT, TU Delft, Van Oord and
XEMC Darwind. The model is a cash flow model that uses an en-
gineering approach to calculate the costs of a specific wind farm.
The original goal of the model is to indicate how costs change due
to location site but also how commodity prices, the political fra-
mework or any other financial and technical characteristics effect
cost changes. The detailed content and data of the model is con-
fidential but a brief version of the model can be found online
(FLOW, 2015). The cost data of the model was gathered from the
FLOW partners (FLOW, 2014). Part of the model has also been used
by IEA wind Task 26 (IEA wind, 2015), which studies the cost of
wind energy. In order to assess the reliability of the model, 10
existing OWFs have been included in the model to calculate the
CAPEX. The calculated CAPEX was compared with the published
CAPEX of each OWF. On average, calculated and actual CAPEX
values differed by —0.7% with a standard deviation of 9.8%. As the
CAPEX depends on many different financial agreements the model
thus is deemed accurate enough to use for this research (Prinsen,
2014).

The included characteristics of each OWF are presented in

Table 1
Included characteristics of selected wind farms for the database.

Characteristics Unit/classification

CAPEX M€/MW*

Date Month and year when the project was
fully commissioned

Capacity OWF MW

Turbine capacity MW

Turbine manufacturer Siemens, Vestas, Senvion, etc.

Country BE,DE,DK,IR,NL,SW,UK

Depth (average of OWF) m

Support structure Monopile, tripod, jacket, gravity-based,
tripile

Distance to shore km

Export cable length and type km and MVAC, HVAC, HVDC
10 year average wind speed @ hub m/s

height
Annual energy production or capa- GWh/y or %
city factor
Power density of turbine W/m?
Offshore transformer station Yes or no

2 Other currencies are converted to Euros, based on the exchange rate of the
moment on which the OWP became operational.

Table 1, and collected in a database. The characteristics of OWFs
have primarily been extracted from the online database “4coff-
shore”, also used in other scientific literature (Prdssler and
Schaechtele, 2012). This database contains specific information
about each OWF. If data was missing, other sources were used to
complete the database. The performance of OWFs is based on the
capacity factor. For OWFs in Denmark and the United Kingdom
recent figures were found at Energynumbers (2014) and Varia-
blepitch (2015). Other missing data was collected from different
websites mainly, offshore wind energy websites and project de-
velopers’ websites.

3.1. CAPEX developments

The goal is to exclude the influence of several external factors
in order to see how much of the CAPEX increase is caused by these
factors. This was done in the following three steps:

1. Applying a uniform definition of CAPEX,
2. Excluding the effect of OWFs moving further from shore,
3. Excluding the effect of commodity price changes.

It seems logical that the definition of CAPEX should be equal for
each OWF in order to analyse the developments. Surprisingly this
is not common practice, it depends on the responsibilities of the
Transmission System Operator (TSO) (Levitt et al., 2011). Therefore,
the first step is to calculate the CAPEX for each OWF based on one
uniform definition. Our CAPEX definition includes the grid con-
nection up to the onshore transformer.

In order to exclude the effect of increasing distance to shore
and depth, the CAPEX of each OWF were recalculated as if it would
have been built on a baseline location. Based on the average
characteristics of the OWF, the baseline location was defined as a
depth of 15 m and a distance to shore of 15 km, with an export
cable length of 15 km (HVAC). OWF's close to shore ( <10 km)
typically do not have an offshore high voltage transformer (OHVS);
however for 15 km distance to shore it is beneficial to install an
OHVS. Therefore, the CAPEX for the baseline location will be cal-
culated assuming that each OWF will have an OHVS installed.

A similar approach was applied to exclude the influence of
fluctuating commodity price levels. Steel, copper and oil have
significant influences on the prices of specific components (Ta-
ble 2). To exclude the influence of commodity price fluctuations,
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Table 2
The share of commodities related to the price of important offshore wind energy
components.

Turbine (%) Monopile foundation  Jackets foundation Cable (%)
(%) (%)
Steel 30 40 35 5
Copper 10 0 0 45
Oil 15 20 15 10
Others 45 40 50 40

the CAPEX of each OWF is recalculated based on the average price
of 2013.

When comparing the CAPEX of OWFs from different year, the
costs are presented in real 2013 Euros. This is done using European
inflation rates (ECB, 2015). However, as increases in commodity
prices are also partially reflected in inflation rates, there is an
overlap between commodity prices and inflation, leading to the
issue of double counting (Boughton and Branson, 1988). To prevent
this, nominal values of the CAPEX will be used during this step of
the analysis. So only the original CAPEX data will include inflation.
The CAPEX data that will be corrected for commodity prices will
be based on the original prices excluding inflation.

3.2. LCoE developments

To calculate the LCoE of each project, it has been attempted to
find specific data for each project, however, only CAPEX and ca-
pacity factors were found specifically for each project. Therefore,
assumptions have been made based on literature and expert opi-
nions to estimate figures related to the WACC and OPEX. For LCoE
analyses, the original CAPEX figures were used rather than the
CAPEX corrected for distance to shore etc., as we wanted to gain
insights in real LCoE trends. Also, using corrected CAPEX in LCoE
calculations would have required additional assumptions for
variables such as wind speed and load factor, which would have
introduced additional uncertainty.

4. Results and discussion
4.1. Development of offshore wind energy

Overall, the database contains 46 OWFs with a total capacity of
8.514 GW. The oldest OWF is Middelgrunden and the most recent
is Global Tech 1. Before analysing the cost development, it is im-
portant to point out the technological developments offshore wind
has gone through since 2000. Table 3 presents average char-
acteristics of wind farms over three 5-year periods; additionally
the most extreme values are also presented with the

Table 3
Development of offshore wind farms from 2000 to 2015.

Average Period Maximum values in
characteristics database
2000- 2005- 2010~
2005 2010 2015
CAPEX (Mé€,013/MW) 2.1 2.8 41 7.25 (Bard 1)
Turbine Capacity 23 3.2 3.8 6.15 (Senvion
(MW) turbine)
Capacity OWF (MW)  76.3 102.9 253.6 630 (London Array)
Distance to shore 8.8 13.7 30.0 115 (Global tech 1)
(km)
Water depth (m) 9.1 124 20.8 40 (Bard 1 and Glo-

bal tech 1)
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Fig. 2. CAPEX developments of offshore wind farms from 2000 to January 2015.

corresponding turbine or OWF. Overall, CAPEX and turbine capa-
city and depth have approximately doubled while wind farm ca-
pacity and distance to shore have more than tripled. The column
with the maximum values indicate the large variety between off-
shore wind farms, additionally these most extreme values are
expected to become the new standard for future offshore wind
farms (except CAPEX).

The CAPEX of the 46 OWFs included in this research is pre-
sented in Fig. 2. Although the CAPEX increased several learning
effects can be observed. For example, JRC (2014) concluded that
monopile installation time decreased from 4.0 to 2.0 days per MW.
Due to a lack of insights in costs of installation vessels, this cannot
be expressed in a CAPEX reduction. However, it is likely that in-
stallation costs decreased as vessel rates are expressed per day.
Most likely this increased efficiency is a result of learning by doing.

Another noticeable learning effect is the increase of rotor dia-
meter (upscaling and redesigning). The ratio between turbine ca-
pacity and swept rotor area is the power density (W/m?). In the-
ory, a bigger rotor diameter with identical rated capacity leads to a
lower power density. This means less energy (lower wind speeds)
are required to reach the rated capacity of a turbine. Ultimately,
this results in a higher capacity factor (CF) (Zaaijer, 2014). A trend
that has taken place several times in the past 15 years is that
turbine suppliers increase the rotor diameter of an existing turbine
after it has been operational for several years (De Vries, 2011).
Table 4 presents the effect of a bigger rotor diameter on the ca-
pacity factor for the turbines with the biggest market share in the
offshore wind energy sector. First the Siemens 3.6 MW had a 107-
m rotor diameter, which later increased to 120 m. Based on our
database, the OWFs with the 3.6-107 turbine have a CF of 36%
while the OWFs with the 3.6-120 have a 43% CF, an increase of
19.4%, which lowers LCoE values typically by 15-20%. In 2013,
Siemens further developed this model into a 4.0 MW turbine with
a 130 m rotor diameter resulting in a power density of 300 W/m?
(Siemens, 2013). This will most likely further increase the capacity
factor of this new model.

Table 4
Development of 3.6 MW Siemens turbine model.

Turbine Installed ca- Market Average ca-  Power density (W/m?)
model pacity (MW) share® (%) pacity factor
(%)
Siemens 1462 23 36 401
3.6-107
Siemens 1408 22 43 318
3.6-120

2 Market share is expressed as percentage of total installed capacity in data-
base.
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Table 5
Specific costs related to distance to shore.

Stage Component Cost Based on
Supply Export cable 33 kV 400 €/m Export cable length
Export cable 66 kV 475 €/m Export cable length

Presence of offshore
transformer station
Export cable length
Distance to shore

Offshore transformer 0.21 ME/MW

Installation Export cable 400 €/m
Monopiles +turbines 4000 €/ MW/km

4.2. CAPEX analyses

As previously stated, the definition of CAPEX differs per coun-
try. In the UK, NL and Belgium, CAPEX includes everything up to
the onshore transformer (Dong Energy, 2014). In Germany, it in-
cludes everything up to the OHVS but not a HVDC station if a
HVDC connection is used. In Denmark CAPEX only covers every-
thing up to the array cables, as the TSO is responsible for all
components up to the OHVS. Transmission system assets can cover
up to 25% of the total CAPEX and therefore this boundary of the
CAPEX has a big impact when analysing the CAPEX on a European
level. To our knowledge, such a correction of the CAPEX definition
has not taken place. Although the difference has been recognized
(Levitt et al., 2011) it has not been attempted to convert the CAPEX
of operational OWFs to the UK definition, for example. The defi-
nition of CAPEX applied in this paper includes everything up to the
onshore transformer. As a result, the CAPEX of the OWFs in Ger-
many and Denmark on average increased with 20% and 18%, re-
spectively. Although this increase is significant, the average CAPEX
development as presented in Fig. 2 did not change much.

The next step was to exclude the effect of location. This was
done by recalculating the costs for the grid connection and sup-
port structures for the baseline location. Cost data related to dis-
tance to shore is presented in Table 5.

To correct the CAPEX for depth, it was assumed that only
support structure costs are affected. The data from the FLOW
model related to support structures and depth is presented in
Fig. 3. Each OWF was classified by support structure type (mono-
pile or jacket) and turbine class (3, 5 or 7 MW) in order to be able
to calculate the change in the CAPEX.

The impact of this correction on CAPEX is not significant. It
mainly increased the CAPEX of projects before 2008, while CAPEX
of projects after 2008 decreased. But overall, the CAPEX still in-
creases from about 2.0 to 4.0 M€/MW instead of 1.5 to 4.5 M€/ MW
for the original CAPEX.

0.9
0.8
s A 3MW monopile
% 0.7 A 5SMW monopile
b
E 0.6 - 7MW monopile
%
<]
8 M 3MW jacket
S 05 e
E M 5SMW jacket
S 7MW jacket
0.3
0.2
10 15 20 25 30 35 40

Depth (m)

Fig. 3. Support structure costs (M€MW) related to depth (data extracted from
FLOW model).

4.2.1. Commodities price levels

For the production of an offshore wind farm, large quantities of
steel, copper and oil are required (Dong Energy, 2013). As com-
modity prices have greatly fluctuated since 2000, this has had a
big impact on the prices of offshore wind energy (UKERC, 2010).
Additionally, commodity prices increased by a factor 2 or 3 be-
tween 2000 and 2011 followed by a decrease up to 2014 as the
global economy slowed down (IMF, 2012; The Economist, 2014).

The biggest challenge was to link commodity prices to each
OWF. Relevant questions are: what was the steel price paid for by
the different suppliers? And when were the materials bought and
how were the risks spread between the manufacturer and the
project developer? Van der Zwaan et al. (2012) studied the effect
of commodity prices on the CAPEX of offshore wind but did not
include a time delay. After analysing several project timelines
(Accenture, 2013; RenewableUK, 2014a; Belwind, 2014) it appears
that on average, an OWF is fully commissioned 2-2.5 years after a
Final Investment Decision (FID) is reached. Therefore, it is assumed
the prices of components are agreed upon at the FID based on the
commodity prices of that moment. In our analysis, we decided to
link the average commodity prices of 2-2.5 years before the
commissioning took place to the OWFs.

The next step was to determine the costs of the specific com-
ponents per OWF, as only the CAPEX is known. This was done using
the FLOW model, each OWF already had been adjusted to the
baseline locations, meaning that cable and support structures shares
are similar for each OWF. Based on the support structure type and
turbine capacity of each OWF, the share of the CAPEX of the turbine,
support structure, cable and installation were determined. The final
step was to recalculate the CAPEX of each OWF based on standard
commodity prices, 2013 average prices were chosen as this standard.
With these steps we excluded the influence of commodity prices
from the CAPEX development of offshore wind energy.

Fig. 4 presents the ‘original’ CAPEX development and the ‘cor-
rected’ CAPEX after applying a uniform definition and excluding
the influence from location and commodity prices. The difference
between the trend lines presents that uniform definition, location
site, and commodity prices are only partially responsible for the
CAPEX increase. The linear trend line of corrected CAPEX still
shows an increase from 2.8 to 4.1 M€/MW.

Additionally, a difference between the periods before and after
2008 is observed. In the first period, the original CAPEX increase is
much lower compared to the later period. The ‘corrected’ CAPEX
shows a slowly decreasing trend of the CAPEX during 2000-2008
followed by an increase during 2008-2015. These findings suggest
that location type and commodity prices have been mainly re-
sponsible for the CAPEX increase from 2000 to 2008, while after
2008, other factors drove the increase of the CAPEX.

4.2.2. Effect of limited competition in the market

The fact that location and commodity prices have not caused
the full CAPEX increase suggests that there are other influences.
For example, several sources have expressed there are several
bottlenecks in the supply chain of offshore wind. These bottle-
necks are related to turbine supply, availability of installation
vessels and cable installation (JRC, 2014; UKERC, 2010). Despite the
rapid growth of offshore wind energy, the number of suppliers is
still relatively small. In several segments of the sector there does
not seem to be much competition between firms. These mono-
polies or oligopolies can lead to less innovation and higher profit
margins, as there is no incentive to reduce market prices (Boston
Consulting Group, 1968; Windpower monthly, 2012).

The best example of a limited amount of competitors is the
turbine supply. Siemens supplied turbines for 23 of the 45 OWFs in
the database with a capacity of 5.2 GW (62% of total capacity). In
2014, Siemens had a market share of 86.2% (EWEA, 2015). Other
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submarkets with limited competition are construction services
and grid connections. With the recent merger of Van Oord and
Ballast Nedam Offshore, Van Oord became market leader within
the installation of offshore wind farms. Regarding grid connec-
tions, there are three countries in which the transmission system
operator is responsible for the grid connection. The biggest issue of
analysing specific component prices is that they are generally not
published. Bloomberg New Energy Finance (World Energy Council,
2013) has presented a doubling for onshore wind turbine prices
from 2000 to 2008 followed by a decrease again. However, such
data is not available for offshore turbine prices. Table 6 shows an
inventory of turbine prices found in literature and recent turbine
contracts. Although the amount of data points is limited and relate
to different turbine models, these figures suggest a significant
increase in turbine prices has taken place from 2009 to 2014.
Therefore it seems very likely turbine prices have been responsible
for a significant CAPEX increase, which cannot be explained by
location and commodity prices.

4.3. Analyses of LCoE development

In this second part of the research the LCoE development is
analysed. First, it is presented how the required input for

Table 6
Overview of recent turbine prices.

Source/project Year  Turbine prices Remarks
(ME/MW)
EWEA 2009 0.92 Average figure
IRENA 2012 1.5 Average figure
Butendiek 2011 24 Including 10 year O&M contract

(Siemens 3.6-120)

Gwynt Y mor 20127 2.0 (Siemens 3.6-107)

Gemini 2014* 2.5 Including 15 year O&M contract
(Siemens 4.0-130)
Dudgeon 2014* 1.8 (Siemens 6.0-154)

@ Refers to date of turbine contract being signed.

calculating the LCoE has been gathered. Secondly, the develop-
ment of the LCoE is analysed and country specific development are
presented.

4.3.1. Capacity factor

The energy production of an OWF is generally expressed in the
Capacity Factor (CF) or the Annual Energy Production (AEP). Ulti-
mately the AEP or CF should be known for every year the OWF has
been operational; however typically these figures are only available
for 1 or 2 years. Therefore, the assumption has been made that the
capacity factor of one specific year is equal to the lifetime average,
while the capacity factor can vary largely based on variation in wind
speeds and availability of the wind farm (Barthelmie et al., 2010).
The newest OWFs included in the database have not been opera-
tional for more than a year, in order to give an indication of the LCoE
of these most recent windfarms a capacity factor of 40% is assumed.

Overall the capacity factor has increased from 25% in 2001
(Middelgrunden), beyond 40% in 2014, several OWFs (Alpha Ven-
tus, Horns Rev 2, Anholt 1) even reported capacity factors of 50%.
This increase of the capacity factor indicates that technology de-
veloped and efficiency improved, this should have a positive effect
on the development of the LCoE.

4.3.2. Financing costs
Recent large-scale projects can have a CAPEX over 2 billion euro
and require large quantities of debt and equity. Generally
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Fig. 5. Calculated development of WACC per country from 2000 to 2014.
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speaking, the ratio of debt and equity is published for specific
projects but not the costs (annual rate of return). The ratio of debt
and equity (also known as gearing) is typically 70:30. The costs of
debt and equity are a result of several factors: general economic
welfare, technology related risks and in the case of offshore wind
also policy risks (3E, 2012). In order to calculate the WACC for each
OWEF, the WACC is calculated specifically for each country per year
(3E, 2013; Green Giraffe; 2013), see Fig. 5. Overall, the WACC has
increased by 150 basis points (bps) for each country as a result of
the financial crisis (Green Giraffe, 2013; EWEA, 2013). However,
due to unstable or unpredictable policy frameworks the WACC can
be as large as 450 bps, which will have a significant effect on the
LCoE. The WACC in the UK is relatively high due to several market
mechanisms in the policy framework, which make the financial
support per MWh flexible. Additionally, there is an increased risk
for investors from Euro countries due to currency fluctuations (3E,
2013). This big difference between the UK and Denmark corres-
ponds to the WACC presented in other sources (CEPA, 2011;
Granheim et al., 2012).

To quantify the importance of WACC, as an example, the LCoE of
OWEFs in the UK would be reduced by approximately 22% if the
WACC of Denmark would be applied. This indicates the big impact
of the political framework and long term stability relating the cost
of finance and therefore the LCoE. Overall the impact of the 150 bps
increase of the WACC results in an 8% increase in the LCoE. This
indicates financing costs have contributed to increasing the LCoE.

4.3.3. Operational expenditures

Similar to financing costs, annual operating expenditures
(OPEX) are not published for specific projects. Limited data is
available, partially because most turbines are still under warranty
for a 15-year period (Navigant, 2014). Before quantifying the an-
nual costs, it is important to state the difference between O&M and
OPEX: OPEX includes O&M but also any other annual operating
expenses. It is estimated that O&M is about 50% of the total OPEX
for offshore wind (IRENA, 2012; SETIS, 2011).

As data was not available for specific OWFs, it was attempted to
come up with OPEX figures based on characteristics of the wind
farms such as distance to shore, date and turbine capacity. As lit-
erature could not provide any insights, several experts were con-
tacted. They indicated there are no clear trends in O&M or OPEX
for offshore wind based on any general characteristics (Prinsen,
2014; Lacal Arantegui, 2014). Ultimately, an average figure of 160 k
€/MW/year was used for each OWF which is also used by other
sources (IRENA, 2012; SETIS, 2011; BVG, 2012). Therefore, it is
assumed in this research that the OPEX did not influence the de-
velopment of the LCoE.

4.3.4. Development of LCoE

With Eq. (1) and the presented input for each OWF, the LCoE for
each project has been calculated and is presented in Fig. 6. The red
line indicates the point in time from which the capacity factor is
assumed to be 40% due to the fact that these OWFs have not been
operating for at least one year.

As shown in Fig. 6 the LCoE of offshore wind energy has in-
creased from around 100 towards 200 €/ MWh, including a rapid
increase and large variation between 2008 and 2012. After 2013,
the LCoE appears to start decreasing, but given the large spread, it
remains to be seen if this is truly a trend and whether it will
continue in the future. Overall Fig. 6 presents a similar develop-
ment as the LCoE development published by IRENA (2015). The
increase of the LCOE is not surprising, as the CAPEX tripled since
2000 and the LCoE is on average determined by the CAPEX for 70%
(INNWIND, 2014). Fig. 7 presents the LCoE of OWFs distinguished
per country. This provides very different insights compared to the
average LCoE development presented in Fig. 6.
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Fig. 6. Calculated LCoE of the operational offshore wind farms. For OWFs right of
the straight line at 2014, a CF of 40% has been assumed.

The trend lines present the development of the LCoE for each
country having offshore wind energy. Most striking is the difference
between the developments of different countries. In the UK, the LCoE
increased from 120 €/ MWh to over 200 €/MWHh, while in Denmark,
the LCoE has remained rather constant just below 100 €/ MWh.

The linear trend lines of Denmark and the United Kingdom
match rather well with the individual data points. For the Neth-
erlands and Sweden, with only two OWFs each, it is not possible to
determine a trend. Belgian LCoE values appear to decrease,
whereas the average German LCoE values are constant, but the
limited amount of data points and large spread does not allow for
clear conclusions. To explain the difference in the LCoE develop-
ment of specific countries, the characteristics of OWFs in Denmark
and the United Kingdom were analysed in more detail.

Table 7 presents several important factors related to the LCoE
development in the United Kingdom and Denmark. In both
countries, the CAPEX has doubled and in both countries the WACC
increase is assumed to be similar, although both the CAPEX and
the WACC are higher in the UK. More interesting is the develop-
ment of the capacity factor: in the UK, it increased from 33% to
39%, while in Denmark it doubled from 25% to 50%; this is re-
markable when considering the average wind speed is 0.5 m/s
higher on UK locations compared to Danish locations. Overall, the
strong increase of the capacity factors in Denmark has been able to
compensate the doubling of the CAPEX. Therefore, the Danish
LCoE is constant while it has almost doubled in the UK.

As previously stated, increasing the rotor diameter has had a
positive effect on the capacity factor. From Fig. 8 it can be seen that
most recent OWFs have a lower power density compared to the
older OWFs. In the UK, the use of the Siemens 3.6-107 model is
clearly visible at 400 W/m?2. This turbine has been used from 2003
up to 2013 and it is still used in OWFs currently under construction
(e.g. Gwynt Y Mor (576 MW)). Also, the capacity factors of OWF in
both countries are presented: it shows how the performance in
Denmark increased much faster, while in the UK there is a lot
more variation around the linear trend.

All the operational OWFs in the UK have been part of the tender
rounds 1 and 2, which took place in 2001 and 2003. The locations
and characteristics of these wind farms have been planned and
partially laid out in 2001 and 2003 respectively (RenewableUK,
2014b). This means that characteristics of many of the technolo-
gical components have already been determined based on the
available technologies in those years (example of the Siemens 3.6-
107). A good example is OWF Teesside, part of round 1: first plans
were made in 2001, but it only became fully operational in April
2014 using 2.3 MW turbines - clearly outdated, as 7 and 8 MW
turbines are currently being selected for new projects. In Denmark,
the average time for an OWF to become fully operational is about
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legend, the reader is referred to the web version of this article.)

Table 7
Developments of offshore wind farm characteristics in United Kingdom and
Denmark.

United Kingdom Denmark
Year 2004 2015 2001 2013
LCOE (€2013/MWh) 120 220 95 100
CAPEX (M€3013/MW) 2.0 44 1.5 3.0
WACC (%) 12.0 134 7.4 8.9
Wind speed at hub height (m/s) 9.6 9.1
Capacity factor (%) 33 39 25 50
Power density (W/m?) 440 360 440 320

4 years. This allows Danish OWF’s to use more modern technolo-
gies compared to UK wind farms, and therefore are able to keep
improving the energy performance of offshore wind farms.

In February 2015 two reports were published confirming the
big difference between the UK and Denmark as found in this pa-
per: the estimated LCoE of the yet to be built wind farm Horns Rev
3 is 103.1 € MWh (Windpowermonthly, 2015), while in the UK,
projects completed in 2012-2014 had an LCoE of 182 €/ MWh
(131 £/MWh) (ORE Catapult, 2015).

In 2011, a revision was made to the Development Consent Or-
der, a so-called ‘Rochdale Envelope’ was applied. This revision
makes it possible for project developers to change certain char-
acteristics of a project. At the same time, the Environmental Im-
pact Assessment (EIA) has to be carried out taking into account the
need for such evolution, within those parameters, and reflects the
likely significant effects of such a flexible project in the environ-
mental statement (IPC, 2011). This approach was not available to
any of the operational OWFs used in this research, but it will
provide more flexibility for future OWFs.

5. Conclusions and policy implications

The aim of this research was to provide insights in the histor-
ical cost developments of offshore wind energy in Europe. It is one

of the first to analyse the cost developments based on operational
offshore wind farms. The biggest challenge was acquiring detailed
cost information of specific projects. Almost all contracts are
confidential, making it difficult to analyse cost developments of
specific components. Not only are cost data rarely available, but
also complex due to different contract schemes and other agree-
ments. This lack of transparency seems conflicting with the fact
that offshore wind energy still depends on financial support from
governments, while the sector claims it is really making an effort
to reduce the LCoE.

The results indicate that applying a uniform definition of CA-
PEX and excluding the effect of changing location sites and com-
modity prices does not explain the increase in CAPEX completely.
Roughly speaking only half of the increase is explained by these
factors. It appears that limited market competition also resulted in
price increases, but it was not possible to quantify this.

Although an experience curve has not been constructed for
offshore wind energy since 2000, there are clear signs of techno-
logical learning in the data presented in this paper. The rapid
growth of installed capacity and R&D efforts has led to learning-
by-doing and learning-by-searching and also the design has been
redefined and up scaled. Although there are clear signs of tech-
nological learning it did not directly lead to lower prices.

Looking at the overall development of the LCoE, it can be
concluded that the tripling of the CAPEX resulted in a doubling of
the LCoE. The increase of the capacity factor has been the most
important factor for lowering the LCoE. This research shows that
the LCoE differs greatly among European countries, in the UK LCoE
increased from 120 to 220 €/ MWh while in Denmark it remained
constant just below 100 €/ MWh. As 55% of the total capacity is
located in the UK, the LCoE development is largely influenced by
the prices in the UK. Other countries with multiple large scale
OWFs (Germany and Belgium) show at least constant or a de-
creasing LCoE development.

It seems that the most important reason for this difference is a
rather low and constant capacity factor in the UK. Its value is
around 35%, while in Denmark each new OWF reported a higher
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Fig. 8. Capacity factor (left) and power density (right) of OWF's in the UK and Denmark.

capacity factor even up to 50% for the most recent OWF. This dif-
ference does not seem to be a result of higher wind speeds but
appears to be a result of the applied technology. For UK projects,
realization time in some cases took about 10-13 years. Therefore,
it has not been possible to incorporate new technologies into these
OWEFs. In Denmark, the project realization time is much shorter,
generally 4 years.

Based on our analysis, we suggest that the two following issues
require additional policy attention. As technology is rapidly evol-
ving, it is key to minimize the project realization time of OWFs,
allowing projects to use state-of-the-art technology. In case of
delays, which occur frequently for OWF's, policies should be
flexible allowing the technology to be updated if improved pro-
ducts or services have become commercially viable. The ‘Rochdale
envelope’ introduced in the UK is an example of achieving this,
and we recommend that this principle is also applied in other
countries where offshore wind farms are developed. Secondly,
unstable or unpredictable policy frameworks have a big impact on
the financing costs. This research indicates a stable framework
such as in Denmark can result in a 22% lower LCoE compared to an
uncertain framework such as in the UK due to a lower WACC.
Therefore, it is important that the policy framework provides
certainty regarding the annual income for a project during its
entire lifetime. There are several actions policymakers could take
to increase consistency and stability of the policy framework. First,
by simplifying the application process, where all the required
permits are granted simultaneously (already applied in Denmark).
Second, by providing stable, long-term growth perspectives, and
finally by reducing the variability of the financial support an OWF
can receive during its operational lifetime.

Last but not least, we want to emphasize that the tripling of the
CAPEX and the doubling of the LCoE in the past 15 years only re-
presents the worst (UK) case. In the Danish case, CAPEX increased
more moderately, and LCoE in fact remained more or less constant.
Also, around 2012, the general increase of both CAPEX and LCoE has
stopped and slowly started to decrease. Industry has also com-
mitted to work hard on further cost reductions. If this trend can
continue due to further improving of technology and the political
framework, offshore wind energy is likely to have a bright future.
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