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a b s t r a c t

There is a growing interest on how climate change may affect the energy sector, including changes in
wind energy generation. This paper builds on existing research adding an economic component that
considers how climate change can affect operating margins and investment values in specific wind
farms in Spain. A projection of wind speed was carried out using an ensemble of three climate models,
two scenarios (RCP 4.5 and 8.5) and two time periods (2018e2041 and 2042e2065) per plant. Using
historical power curves, the changes in wind speed were converted to production output. The results
show variations in production of up to 8% and changes in operating margins up to 10%. Seasonal
generation may fluctuate as well, with an increase in summer and decrease in winter. An investment
analysis was also conducted to consider how climate change may influence future developments in the
sector.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Renewable energies are increasingly important in the energy
mix of many countries. In particular, global wind energy generation
has grown by more than 20% per year over the last nine years [1].
Given that half of the world’s wind power capacity has been added
in just the last five years, and it is now themost important source of
new power generating capacity in Europe and the United States [2],
it is essential to understand which variables may impact its per-
formance. It should also be highlighted that wind energy plays a
very important role in climate change mitigation, which has
become a priority for the international community [3].

Climate change itself poses a potential risk for wind electricity
production, as a changing climate may alter atmospheric dynamics
and affect wind patterns [4]. Therefore, it is more important than
ever to evaluate the impacts of future climate change scenarios on
wind speed and other variables that might affect wind production,
as they are a potential high risk for investors [5]. Wind turbines are
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increasing not only in capacity, but size as well, making them even
more vulnerable.

Wind speed is the most important driver of wind energy that
can be affected by climate change [6], however there is less
research on aspects such as extremewind events and gusts, icing of
the blades, sea ice, permafrost or air density. Changes in these el-
ements depend on variables that are much more difficult to predict
[7].

Over the last decade, a vast number of studies have been carried
out to forecast long-term wind patterns in the context of climate
change. Most of this studies have been focused on developed
countries, especially in the US [5,8e11]. In the last years, a few
developing countries have been taken into consideration as well
[12e16]. Most of these studies project a decrease in wind speed in
the future [4]. However, most of the studies suggest that it is un-
likely that meanwind speeds and energy density will change more
than the inter-annual variability [7].

With respect to Europe, most studies project an increase inwind
speed in the north and a decrease in the south, specifically in the
Mediterranean, however these variations do not exceed magni-
tudes of 10e20% [17e22]. These predicted changes are usually
more intense in scenarios with a higher concentration of green-
house gases in the atmosphere [6,17,22].
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Table 1
Characteristics of the analyzed plants. Source: ACCIONA.

Wind farm Region Beginning of operations by Acciona Total power
(MW)

Turbines
(number)

Power (average kW per
turbine)

Turbine type

AEGA
(Cuadram�on)

Galicia 1999 18.75 25 750 Neg Micon NM44/750

El Perd�on Navarre 1994 (renovated and expanded in 1995 and
1996)

20 40 500 Gamesa G42/600, V42 and V39
(500)

Río Almod�ovar Andalusia 2009 (previously since 2004) 12.8 16 800 MADE AE 56
Rubi�o Catalonia 2005 49.5 33 1500 Acciona AW 1500/77

Fig. 1. Location of the wind farms. Source: own elaboration.
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Therefore, the Mediterranean region usually faces the biggest
changes, and Spain and Portugal are the countries whose energy
system will be most severely affected by climate change, all tech-
nologies considered [23]. Regarding wind power output in Spain, a
long-term assessment throughout the 20th century showed a
decrease in Central Spain, versus an increase in the Gibraltar Strait
area [24]. When it comes to future projections, one study analyzed
changes in mean wind speed in eleven representative clusters
across Spain, forecasting moderate reductions for all, but never
greater than 3% [25]. Another more detailed assessment, including
seasonal variations, also projected a reduction in wind power, with
the exception of some areas in Southern Andalusia and the
Gibraltar Strait region [26]. The general decreasing trend is
consistent with projections for offshore wind with an expected
reduction of less than 5% in most areas [27].

There is a lack of studies that provide an economic assessment
on the consequences of these changes, even if some papers project
impacts on electricity prices [28,29]. This gap can also be found in
other renewable sources of generation [30,31].

The goal of this paper is twofold. On the one hand, an analysis
was conducted to determine whether expected changes in wind
speed may substantially affect electricity production at selected
wind farms in Spain. On the other hand, an economic assessment
has focused on how this would affect operating margins and in-
vestments in the sector, particularly in the context of a new regu-
latory regime in Spain that is reducing public subsidies on
renewable energies. The study looked at four wind farms in Spain
owned and operated by the company Acciona.

Accordingly, the paper is structured as follows: section 2 gives
an overview of the methodology, including a description of the
plants and any economic assumptions. Section 3 summarizes the
results of the projection in terms of wind speed, production and
seasonality. Section 4 analyzes the economic impact on operating
margins and investment parameters. Sections 5 focuses on the
discussion of the methodology and results. Finally, the paper closes
with some concluding remarks.
1 Except for Rio Almod�ovar, where active power was only available after 2011.
2. Methodology

2.1. Description of the plants

As previously noted, this paper analyzes the impact of climate
change on four wind farms. The farms were chosen among more
than 200 that are currently managed by the company Acciona, due
to their operating and technical features. The final goal is to apply
the conclusions made here to other plants. Table 1 summarizes the
most important characteristics of the plants.

Location was a very important variable in the selection as well.
The wind farms are located far from each other (as shown in Fig. 1)
and in representative areas that allow for some comparison with
existing literature on wind resources in Spain [25,26]. Therefore,
the sensitivity of the plants can be tested against other relevant
sources of information.
Establishing an extended historical record for projecting wind
speed is usually a challenge, as most wind farms have not been in
operation for long periods of time [24,32]. In this case, Acciona
provided hourly information on wind speed, temperature and
active power for each of the plants for the period 2010e20161

(reference period). As the information was generated by several
metering devices, with some gaps, 1.8% of historical registers were
corrected. Additionally, a reanalysis of wind speed was conducted
by Acciona, extending historical records back to 1987 with simu-
lated data, as will be explained in section 3.2.
2.2. Methodological outline for the projections

Projections of surface wind speed depend critically on the
assessment methods used. In fact, these projections may very well
be more dependent on methodology than other climate variables,
such as temperature or pressure [5]. Changes inwind production do
not depend only on changes in wind velocity, but also on wind
shear or wind velocity distributions [14]. However, climate models
do not provide information for these other factors and, therefore,
wind speed is the only changing variable in the probability density
function considered in this paper.

Wind power is very sensitive to any change inwind speed, as the
wind power flux is proportional to the cube of the speed [4e7]
among others).
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Pflux¼1=2,r,U3

where Pflux is the wind power flux (or wind energy density), U is
the wind speed and r is the air density.

The methodology used in this paper to project production can
be summarized in five steps.

A) Ex post power curves.

To model the sensitivity of production to wind speed several
alternative methods were considered: econometric methodologies
(linear and polynomial regressions) and technical methods
(manufacturer power curves and ex post power curves). Ex post
curves were built by calculating the average hourly active power for
each wind speed during the seven years of the reference period
(using bins with a 0.5m/sec resolution). The ex post curves showed
a better correlation with historial data than any other method
across all wind farms (95% in Río Almod�ovar, 93% in Cuadram�on
and Rubi�o and 87% in El Perd�on) as well as limited differences in
absolute figures (always less than± 0.6%).

For a given farm, consider the following hourly data provided by
Acciona:

ðxi; yiÞ; for i ¼ 1;2; :::; I;

where xi is the wind speed (in m/sec) and yi is the active power (in
MW) at time i:

Let ½0; vmax� be the interval of possible values of the wind speed.
In this interval a partition is defined in the following way:

½0;0:5Þ; ½0:5;1Þ; ½1;1:5Þ; :::; ½vk�1; vkÞ; :::; ½vK�2; vK�1Þ; ½vK�1; vK �;

where v0 ¼ 0; vK ¼ vmax; vK � vK�1 � 0:5; and vk ¼ vk�1þ 0:5; for
k ¼ 1;2; :::;K � 1:

Consider then the bins Bk; where Bk ¼ ½vk�1; vkÞ; for
k¼ 1;2; :::;K � 1; and BK ¼ ½vK�1; vK �

For each ðxi; yiÞ; allocate ðxi;yiÞto bin Bk; such that xi2 Bk:
Define ~yi as the mean value of the quantities yr which belong to

bin Bk:
The ex post curve is constructed from ðxi; ~yiÞ; for i ¼ 1;2; :::; I:
The correlation between fyigi¼1;:::;I and f~yigi¼1;:::;I is calculated.

B) Projections.

The ex post curves were later used to ascertain production un-
der future climate change scenarios. To do so, the results from
EURO-CORDEX (regional climate model inter-comparison project
[33], 11 global climate models) through the Copernicus tool, which
provides wind speed data and projections at heights of 10m for
each wind farm until 2065 (12 km� 12 km resolution). Two
Representative Concentration Pathways (RCP) developed for the
5th Assessment Report of the Intergovernmental Panel on Climate
Change were used: RCP 4.5 and RCP 8.5 [34,35]. Despite the un-
certainties of global climate models, they are the most well-trusted
source for projections [16]. For each farm, an ensemble was
established using an average of the three models that showed the
best correlation with historical data, as it is explained next.

Consider the hourly data

fxig; for i ¼ 1; :::; I;

corresponding to the wind speed at turbine hub height H.
Now, the grid in which the wind farm is located in the EURO-

CORDEX initiative (with 11 global climate models) has to be ob-
tained. For each of the 11 models, the wind speeds for year and
season are taken form EURO-CORDEX:
For each model Ml; l ¼ 1; :::;11;

n
vlj

o
j¼1;:::;28

are the past wind speeds for years 2010e2016, given by the EURO-
CORDEX initiative for the grid in which the wind farm is located,
where j¼ 1 corresponds to the season (December 2009, January
and February 2010), j¼ 2 to (March, April, May 2010), j¼ 3 to (June,
July, August 2010), j¼ 4 to (September, October, November 2010),
j¼ 5 to (December 2010, January, February 2011), …, j¼ 28 to
(September, October, November 2016).

From the data fxigi¼1;:::;I the values fxmj gj¼1;:::28 are obtained

where xmj is the mean value of xi belonging to season j2f1; :::;28g:
For each model l2f1; :::;11g; the correlation between

fvljgj¼1;:::;28and fxmj gj¼1;:::28 is calculated.

The three global climate models for which such correlation is
higher are selected.

Define fvjgj¼1;:::;28; where vj is the mean value of the speeds vlj;

among the three models which have been selected.
Using the EURO-CORDEX simulations, from the past wind

speeds fvjgj¼1;:::;28; the projections of wind speeds for the future

fwf gf¼1;:::;F are obtained, where f ¼ 1 is the season DecJanFeb2018,
f ¼ 2 is MarAprMay 2018, f ¼ 3 is JunJulAug 2018, f ¼ 4 is
SepOctNov 2018, …, f ¼ F is SepOctNov 2065 (in fact, F ¼ 192Þ; for
each of the two RCPs (4.5 and 8.5), where the average for the three
selected models has been included in each of the values corre-
sponding to the future.

C) Vertical extrapolation.

The speed data and projections provided by EURO-CORDEX are
given for heights of 10m, therefore these data have to be trans-
formed for heights of H meters, using the formula

UH ¼ US
�

H
10

�a

; [17,24] among others, where UH is the wind

speed at turbine height H, US is the wind speed at 10m and a is an
ad-hoc parameter that denotes the contribution of the site rough-
ness for the speed vertical gradient of the atmospheric boundary
layer. The ad-hoc value of a is calculated as follows: take the values
fxmj gj¼1;:::28; at height H, and the values fvjgj¼1;:::;28; at height 10, a is

taken as the constant value in order that these two series are as
close as possible.

D) Downscaling.

For the projection, a statistical downscaling was performed
using the Delta Method [14,36], as explained next.

Consider the past wind speeds fvjgj¼1;:::;28; corresponding to
each of the seasons for years 2010e2016. For each season, the mean
value is calculated in accordance with the following expressions:

vms ¼1
7

X6
r¼0

vsþ4r; for s ¼ 1;2;3;4

where s¼ 1 is the season DecJanFeb, s¼ 2 corresponds to Mar-
AprMay, s¼ 3 is JunJulAug and s¼ 4 is the season SepOctNov.

Therefore, the following mean values corresponding to each
season in the past are obtained fvms gs¼1;2;3;4:

On the other hand, for each of the two RCPs (4.5 and 8.5), the
values corresponding to each future season are obtained from 2018
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to 2065 fwf gf¼1;:::;F :

Now the time series fvms gs¼1;2;3;4and fwf gf¼1;:::;F are compared
in the following way:

Calculate the following differences, for f ¼ 1; :::; F; :

d1 ¼w1 � vm1 ; d2 ¼ w2 � vm2 ; d3 ¼ w3 � vm3 ;

d4 ¼ w4 � vm4 ; d5 ¼ w5 � vm1 ; d6 ¼ w6 � vm2 ;

d7 ¼w7 � vm3 ; d8 ¼ w1 � vm4 ; ::::

that is:

df ¼

8>>>><
>>>>:

wf � vm1 ; if f þ 3 is a multiple of 4;
wf � vm2 ; if f þ 2 is a multiple of 4;
wf � vm3 ; if f þ 1 is a multiple of 4;
wf � vm4 ; if f is a multiple of 4:

The respective variations from the past to the future, expressed
on a per unit basis are the following:

Df ¼

8>>>><
>>>>:

df
.
vm1 ; if f þ3isamultipleof 4;

df
.
vm2 ; if f þ2isamultipleof 4;

df
.
vm3 ; if f þ1isamultipleof 4;

df
.
vm4 ; if f isamultipleof 4:

E) Representative year and production projection.

Rather than calculating the average wind speed per hour in the
reference period, for each plant a representative year was estab-
lished in terms of production and wind. This is to account for the
non-linear relationship between wind speed and production in the
first part of the power curve (where most registers are located), and
therefore average wind does not represent average production.

Take the hourly data provided by Acciona

ðxi; yiÞ; for i ¼ 1;2; :::; I:

Define the mean value of the active power corresponding to
each of the years from 2010 to 2016, in the following way:

Y1 ¼
X

i2year2010

yi; Y2 ¼
X

i2year2011

yi; ::: ; Y7 ¼
X

i2year2016

yi

Define the annual mean production corresponding to the years

2010e2016 as Y ¼ 1
7
P7

n¼1Yn:

The year n* is chosen which solves the problem:
min

n2f1;:::;7g
��Yn � Y

��0n* is the representative year.

Now, take all the hourly data corresponding to year n*;
fðxi; yiÞgi2year n* :

Now the values xi corresponding to year n* are slightly modified
(multiplied by a constant), to solve for

��Yn* � Y
�� ¼ 0; passing xi

through the ex post curve satisfying the condition
P
i
~yi ¼

Y:fbxïgi2year n* are these (slightly) modified values, and their cor-

responding quantities in the ex post curves are bbyi; with
P
i

bbyi ¼ Y:

Therefore, the data fðbx�ı; bby�ıÞgi2year n* is obtained

The values bxi; corresponding to the year n* are classified for each
of the seasons s ¼ 1;2;3;4 and for each season the mean value is
obtained. Therefore, the following mean values corresponding to
each season in the past are fXsgs¼1;2;3;4:

For each of the two RCPs (4.5 and 8.5) the wind speed corre-
sponding to each season of the future fXFf gf¼1;:::;F , is obtained
using the differences previously gathered:

XFf ¼

8>>>>>>>><
>>>>>>>>:

X1

�
1þ Df

�
; if f þ 3 is a multiple of 4;

X2

�
1þ Df

�
; if f þ 2 is a multiple of 4;

X3

�
1þ Df

�
; if f þ 1 is a multiple of 4;

X4

�
1þ Df

�
; if f is a multiple of 4:

The variations obtained from the climate models per year and
season were later applied to each hourly register of the represen-
tative year, providing a wind projection for the years 2018e2065.
This was then transformed into production using the above-
mentioned ex post curves.

2.3. Methodological outline for the economic analysis

Investment costs of onshore wind energy have dropped since
the 1980s due to economies of scale. While the rated capacity of
new turbines has increased, the unitary cost (labour and materials)
has remained constant, or even decreased [37]. Despite a change in
tendency between 2004 and 2010, mainly due to the higher cost of
commodities, prices seem to have stabilized since then [38].
Operation andmaintenance costs have decreased over time as well,
both because of economies of scale and because newer turbines
require less maintenance [39].

The analysis carried out for this paper was focused on operating
margins. Official sources of information were used as the baseline
scenario, both for income and costs. It allowed to test whether wind
generationwill be affected by climate change in the specific context
of the current regulatory framework and incentives. However, cost
parameters provided by Acciona for each of the wind farms were
used as well and will be presented in a separate analysis.

Operating margins are calculated as follows:

OM ¼ ESþ IS� CAPEX � OPEX � T
ESþ IS

where:
OM is the operating margins of each wind farm.
ES is energy sales, which considers the product of energy sold in

the market and the adjusted price (AP) that will be explained below.
IS refers to the Investment subsidy that some plants can receive

during their regulatory time span.
CAPEX is the capital expenditure.
OPEX is the operating expenses.
T refers to taxes.
When calculating ES, the chosen reference for the price of

electricity is that set by the Spanish Government in Order 1045/
2014, which assumes an average market price of 52 V/MWh from
2017 onwards. This reference was confirmed by Order ETU/130/
2017. The price was adjusted as shown in the following equation:

AP¼RP,SD,AR

where:
AP is the adjusted price.
RP is the above-mentioned reference price (52 V/MWh).
SD is the historical seasonal deviation from the reference price.

This variable calculates the average deviation of prices in each
month from the average price of each year. This variable will



Table 2
Results for the adjusted price (AP), seasonal deviation (SD) and alignment ratio (AR). Source: Own elaboration based on data from Red El�ectrica Espa~nola and Operador del
Mercado Ib�erico de Energía (OMIE).

Variables JAN FEB MAR APR MAY JUN JUL AUG SEP OCT NOV DEC

Reference Price 52 52 52 52 52 52 52 52 52 52 52 52
Weighted monthly average electricity price for wind 40.8 35.3 33.6 32.7 39.4 44.8 48.1 47.8 49.1 47.3 42.9 45.1
Alignment ratio 87% 84% 87% 88% 93% 95% 97% 97% 94% 93% 91% 91%
Seasonal deviation 102% 90% 83% 80% 92% 103% 108% 107% 113% 111% 103% 109%
Adjusted price 46.0 39.3 37.5 36.6 44.5 50.8 54.2 53.8 55.6 53.7 48.7 51.6

Table 3
CAPEX and OPEX values from literature (closest values to Spain have been included when available). Source: own elaboration.

Source CAPEX OPEX

Blanco 2009 [39] 1100-1400 V/kW 1.2e1.5 centV/kWh
De Jaeger et al. 2011 [37] <1125e1525 V/kW 35-45 V/(kW*year)
IRENA, 2012 [38] 1882 USD/kW 2.7 cUSD/kWh
EWEA, 2009 [41] 1227 V/kW 1.2e1.5 cV/kWh
WindFacts, 2009 [42] 1200 V/kW 1.2e1.5 cV/kWh
IDAE- Boston Consulting Group, 2011 [43] 1000-1300 V/kW 1.72e2.16 cV/kWh
IDAE- R. Berger, 2014 [40] 1370-1550 V/kW 41.3 V/(kW*year)
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become relevant as the projections change the distribution of
production throughout the year.

AR is the alignment ratio, which calculates how the weighted
monthly average electricity price for wind in one month differs
from the average price in the market for that month. Due to its lack
of flexibility, wind electricity is on average sold at a lower price than
the market average.

We used the above formula to calculate the adjusted price from
hourly data from the Spanish Electricity market from 2008 to 2016.
Results are shown in Table 2.

Regarding the IS, it is important to highlight that the legal
transition in Spain on renewable energies has a substantial impact
on the calculations. The remuneration system has changed sub-
stantially since 2012. According to Royal Decree 413/2014, wind
farms can receive public financial support during their first 20 years
of operation. In this particular case, twowind farms (Cuadram�on, El
Perd�on) have exceeded that time and therefore are only funded
through electricity sales. The other two (Rubi�o and Río Almod�ovar)
will still receive an investment subsidy (“Retribuci�on a la inver-
sion”) until that time is over. As the goal of the paper is to focus on
specific climate change impacts and not to address financial im-
plications of the new regulatory regime, and because of the long
time-frame considered, baseline calculations assume that the in-
vestment subsidy is no longer in place. However, due to impact of
removing it, calculations have also been made considering its
continuation and results will be shown as an alternative scenario.

Regarding CAPEX and OPEX, several studies were evaluated, as
shown in Table 3. For the official sources, an analysis commissioned
by the Spanish Government [40] was chosen as the main reference,
as it specifically addresses data from Spain, and has been used as a
legal reference in the reform of the Spanish electricity market for
renewable energies.

When calculating the CAPEX, the cost of civil works and engi-
neering was omitted, as these plants are already in operation.
Therefore, the analysis only considered the investment required to
replace the wind turbines. This equipment was assigned a physical
lifespan of 25 years, based on the experience of the company.

The OPEX considers operations and maintenance, management,
rental, insurances, electricity and self-consumption. Values pro-
vided by Acciona were aggregated as fixed operational costs, vari-
able operational costs and representation costs.

National taxes (electricity generation and access tax) were
considered, as well as regional taxes that exist in some regions.
Local taxes on economic activities and property were not taken into
account, and neither were taxes that are neutral to producers (such
as the Added Value Tax or the Special Tax on Electricity).

For both incomes and costs, a ceteris paribus approachwas used,
so that unitary costs and electricity prices are constant over time.
This method is intended to maintain a focus on the singular goal of
the paper, which is to quantify the impact of climate change on
wind electricity, not to forecast electricity prices or evolution of
costs. Said variables may change substantially over the time range
of the projections(2018e2065) therefore complicating an assess-
ment of the specific variable being quantified, as explained in a
previous paper [31].

Likewise, the physical characteristics of the farms was assumed
to remain constant, with no adaptation measures.
3. Projection

3.1. Results

Historical average wind speed is shown in Table 4, together with
expected changes in the average for both RCPs. A decline is ex-
pected in Cuadram�on and Rubi�o, and this decrease intensifies with
time (near future versus mid century). Río Almod�ovar shows in-
creases in average wind speed, while in El Perd�on both reductions
and increases are seen. In almost all cases, there is a greater vari-
ation from the historical average under scenarios with higher
concentrations of greenhouse gases in the atmosphere (RCP 8.5
compared to RCP 4.5), which is consistent with literature [6].

With regards to production, as expected, trends are consistent
with those seen for wind speed, however they are more pro-
nounced. Table 5 compares historical average production with the
annual average projected per farm. Production declines under all
scenarios and future periods in Cuadram�on and Rubi�o and in-
creases in Río Almod�ovar. El Perd�on does not showa uniform trend;
instead the evolution depends on the scenarios and future periods
considered. The magnitude of the change is consistent with other
case studies in literature, as explained above.

Some studies highlight that the changing climate may affect
intra-annual variability of wind generation, therefore limiting its
reliability and predictability as a power source [6]. This variability
was considered in the study, taking into account its potential



Table 4
Historical average wind speed versus medium and long-term projections. Source: own elaboration.

Wind farm RCP Historical average (m/sec) Average hourly variation (near future, 2018e2041) Average hourly variation (mid century, 2042e2065)

Cuadram�on 4.5 7.07 �3.5% �3.6%
8.5 7.07 �4.0% �4.9%

El Perd�on 4.5 9.32 �0.1% 1.5%
8.5 9.32 1.0% 0.2%

Río Almod�ovar 4.5 6.21 1.2% 2.9%
8.5 6.21 2.5% 3.9%

Rubi�o 4.5 5.69 �0.7% �4.2%
8.5 5.69 �1.2% �4.1%
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economic and operational implications. Fig. 2 shows seasonal var-
iations between the reference period and future scenarios (an
average of RCPs 4.5 and 8.5). A decline in production is expected in
the winter and an increase in summer for all plants. Seasonal var-
iations are most relevant at Rubi�o, with a very stark reduction in
spring and increase in autumn. This change will become relevant in
the economic analysis as the adjusted price is on average higher
during summer and autumn. Rubi�o, for instance, will benefit from
this fact according to the projections. The standard deviation of
changes in wind speed throughout the different periods was
analyzed, but no clear trend has been found in this regard.

3.2. Context in literature

In order to evaluate the accuracy of the results, other sources of
information were considered. On the one hand, some general
projections of wind speed variations for Spain from existing liter-
ature were analyzed, although they cover large areas of the country
Table 5
Historical average production versus medium and long-term projections. Source: own e

Wind farm RCP Historical average (MWh) Average yearly variation (n

Cuadram�on 4.5 47,562 �4.7%
8.5 47,562 �5.2%

El Perd�on 4.5 65,508 �0.5%
8.5 65,508 1.0%

Río Almod�ovar 4.5 21,728 2.3%
8.5 21,728 3.6%

Rubi�o 4.5 88,581 �1.7%
8.5 88,581 �2.5%

Cuadra, reference

Cuadra, near future

Cuadra, mid-century

El Perdón, reference

El Perdón, near future

El Perdón, mid-century

Río Almodóvar, reference

Río Almodóvar, near future

Río Almodóvar, mid-century

Rubió, reference

Rubió, near future

Rubió, mid-century

DJF MAM

Fig. 2. Seasonal production (in %) by w
rather than specific locations, as in this paper. There are no pro-
jections of electricity production, however there is a high correla-
tion between wind speed and production, as shown above. On the
other hand, a climate reanalysis was conducted in order to generate
a historical series of wind speeds for each of the farms.

The results of this paper are compatible with trends shown in a
study of projected changes in wind energy potentials in Iberia [26],
despite some differences in timeframes (2041e2070 vs.
2042e2065 in this study) and variables (wind energy power vs.
wind speed). The trend is consistent in terms of both increases (El
Perd�on, Río Alm�ovar) and decreases (Rubi�o, Cuadra) in average
wind speed. The magnitude of these variations is also consistent
and becomes more pronounced over time (from better to worse:
Río Almod�ovar, El Perd�on, Cuadram�on, Rubi�o).

A broad study of wind speed variability and future changes in
the peninsula and Balearic Islands [25], reveals a decline in wind
speed for all analysed clusters (2031e2050). Therefore, the results
show the same tendency in Cuadram�on and Rubi�o (although
laboration.

ear future, 2018e2041) Average yearly variation (mid century, 2042e2065)

�4.5%
�5.7%
1.9%
�0.1%
5.0%
6.5%
�8.2%
�8.0%

JJA SON

ind farm. Source: own elaboration.
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changes are less significant than in this paper), and a contrary trend
in Río Almod�ovar and in some periods in El Perd�on. However, the
analysis was oriented towards providing aggregate data for the
Iberian Peninsula and its whole territory was divided in only 11
clusters (in fact El Perd�on and Rubi�o are included in the same one).

The general trends are also consistent with other studies that
provide a general overview of future changes in Europe. Most pa-
pers on this topic project wind speed decrease in the Mediterra-
nean area (Rubi�o) [6,17,19e22,44,45] and many of them project an
increase in the Gibraltar Strait area (Río Almod�ovar) by mid-
century [17,19,22,44]. Regarding the Ebro Valley area (El Perd�on),
the trend is less consistent with only some papers projecting an
increase [22,44].

The climate reanalysis was conducted by Acciona for each of the
farms, extrapolating the hourly wind speed series from 2010 to
2016 (measured data) back to 1987 (CFSR2) and to 1997 (Merra23)
using Vortex Series. The reanalysis provides simulated data
combining global circulation models (GCMs) with meteorological
measurements [46]. It is a widely used method to simulate large
series of wind data, but correlation needs to be validated first, as
accuracy on literature depends on specific variables such as altitude
[32].

In this case, the correlation between the data obtained from
reanalysis and historical data for 2010e2016 ranges from 50% to
85% depending on the model and the wind farm (with the lowest
average correlation in Cuadram�on, and CFSR providing better cor-
relation than Merra2 in all wind farms). As shown in Fig. 3, the
reanalysis is not consistent in this farm, where historical data does
not correspond with the reanalysis. The reanalysis does not provide
projections, but as a larger dataset is available, a linear tendency
has been calculated and extended for all farms. This is not a robust
method to project wind speed but is useful for the operators of the
plant as it shows whether the projections (RCP 4.5) are consistent
with the historical trend, even if the time series are short. As shown
in Fig. 3 for CFSR, the tendencies are consistent in three of the parks
and differ in Rubi�o. In almost all cases the slope of the change is
higher than in the projections.

4. Economic analysis

4.1. Analysis of operating margins

As we have assumed the removal of the investment subsidy as
the baseline scenario, the results are very dependent on the pro-
duction to power ratio (equivalent full load hours). There is a stark
difference in performance between the four wind farms for this
ratio, as shown in Table 6.

The historical operating margins are consistent with these fig-
ures, as seen in Table 7. The Adjusted Price (AP) has been used both
for the reference period and for the projections considering the goal
of this paper. When using official sources, Cuadram�on and El
Perd�on have the highest operating margins (15% and 38% respec-
tively), whereas Río Almod�ovar and Rubio have negative values
(�14% and �10% respectively).

With respect to future projections, operating margins do not
change dramatically, except in Río Almod�ovar, which experiences
an increase in production and improves its margins over time,
particularly in the RCP 8.5 (which is more beneficial in terms of
production and seasonality). In Rubi�o, due to expected reductions
2 Climate Forecast System Reanalysis, by the National Centers for Environmental
Prediction (NCEP).

3 Modern-Era Retrospective analysis for Research and Applications, Version 2, by
NASA.
in production by the mid-century, operating profits are also sub-
stantially affected, reaching -14-15%, depending on the RCP. In the
near future, changes in seasonality have a positive impact on in-
come and operating margins. Cuadram�on shows positive values,
but in a smallermagnitude than El Perd�on, in part due to the impact
of regional taxes.

When using cost parameters provided by Acciona (Table 8),
there are some differences in the starting point, with improve-
ments in Cuadram�on and Rubi�o. The evolution in future periods
follows a similar evolution than the one shown above.

As stated in the methodology section (2), an alternative scenario
has been designed, assuming that Río Almod�ovar and Rubi�o receive
the public investment subsidy for the period set in the regulatory
framework. This scenario is not the most appropriate one to notice
the influence of climate change, as the subsidy has a huge impact
on the results, but it offers an interesting insight on the impact of
the removal of public incentives to utilize renewable energies,
which is much bigger than the physical impacts of climate change.
Considering this variable, Table 9 shows how these two farms
decrease their operating margins over time once the subsidy has
been removed.

As explained above, these results cannot be compared with
other sources in literature, as existing studies rarely provide eco-
nomic estimates and those that do, focus on a macro perspective,
analyzing the impact on electricity prices [28,29], not on the
perspective of the operator of the plant, that would be more
interested in costs or operating margins.

4.2. Investment analysis

This analysis has been carried out regarding a hypothetical in-
vestment from scratch, taking into account all investments and the
full set of capital costs. Therefore, civil works and engineering, as
well as the full cost of the turbines will be included from the
beginning. The investment subsidy has not been considered.

A period of 25 years has been considered (from 2018 to 2042),
with a discount rate of 2%, consistent with other studies in the
sector in Spain [31,47]. In one variation, there is no need for external
funds and no opportunity costs have been included. In a second
variation, financial costs have been added for 80% of the capital at a
6% discount rate under an equated yearly installment (equal pay-
ments during the loan life cycle to pay off interests and capital). The
residual value in the last year accounts for the value of the initial
investment excluding the cost of the turbines (civil works, electrical
investment, land development and others).

The net present values for each wind farm, scenario and
financing variation are shown in Table 10. The results are consistent
with those of operating margins, with positive values for El Perd�on
and negative values for Río Almod�ovar and Rubi�o. Cuadram�on is
closer to positive values (if the investment is done internally) and
can achieve them if the lifetime of the turbines is extended beyond
the 25 years. There is a clear difference in values when the financial
costs are considered even if El Perd�on remains with positive values.
Rubi�o shows the worst results, in part due to its bigger size
compared to the other wind farms.

5. Discussion

This paper has analyzed the impact of changes in wind speed
due to climate change in the long term. According to the results
shown above, these changes will affect the production and oper-
ating margins of the selected wind farms. The projections were
based on existing public information on future wind speed for two
IPCC scenarios.



Fig. 3. Reanalysis and projections. Source: Own elaboration based on data from Acciona.

Table 6
Full load hours at each wind farm. Source: own elaboration based on data from Acciona.

Wind farm Period Average annual production (MWh) Installed capacity (MW) Full load hours

Cuadram�on 2010e2016 47,562 18.75 2537
El Perd�on 2010e2016 65,508 20 3275
Río Almod�ovar 2011e2016 21,728 12.8 1698
Rubi�o 2010e2016 88,581 49.5 1790

Table 7
Operating margins at each plant in the reference period and in the projections under official cost parameters. Source: own elaboration.

Wind farm Historical average RCP 4.5 RCP 8.5

Near future, 2018e2041 Mid century, 2042e2065 Near future, 2018e2041 Mid century, 2042e2065

Cuadram�on 15% 12% 12% 12% 11%
El Perd�on 38% 39% 40% 39% 39%
Río Almod�ovar �14% �8% �5% �6% �4%
Rubi�o �10% �8% �15% �8% �14%
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The results of the physical projections of this paper, as explained
in section 3.2, are mostly consistent with other projections in this
geographical area, both specific for the Iberian Peninsula and
general for Europe. However, no studies have been conducted on
the economic impacts of these changes from the perspective of the
operator of the plant, so the results on operating margins and
investment parameters cannot be compared with existing
literature.

Due to the long-term framework of the assessment, certain
methodological choices were made to avoid distortion. First, the
analysis was based on operating margins rather than profits, to
prevent the impact of discount rates. Second, a ceteris paribus



Table 8
Operating margins at each plant in the reference period and in the projections under cost parameters provided by Acciona. Source: own elaboration.

Wind farm Historical average RCP 4.5 RCP 8.5

Near future, 2018e2041 Mid century, 2042e2065 Near future, 2018e2041 Mid century, 2042e2065

Cuadram�on 17% 15% 15% 14% 14%
El Perd�on 26% 26% 26% 26% 26%
Río Almod�ovar �29% �24% �22% �22% �20%
Rubi�o �3% �1% �6% �2% �5%

Table 9
Operating margins at each plant in the reference period and in the projections under official cost parameters. Source: own elaboration.

Wind farm Historical average RCP 4.5 RCP 8.5

Near future, 2018e2041 Mid century, 2042e2065 Near future, 2018e2041 Mid century, 2042e2065

Río Almod�ovar 62% 31% �5% 31% �4%
Rubi�o 45% 14% �15% 13% �14%

Table 10
Net present values of investments in the wind farms. RCP 4.5 and 8.5. Source: own
elaboration.

Wind farm RCP 4.5 RCP 8.5

100% internal 80% external 100% internal 80% external

Cuadram�on �2,466,722 �8,048,294 �2,627,409 �8,208,981
El Perd�on 15,428,652 9,474,975 16,053,846 10,100,169
Río Almod�ovar �6,722,617 �10,532,970 �6,436,118 �10,246,471
Rubi�o �25,901,075 �40,636,425 �26,357,648 �41,092,999
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approach was chosen for considering costs and incomes. This was
done, as explained in a previous paper [31], to specifically highlight
the impacts of climate change, which may be difficult to pinpoint
when changes in costs and prices are considered over such a long
period. This paper has also assumed that no adaptation measures
will be undertaken. However changes in the design and operation
of wind turbines are to be expected in the long term if changes in
wind speed are confirmed over time [15].

Regarding the economic assumptions, this paper outlined two
cost scenarios (official and company assumptions) and two income
scenarios (with and without the investment subsidy). By doing so,
it provides robustness to the results and a better understanding of
the importance of the regulatory framework.

There are several uncertainties that could benefit from future
research, such as the fact that only changes in wind speed have
been considered here. Changes in wind direction and other vari-
ables such as extreme wind events or icing of the blades may be
relevant as well [7].

The resolution of the bins for the power curves (0.5m/sec) was
based on existing information and is consistent with current
practice in the sector, however this might underestimate the cu-
mulative impact of small changes in wind speed.
6. Conclusions

This study has shown that climate change may affect wind
speed and, therefore, wind production in Spain. Four wind farms
were chosen for their characteristics and geographical locations,
where existing literature suggests variations in the resource.

According to the results, changes in average wind speed vary
between wind farms. A decrease in speed is to be expected in
Cuadram�on and Rubi�o for all scenarios and time periods. In Río
Almod�ovar, an increase is projected, whereas results for El Perd�on
depend on the time frame and scenario. The greatest decrease is
projected for Rubi�o and Cuadram�on, with reductions of around 5%
for the period 2042e2065.

Regarding annual production, results are consistent with those
for wind speed, but in a greater magnitude. Again, Rubi�o shows the
most significant decrease in production, at around 8% for the period
2042e2065. Increases in Rio Almod�ovar are projected to be be-
tween 5% and 6% for the same period. Concerning seasonality,
projections show an increase in production at all plants during the
summer, and a decline during the winter.

These changes in production affect the operating margins and
investment parameters of the plants. Considering the economic
assumptions made in this analysis, said parameters are highly
influenced by the equivalent full load hours of the farms. The
production to installed power ratio during the historical period in
El Perd�on (3275) is nearly double that of Río Almod�ovar (1698), and
therefore has a clear impact on calculated operating margins. Due
to the expected increases in production, changes in operating
margins are relevant in both Río Almod�ovar and Rubi�o. Only slight
changes are projected for the other plants.

These conclusions will benefit from further research and
broadened information, as described in the section Discussion (5).
More accurate projections that consider further climate variables
will improve the quality of the results

With respect to conclusions related to public policy, this paper
does not foresee dramatic changes in wind production at the
analyzed plants. Changes in the regulatory framework have a
higher impact on the analyzed plants, according to the calculations.
As shown in the investment analysis, new farms such as Rubi�o and
Río Almod�ovar may not be profitable without the public invest-
ment subsidy.

In any case, wind energy generation is the most important
source of renewable electricity in Spain [48], and the evolution of
wind speed should be monitored to confirm the conclusions of
existing climate projections.
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