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a b s t r a c t

This paper assesses the impact of the El Ni~no Southern Oscillation (ENSO) on the wind speed, energy
production, as well as its impact on the value of potential wind projects at different sites across Chile. The
study applies cyclostationary empirical orthogonal function (CSEOF) analysis to isolate the ENSO influ-
ence on the wind speed, and therefore on the energy output of nearly all current and potential wind
farms in Chile. Finally, a review of techno-economical parameters is made to assess the economic impact
of an ENSO event occurring at different years in the lifetime of a wind energy project. The main
contribution of this work is to establish the locations in Chile where this climatic oscillation is important
for the system planning, the energy forecasting and the risk assessment.

© 2016 Published by Elsevier Ltd.
1. Introduction

The share of wind projects in the Chilean electrical system has
increased from 0.18% (20MW) of the total installed capacity in 2007
to 4.36% (906 MW) in September of 2015 [1], thereby supplying
3.33% (1.465 Terawatt hour) of the national energy production [2,3].
The estimation of the potential of thewind resource is fundamental
for the development of new wind projects. However, understand-
ing the temporal variability can be just as, or more important,
especially when addressing topics related to prediction of the
resource, operation of the projects, contract coverage and spot price
exposure, financing and insurance, among others.

Most of the understanding regarding inter-annual wind
resource variability is based either on relatively short measure-
ments of the wind speed on existing or prospective sites, or on
data from numerical predictions (Numerical Weather Prediction
or NWP) or regional climate models [4]. The measure-correlate-
�olica de Chile, Vicu~na Mack-
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predict (MCP) methods permit a characterization of the resource
using only short measurement records, which is why they are the
most commonly used methods in the industry. A major assump-
tion in the MCPmethods is that the wind is statistically stationary,
which means that the historical wind speed distribution is
invariantly propagated into the future [5]. This assumption is
highly questionable when considering that most of the data re-
cords are relatively short with respect to the period of climatic
oscillations such as El Ni~no Southern Oscillation (ENSO). ENSO
consists of a warm phase called El Ni~no and a cold phase called La
Ni~na. Each phase has a tremendous impact on the climate in Latin
America and the Caribbean (Fig. 1), India, Oceania, the United
States and Africa.

In Latin America, where hydroelectricity represents close to
50% of the total electricity generation [7], the effects of El Ni~no are
essential to estimate precipitation and water availability [8,9].
Various studies regarding the effect of ENSO on the hydrology in
Latin America have been developed [10e14]. However, the study
of the ENSO impact on the wind regimes is still a pending
challenge.

ENSO, as a climatic oscillation, can cause considerable changes
to the statistical characteristics of the wind resource during the
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Fig. 1. Climate impacts of El Ni~no in Latin-America. Chile is highlighted. Based on [6].
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lifetime of a project [4]. Therefore, determining the impact of these
oscillations is of great importance, especially in Chile. This is due to
the fact that the mean wind speed on most of the sites is relatively
low, close to the limit for economic feasibility. On these sites the
wind turbine generators (WTG) are frequently operated close to the
cut-in speed and below the rated power. Therefore, a drop in wind
speed will cause a reduction in production which is proportionally
larger compared to sites with high wind speeds. On high speed
sites, the WTG operate close to or above the rated speed and
therefore the production is more stable (Fig. 2).

The objective of this study is to evaluate the effect of ENSO on
wind projects across Chile, establishing its importance in the
development of projects and in the prediction of thewind resource.
To achieve this, the wind speed time series are decomposed to
identify an ENSO-related climatic signal, for 22 sites representative
of the wind potential in Chile. Based on this result, the impact on
the wind power generation on these sites is calculated, to finally
determine how this variation affects the value of a project on the
different sites. The effect of ENSO is classified by events that occur
during the cold phase (La Ni~na) and during the warm phase (El
Ni~no), since the purpose is to determine in which zones the events
of La Ni~na and El Ni~no are beneficial or harmful to the wind power
production and the future industry development.
2. Data and methods

In order to identify the ENSO-related variability on awind speed
time series, it is necessary to use a decompositionwhich can isolate
a specific climatic signal. In this work, the climatic signal is isolated
by using cyclostationary empirical orthogonal functions (CSEOFs)
[15,16]. The result of the methodology is a time series which rep-
resents the variation in the wind resource caused by ENSO. Another
methodological alternative which is frequently used in climatic
studies, are empirical orthogonal functions (EOFs). The EOFs are
used for the study of patterns in the climatic variables, and assume
that the temporal variability of the analyzed variable is stationary.
However, it is observed that many geophysical variables typically
show a cyclostationary behavior [17]. This means that their statis-
tical properties vary cyclically with time [18]. Even though the EOFs
can represent the cyclostationary signals through a superposition
of multiple patterns, the CSEOFs allow for the explanation of these
signals from one single pattern [17]. This increases their inter-
pretability, and they have therefore been chosen for this study.

2.1. Analyzed sites and wind resource data

With the objective of identifying the influence of ENSO on the
Chilean wind resource, 22 sites are chosen, belonging to the two



Fig. 2. The effect of different wind regimes on the wind power output.
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major electrical systems in Chile: Sistema Interconectado Central
(SIC) and Sistema Interconectado del Norte Grande (SING). These
systems supply 99.8% of the total energy consumption [19]. The
sites were selected based on their proximity to operating wind
farms, wind projects at different stages of development, and areas
with wind potential without current project developments [20].
The selected sites provide a representation of existing and future
wind projects in Chile. The coordinates of each analyzed site are
shown in Table 1. Additionally, the topography of each site is
presented, which is classified either as coast, valley or highland.
This is to identify any possible relation between the ENSO effect
on the wind resource and proximity to the ocean, altitude or other
geographical variables.

For each site, the wind speed time series are obtained from a
reconstruction made by the Weather Research Forecasting (WRF)
model of the Explorador E�olico Nacional de Chile [21]. WRF is a
non-hydrostatic model which solves the fundamental equations
that control the atmospheric circulation in a three-dimensional
grid. The model has been widely used in the study of wind en-
ergy, both for resource characterization and prediction of power
production.

The retrieved data present the mean wind speed for each hour
between January 1981 and December 2013. From this data the
monthly average for each month is calculated, generating a time
series of monthly frequency to which the CSEOF decomposition is
applied. Public data on real wind speed measurements in Chile also
exists [22]. However, this database does not cover records longer
than 5 years, which is not enough to identify the impact of ENSO by
a single mode, given that a record of at least 35 years is needed [23].
Therefore, the series obtained from the Explorador Eolico are used,
even though this data record of 33 years is also shorter than
required. To resolve this, a complementary methodology is applied,
which is described in Section 2.3 regarding the regression of an
ENSO index over one of its components.
2.2. Cyclostationary empirical orthogonal function decomposition
of the wind speed

To identify the physical processes that explain the variability in
the wind resource associated with ENSO, a CSEOF analysis is
applied to the monthly anomaly of the wind speed for each site
[17]. This provides patterns or modes, where each mode corre-
sponds to Loading Vectors (LVs) and its respective Principal
Component Time Series (PCTS). The anomaly of the wind is ob-
tained by extracting the long-term average and the long-term
trend from the monthly time series. The LVs are cyclical and
show the physical evolution of the studied variable, which is
repeated for each period. This period is called nested period and is
selected a priori. The choice of the nested period is based on the
understanding of the physical phenomena that is being studied. A
nested period of one year has been shown to be effective to extract
the variability associated with ENSO [24e28].

Using one year as a nested period, the decomposition generates
12 LVs (when using monthly data) where each one corresponds to
the physical evolution of the studied process frommonth tomonth.
The PCTS correspond to a stochastic modulation which represents
the amplitude of the process at a given moment. For instance, the
first CSEOF corresponds to an annual profile that is modulated over
time (Fig. 3). This annual cycle is called Modulated Annual Cycle or
MAC [29].



Table 1
Coordinates and features of analyzed sites: Operating wind farms and potential projects.

Zone Coordinates Region Potential Zonea Operative Projects Topography

Latitude Longitude

Loa �21,64 �69,54 II No 0 Valley
Calama �22,49 �68,83 II Yes 1 Highland
Taltal �25,07 �69,59 II Yes 1 Highland
Cha~naral �28,92 �71,47 III Yes 0 Coast
Talinay �30,84 �71,65 IV Yes 2 Coast
Canela �31,09 �71,62 IV Yes 2 Coast
Totoral �31,29 �71,62 IV No 3 Coast
Llay-Llay �32,83 �70,99 V No 0 Valley
Valparaíso �33,10 �71,64 V No 0 Coast
Ucuquer �34,04 �71,62 VI No 1 Valley
Concepci�on �36,79 �73,17 VIII No 0 Coast
Arauco �37,24 �73,58 VIII Yes 0 Coast
Cuel �37,39 �72,53 VIII Yes 1 Valley
Curalinahue �37,48 �73,46 VIII Yes 0 Coast
Renaico �37,69 �72,55 IX Yes 0 Valley
Lebu �37,71 �73,64 VIII Yes 1 Coast
Temuco �38,49 �73,25 IX Yes 0 Valley
Valdivia �39,92 �73,27 XIV Yes 0 Coast
Purranque �40,94 �73,75 X Yes 0 Coast
Chilo�e Norte �41,90 �73,95 X Yes 0 Coast
Chilo�e Centro �42,56 �73,92 X Yes 1 Valley
Chilo�e Sur �43,12 �73,94 X Yes 0 Valley

a Potential Zones defined by the Ministry of energy.
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2.3. Regression analysis and identification of the El Ni~no Southern
Oscillation

The second mode PCTS is highly correlated with the Multi-
variate ENSO Index (MEI) when the data record is sufficiently long
(>35 years). The second CSEOF would then describe the effect of
ENSO on thewind speed. However, since the data record is only 33
years a regression analysis is performed. All the PCTS, except for
the first mode which is associated with the MAC, are linearly
regressed onto the MEI in order to obtain a CSEOF associated with
ENSO [17,24,26]. This regression yields an ENSO-related LV, that
when multiplied by the MEI, gives the CSEOF of the ENSO's impact
on the wind speed.

The resulting CSEOF describes the temporal and spatial varia-
tions of the wind speed caused by ENSO at the different sites across
Chile. Nevertheless, the physical mechanisms that explain the
relation between the ENSO fluctuations and the wind speed vari-
ations are not addressed in this study and further research on this
topic is a pending challenge.
2.4. Wind energy estimation methodology

To calculate the impact of ENSO on the power generation, the
monthly wind energy must be estimated from the monthly mean
wind speed. This calculation is based on [30], where a cubic poly-
nomial is fitted to the observed wind power and wind speed pairs,
which are presented for the Canela site (Fig. 4). The fitting is based
on least squares criteria with the following constraints:
1 Zero generation for zero monthly wind speed
2. Monthly capacity factor lower than or equal to 1
3. Monthly capacity factor greater than or equal to 0

The monthly wind energy is calculated by adding up the hourly
generation for each month. The hourly generation is obtained by
using the power curve of theWTG, P(v), where v is the hourly wind
speed. P(v) is defined as a piecewise function, where the speeds
between the cut-in speed and the rated speed are approximated to
a fitted eleventh order polynomial, with a lower limit in zero and an
upper limit in the rated power.

PðvÞ¼

8>>><
>>>:

0; if v<vcut�in or v>vcut�off

min
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i¼0

aiv
i;0

!
;Prated

!
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(1)

The Vestas-V90 with a rated power (Prated) of 2000 kW was
chosen, since it is one of the WTG models most commonly
installed in Chile [20]. It is used for instance in the Monte
Redondo, Totoral, Talinay and Lebu wind farms. For this WTG, the
cut-in speed (vcut-in), the rated speed (vrated) and the cut-off speed
(vcut-off), are 3 m/s, 12 m/s and 25 m/s respectively. The energy
variations caused by ENSO are calculated using the monthly po-
wer curve. The variations are obtained by comparing the gener-
ation from the monthly wind speeds with and without the
changes caused by ENSO.



Fig. 3. Loading Vector and Principal Component Time Series of MAC mode (1st mode) at each site.
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2.5. Review of technical and economic parameters for wind projects

The profitability of a wind farm depends as much on the tech-
nical factors, such as their installed capacity and produced energy,
as on economic factors, like the investment cost, capital structure,
interest rate, taxes, etc.
2.5.1. Review of technical parameters for wind projects
The power generation of a wind farm depends directly on the

wind speed at the site where the project is located. The different
wind classes are defined according to the average speed, turbulence
and extreme gusts, which determines the turbine class to use ac-
cording to international standard IEC61400-1. The production of
the wind farm also experiences performance degradation over



Fig. 4. Estimated monthly and hourly power curve for a Vestas V90 at the Canela site.
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time. A detailed study of the wind farm degradation is developed in
Ref. [31]. This work concludes that the annual degradation
is �1.6% ± 0.2%. Nevertheless, the authors state that it is not
possible to determine if it has any functional form due to the lack of
data.

In order to calculate the total generation of a project it is
necessary to consider the losses of the generation system, trans-
formation and internal distribution of the wind farm. The different
sources of losses are listed as follows: 8% from availability, 2.3%
from electrical, 1.4% from WTG, 4% from the effect of the environ-
ment and 2.1% from wake effect. These add up a total loss of 16.7%
[32,33].

2.5.2. Review of economic parameters for wind projects
Themain economic parameter of a project is the sale price of the

energy, which is assumed to be 85 USD/MWh. This is according to
the “knot price”, which corresponds to the present value of the
market clearing prices in a horizon of 4 years. This was calculated
by the Comisi�on Nacional de Energía in October of 2014 for SIC (CNE
2014).

In order to calculate the economic value of a project, the net
present value (NPV) method is used, which requires a discount rate.
The main methodology used for the rate calculation is the WACC
(Weighted Average Cost of Capital) (2) which weighs the cost of
capital from diverse sources of funding.
Table 2
Economical parameters and references.

Parameters Selected value Conclusions from literature review

Operational and
Maintenance Costs

2.1% of total investment A model was fitted for O&M versus
WTG rated power Model*: K1 þ A1

exp(-Ps1) K1 ¼ 1.5%, A1 ¼ 3.5%,
s1 ¼ 0.085%

Investment Cost 1500 USD/kW A model was fitted for investment
versus WTG rated power Modela:
(K1 þ A1 exp(-Ps1))(K2 þ A2 exp(-P
K1 ¼ 1100, A1 ¼ 1400, s1 ¼ 0.0055
K2 ¼ 0.39, A2 ¼ 0.31 s2 ¼ 0.002

Lifetime of the project 20 years Most references use 20 years A cou
of references uses 25 or 30 years

Salvage value 5% of total investment Most references neglect this item. F
references use 5% and 10%

a P: rated power, si: rate change; Ki, Ai are constants.
WACC ¼ E
Inv

re þ D
Inv

rdð1� tÞ (2)

Here E is the equity of the project, D is the debt, Inv is the total
investment considering debt and equity (Inv ¼ E þ D), t is the tax
rate and re and rd is the equity rate and the debt rate, respectively.
The equity rate is calculated from Equation (3), derived from the
Capital Asset Pricing Model (CAPM).

re ¼ rf þ brM þ rc (3)

Here rf is the risk-free rate, rc is the country risk, rM is the market
risk premium and b is a measure of comparative risk between
renewable energy projects and the rest of the market during a
period of time. For the economic evaluation a 40% equity and 60%
debt is considered, using a debt rate of 7% [34e38]. A tax rate of 25%
is used (according to the Chilean law by the beginning of 2017 [39]).
Levered b is 1.6 (unlevered b for a renewable energy project is 0.74)
[40], risk-free rate is 1.9%, market risk premium is 4.4% and country
risk is 0.5% (valid for Chile) [41]. These values give an equity rate of
9.44% and a WACC of 7.03% according to Equations (3) and (2),
respectively.

The rest of the economic parameters are the investment cost,
operational and maintenance cost (O&M), life-time of the project
and salvage value. The values of these parameters were obtained
through a review of the literature related to wind projects evalu-
ation. In Table 2 the result of the review is summarized, showing
the respective sources and the used value. The investment and
O&M costs were modelled depending on the WTG capacity, in or-
der to reflect economies of scale.
2.5.3. Method to assess value variations of wind projects
In order to assess the economic impact of ENSO on the wind

energy industry in Chile, the Net Present Value (NPV) is calculated
[42]. This method is widely used for economic evaluation of any
type of projects, and it is one of the most commonly used methods
to evaluate wind projects [34,36,43e52]. NPV (4) discounts the
future cash flows of the project, according to the discount rate of
each period. The discount rate is commonly assumed to be
constant.
References

(Fazelpour et al. [57]; Colmenar-Santos et al. [34]; Schallenberg-Rodríguez
& Notario-del Pino [58]; Nedaei et al. [46]; Caralis et al. [35];
Schallenberg-Rodriguez [59]; Diaf & Notton [60]; Mohammadi &
Mostafaeipour [50]; Ohunakin & Akinnawonu [49]; Adaramola et al. [63];
Rehman et al. [61]; Friedman [38]; G€okçek & Genç [64]; Hoogwijk et al.
[66]; Rehman et al. [62])

s2))
,

(Kaldellis & Gavras [52]; Fazelpour et al. [57]; Mohammadi &
Mostafaeipour [50]; Rehman et al. [61]; Rehman et al. [62]; G€okçek & Genç
[64]; Diaf & Notton [60]; Ohunakin & Akinnawonu [49]; Hoogwijk et al.
[66]; Schallenberg-Rodríguez & Notario-del Pino [58]; Schallenberg-
Rodriguez [59]; Nedaei et al. [46]; Colmenar-Santos et al. [34]; Friedman
[38]; Adaramola et al. [63]; Xydis [36]; Caralis et al. [35])

ple (Caralis et al. [35]; Friedman [38]; Schallenberg-Rodríguez & Notario-del
Pino [58]; Schallenberg-Rodriguez [59]; Xydis [36]; Diaf & Notton [60];
Marafia & Ashour [65]; Rehman et al. [62]; Rehman et al. [61]; Nedaei et al.
[46]; Harijan et al. [48]; Hoogwijk et al. [66]; G€okçek & Genç [64];
Ohunakin & Akinnawonu [49]; Adaramola et al. [63]; Mohammadi &
Mostafaeipour [50]; Fazelpour et al. [57]; Colmenar-Santos et al. [34];
Grassi et al. [37])

ew (Diaf & Notton [60]; Rehman et al. [61]; Rehman et al. [62]; Nedaei et al.
[46]; Harijan et al. [48]; Ohunakin & Akinnawonu [49])



Table 3
Monthly wind speed averages considering only months without ENSO events at each site.

Site Monthly wind speed average m/s Mean m/s

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Loa 4,7 4,6 4,6 4,9 5,6 5,8 5,9 6,4 5,7 5,5 5,2 5,1 5,3
Calama 7,0 6,9 7,2 7,3 7,6 8,1 8,1 8,2 8,8 8,3 8,2 7,2 7,7
Taltal 5,3 5,6 5,9 6,8 10,7 11,8 12,0 11,4 11,4 9,2 7,3 6,2 8,6
Cha~naral 6,6 6,7 6,5 6,7 6,6 7,0 7,4 8,2 8,0 7,1 5,9 6,8 6,9
Talinay 4,6 4,7 5,5 7,1 5,7 6,4 6,5 6,8 6,3 5,8 4,7 5,3 5,8
Canela 5,6 5,6 4,5 5,4 5,9 7,4 7,4 7,8 7,2 6,7 5,6 6,2 6,3
Totoral 5,5 5,4 4,5 4,6 4,9 6,7 6,8 7,1 6,8 6,4 5,7 6,3 5,9
Llay-Llay 5,3 5,4 4,6 3,8 3,2 3,3 3,4 3,6 4,0 5,0 5,4 5,6 4,4
Valparaíso 2,5 2,6 2,6 3,0 3,8 6,9 6,9 5,6 3,4 3,5 3,2 2,8 3,9
Ucuquer 5,1 5,2 5,0 5,3 5,8 8,1 7,8 7,3 5,5 5,5 5,8 5,3 6,0
Concepci�on 7,1 6,4 4,4 4,3 4,0 8,2 8,4 8,0 4,7 5,4 7,1 8,0 6,3
Arauco 12,7 12,1 7,0 6,4 6,6 7,0 7,1 6,6 5,6 8,6 10,8 12,3 8,6
Cuel 8,7 9,2 5,6 5,0 5,3 7,1 7,1 6,5 4,9 5,5 7,2 8,5 6,7
Curalinahue 9,1 9,1 5,1 4,8 5,2 7,1 7,2 6,6 5,2 6,8 8,6 9,4 7,0
Renaico 11,2 11,4 7,1 6,3 6,4 6,8 6,9 6,3 5,3 7,0 9,2 10,6 7,9
Lebu 8,2 8,7 6,1 5,8 6,2 8,5 8,4 7,8 4,8 7,0 8,5 8,4 7,4
Temuco 7,6 8,4 6,2 7,1 7,5 8,9 9,1 8,5 4,9 6,1 7,7 8,2 7,5
Valdivia 3,4 4,1 3,1 3,7 4,1 7,2 6,7 6,2 4,7 4,2 4,1 4,3 4,6
Purranque 6,2 7,0 7,3 9,0 10,9 13,2 12,6 12,2 8,5 7,3 7,5 7,6 9,1
Chilo�e Norte 4,6 4,9 5,7 6,5 7,2 10,3 9,6 9,3 6,0 5,5 5,9 6,0 6,8
Chilo�e Centro 6,7 6,6 5,8 6,9 8,1 11,7 11,0 11,3 7,8 7,1 7,7 8,4 8,3
Chilo�e Sur 5,7 5,7 5,7 6,7 7,6 9,4 8,7 8,7 6,6 5,9 6,3 7,0 7,0

Mean m/s 6,5 6,6 5,5 5,8 6,3 8,0 8,0 7,7 6,2 6,3 6,7 7,1 6,7

Table 4
Monthly capacity factor corresponding to monthly wind speeds averages of Table 3.

Site Monthly capacity factor % (Without losses) Mean %

Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec

Loa 17,7 17,2 17,0 19,6 25,3 27,0 27,8 31,5 26,1 24,4 22,1 20,8 23,0
Calama 40,1 39,5 42,4 43,0 45,9 51,3 51,8 52,6 58,6 53,8 52,4 42,0 47,8
Taltal 22,2 24,3 26,8 35,1 71,0 79,8 81,2 76,9 77,3 57,7 39,6 29,7 51,8
Cha~naral 34,8 35,3 34,1 35,5 34,9 38,8 41,9 49,7 47,8 39,2 27,8 36,7 38,0
Talinay 16,2 17,1 23,1 37,2 25,1 30,6 31,9 34,2 29,9 26,1 16,7 21,7 25,8
Canela 26,6 27,1 18,3 24,8 29,5 42,7 42,7 46,9 41,6 36,8 27,2 32,5 33,1
Totoral 23,3 23,0 16,1 16,9 18,7 34,2 35,2 37,9 34,9 31,7 25,4 30,3 27,3
Llay-Llay 26,4 27,1 20,2 13,6 8,9 9,6 10,6 11,9 14,7 23,2 27,6 29,3 18,6
Valparaíso 4 4,3 4,1 6,1 10,2 33,9 33,2 22,7 7,9 8,4 6,7 5,0 12,2
Ucuquer 20,6 21,4 20,0 22,1 26,4 45,7 43,8 39,4 23,7 23,9 25,9 22,2 27,9
Concepci�on 37,4 30,7 14,9 14,0 12,4 47,1 49,6 45,7 16,7 22,6 37,3 45,1 31,1
Arauco 85,4 81,9 39,1 33,3 35,1 38,5 39,4 35,5 25,9 53,6 72,8 83,1 52,0
Cuel 56,1 60,1 26,1 21,5 23,7 40,7 40,1 34,8 20,7 25,4 41,6 54,1 37,1
Curalinahue 59,8 59,6 21,5 19,4 22,9 40,0 40,4 35,0 22,5 36,9 55,0 62,1 39,6
Renaico 78,0 79,5 41,3 33,1 34,3 38,0 39,3 33,7 24,3 39,9 61,7 73,8 48,1
Lebu 49,9 54,7 29,6 27,5 31,0 52,8 52,2 45,8 18,8 38,4 53,2 51,9 42,1
Temuco 41,9 48,8 29,2 37,6 41,3 53,4 55,3 49,9 18,9 28,8 42,4 47,2 41,2
Valdivia 9,1 13,8 7,3 10,8 13,7 40,5 35,9 30,8 18,6 14,5 14,1 14,9 18,7
Purranque 30,1 36,3 39,1 53,2 68,4 80,5 78,1 75,9 49,7 39,3 41,3 42,1 52,8
Chilo�e Norte 16,8 18,4 25,1 32,5 39,0 67,8 61,2 58,9 27,4 23,9 26,9 27,7 35,5
Chilo�e Centro 33,2 32,9 26,3 35,4 44,7 69,6 65,4 67,2 41,9 36,5 41,7 46,7 45,1
Chilo�e Sur 24,5 24,4 24,8 33,0 41,1 57,9 52,1 52,1 32,2 26,2 30,0 35,5 36,2

Mean % 34,3 35,3 24,8 27,5 32,0 46,4 45,9 44,0 30,9 32,3 35,9 38,8 35,7

D. Watts et al. / Renewable Energy 103 (2017) 128e142134



Table 5
Frequency of ENSO events for each month during the recorded period. Values in percentage. Months without ENSO events are presented in bold.

Event Frequency of the ENSO event between Jan-1981 and Dec-2013%

Jan Feb Mar Apr May Jun Jul Ago Sep Oct Nov Dec

Very Strong Ni~no 20 0 0 0 0 0 0 0 11 10 20 20
Strong Ni~no 10 33 13 0 0 0 0 29 22 10 0 0
Moderate Ni~no 20 22 38 50 29 25 25 14 11 30 50 70
Weak Ni~no 50 44 50 50 71 75 75 57 56 50 30 10

Weak Ni~na 62 58 56 100 100 60 60 50 50 50 45 54
Moderate Ni~na 23 42 44 0 0 40 40 50 50 50 45 31
Strong Ni~na 15 0 0 0 0 0 0 0 0 0 9 15
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NPV ¼
Xn
t¼1

Ft
ð1þWACCÞt � I0 (4)

Ft and I0 is the cash flow in year t and the initial investment of
the project, respectively, while n is the investment horizon, which
typically coincides with the life-time according to the literature
(see the references in Table 2). The variations in NPV caused by
ENSO are related to the variations in the energy production. These
energy variations are calculated from the ENSO effect on the ca-
pacity factor corresponding to the monthly wind speed of Table 3
(Table 4).

3. Results

The CSEOF decomposition and PCTS regression result in an
ENSO effect on the wind speed time series. From this series the
average impact of the different intensities of ENSO is calculated for
eachmonth of the year. ENSO is classified according to the intensity
of El Ni~no or La Ni~na as very strong, strong, moderate or weak. This
classification is based on the Oceanic Ni~no Index (ONI) [53], where
positive values indicate an El Ni~no event (warm phase) and nega-
tives values a La Ni~na event (cold phase). ONI values over or below
±2 indicates a very strong event, between 2 and 1.5 strong events,
between 1.5 and 1 moderate events and between 1 and 0.5 weak
events. Months with an index between ±0.5 are considered to be
ENSO-neutral. During the 33 years recorded there are no very
strong La Ni~na events, leaving only 7 possible classifications. Table 5
presents the frequency of the events in relation to the total events
of El Ni~no or La Ni~na in a respective month, for the whole data
record.

When knowing the ENSO impact on the wind resource of a site,
it is possible to determine the economic influence that it would
Fig. 5. A detailed example of ENSO impact on the wind speed at the Canela site.
have on a wind farm located nearby. In order to calculate this
impact, the production of a wind farm is estimated by considering
the presence of an ENSO event during one year of the total life-time.
The impacted year is varied to demonstrate how the effect is
mitigated when the ENSO event occurs further into the future.
3.1. Impact of ENSO on the wind speed in Chile

In the central-north coast of Chile, in the surroundings of the
Canela commune, there is an important wind development pole
that presents 9 operative wind farms that already add up to around
590 MW [19]. Additionally, there are other wind projects at
different stages of development. This wind pole is represented in
this work by the Totoral and Canela sites. Fig. 5 presents the impact
of ENSO events classified by intensity (marked with different
colors) for every month of the year. The impact in percentage ex-
presses the average change in relation to the monthly wind speed.
Thereby it is possible to identify the effect of ENSO on the monthly
wind speed throughout the year, for different intensities of El Ni~no
and La Ni~na. It can be concluded, for instance, that at the Canela
zone El Ni~no significantly decreases the wind speed and power
generation from September to December, while La Ni~na increases it
with a lower intensity during the same months.

As mentioned earlier, for some months between January 1981
and December 2013 there are no historical records of strong or very
strong El Ni~no events, or moderate or strong La Ni~na events. For
instance, in Fig. 5 for the month of April, there are only records of
weak and moderate events of El Ni~no, and weak events of La Ni~na.

La Ni~na is the cold phase of ENSO, and its effect is the opposite of
El Ni~no for a givenmonth. La Ni~na affects thewind speedwithmore
than 2% for 28% of the months, while for 98% of the sites the vari-
ation does not exceed 6%. On the sites where awind farm is present,
La Ni~na tends to increase the available resource. However, the effect
tends to be lower compared to the impact of El Ni~no.
3.2. Impact of ENSO on the wind power in Chile

The impact of ENSO in the energy production of a wind farm is
not necessarily proportional to the variation of the wind. This dif-
ference depends not only on the mean wind speed at the site, but
also on the wind speed distribution over time. In Fig. 6 the average
energy variations are shown for every month of the year at the
analyzed sites. Similar to what was done with the wind speed, the
impact on wind power is classified according to the El Ni~no and La
Ni~na intensities. Fig. 6 shows the same type of figure as used for
Canela, for every analyzed site in Chile, for both the effect on wind
speed and wind power. The same scale is used in order to be able to
compare the sites and orders of magnitude of variations in speed
and energy.

The sites of the VIII region, corresponding to Arauco, Cuel,
Curalinahue and Renaico, are located in an area with the highest



Fig. 6. ENSO effect on the Chilean wind resource. Impact on the wind speed (left) and on the energy production (right).
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impact of ENSO. When there is no ENSO, the mean wind speed in
April is between 4.8 m/s and 6.4 m/s (Table 3). Because of these low
wind speeds, the average wind speed decrease of about 20% caused
by a moderate El Ni~no event decreases the production with be-
tween 40% and 50%.

In the south of Chile, from the regions VIII to IX, the wind farms
Cuel and Lebu are installed, and here there also exists a great wind
energy potential in the coastal areas and the nearby valleys. In this
extensive area, El Ni~no and La Ni~na do not have a significant impact
most of the year, and strong events barely affect the production
with about 12%. However, a strong decrease in the production is
caused by El Ni~no in April, reaching about 42% in average for a
moderate event. The effect of a very strong event is unknown, given
that there are no records of these events in April for the analyzed
period, but the impact is expected to be larger.
3.2.1. Spatial analysis of the influence of ENSO on the wind power in
Chile

The sites are grouped by the similarities of the profile of the
ENSO impact on the resource (Table 6). It makes sense to group



Table 6
Classified zones according to the ENSO impact profiles.

Zone Sites

a) North Loa e Calama Loa, Calama
b) North-central Taltal - IV region Taltal, Cha~naral, Talinay, Canela y Totoral
c) South central V-VIII region Valparaíso, Ucuquer, Concepci�on, Arauco, Cuel, Curalinahue, Renaico, Lebu y Temuco
d) South XVI-X region Valdivia, Purranque, Chilo�e
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them from north to south, since there is a strong relation between
latitude and the ENSO effect on the wind resource. Four zones with
similar impact profiles are identified, where each site can be clas-
sified except for Llay-Llay. The first zone covers the north of the II
regionwith Loa and Calama, the second covers from the south of the
II region to the IV region, composed by all the sites between Taltal
and Totoral, thereby comprising an extensive area. The third zone
covers from Valparaíso to Temuco, between the V and the IX region.
The last identified zone includes the southernmost regions of SIC,
grouping the sites from Valdivia to Chilo�e (XVI and X region).

In the northern zone of Loa-Calama the effect of El Ni~no is
predominantly positive, but low during the year, with a slightly
higher intensity during February and March. In the northern-
central zone of Taltal-IV region, the sites present similar ENSO ef-
fect profiles during the whole year, where El Ni~no affects mainly
negatively from February to December. The intensity of this
decrease is higher in March and between September and
December. While there does exist a great similarity between all the
sites of this zone, there seems to be a transition in the profile from
Taltal to Talinay, where the Cha~naral site acts as an intermediate
between the types of profiles on these sites.

The IV region, on the central-north coast of Chile, where the
projects Canela, Punta Colorada, El Arrayan, Talinay, Los Cururos,
Monte Redondo, Punta Palmera and Totoral are situated, both El
Ni~no and La Ni~na have high intensities between September and
December. During this season, El Ni~no decreases the power pro-
duction with 11% in average, but can reach 17% for strong or very
strong events. La Ni~na has the opposite effect, although with a
lower intensity, increasing the wind energy production with 5% in
average, reaching 8% for events with high intensity.

For the sites belonging to the central-southern zone of the V-VIII
region, El Ni~no has a very strong and negative impact on the month
of April. The opposite effect occurs in May in most sites. However,
the intensity of the impact during this month varies a lot between
the different sites. Another large and negative impact of El Ni~no on
these sites occurs at the end of the year, between November and
December. However, in this case the impact is not as strong as in
April. For the rest of the months El Ni~no generally has a positive
effect with low intensity, although this is not a general rule for all
the sites.

The southern zone XVI-X region behaves similarly to the zone V-
VIII region in April. However, ENSO has an opposite effect between
September and December in this zone, where there is an important
increase in the wind speed because of El Ni~no.

It is important to determine if the topography of the site is a
relevant factor in relation with the ENSO effect. From the chosen
sites there are two regions that allow comparing coast and valley,
since they contain projects with both types of topography: the V
region has Llay-Llay in the valley and Valparaíso on the coast, while
the VIII region has Arauco and Lebu on the coast, and Renaico and
Cuel in the valley. In these regions, the topographies (coast and
valley) do not have a clear influence and the dominating factor
seems to be the latitude (as discussed above) regardless of the
topography. Even though ENSO has an opposite effect in some
months, it is not possible to establish a general rule. The same
conclusion is obtained when comparing highland and valley, with
Calama and Loa. They have not only similar profile shapes, but also
a similarity in the magnitude of the effects, again indicating that
latitude is the prevalent factor.

Due to the significant amount of ENSO events during the life-
time of a wind farm, it is expected that ENSO affects the accuracy of
the energy potential estimation of a wind power project. The sum
of minor changes during a long period could generate a major de-
viation in the total production. In the next section, the effect of an
ENSO event during a year will be analyzed from an economic
perspective in order to assess this accumulated impact. It is
important to state that the long term variability in South America is
not only attributable to ENSO, since the Indian Ocean Dipole and
the Antarctic Oscillation also could play an important role [54,55].
Nevertheless, this paper focused on ENSO because of its important
role in natural resources in the last years [56].

3.3. Economic assessment of the impact of ENSO in the wind farm
projects

With the parameters previously described in Section 2.5, the
impact of an ENSO event in different years of the project is simu-
lated and valorized. For instance: What would happen if El Ni~no
occurs during the first year of operation of the project? What
happens if La Ni~na occurs during the third year of operation of the
project? To assess this, the NPV is calculated with Eq. (4) for each
ENSO intensity occurring at different years of the life-time of the
project.

In the months in which there are no registered ENSO events of
high intensity, the effect is calculated using the ratio between
strong andweak events in othermonths. For example, themonth of
February only has registers of moderate and weak ENSO events. To
determine the impact of a hypothetical strong El Ni~no, the average
ratio between the impact of a strong El Ni~no and a weak El Ni~no for
January, September, October, November and December is calcu-
lated. Then, the effect of the hypothetical strong El Ni~no is equal to
the effect of the weak El Ni~no adjusted by this ratio. This method is
proposed to account for the impact of a hypothetical strong event,
when there is a lack of recorded events in the data.



Fig. 7. A detailed example of the ENSO impact on the project value at the Loa site. Impact during the first year (top), impact during different years (center) and a detailed example of
an impact during the 6th year (bottom).
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In Fig. 7 the effect of the different intensities of ENSO on the NPV
of a project at the Loa site is presented, with the events occurring at
different years. The variations of NPV are in relation to the same
project without any ENSO events during the life-time. The purpose
is to visualize how the economic impact is reduced when the event
occurs further into the future. Additionally, the impact of an event
during the first year is detailed in order to compare the effect of the
different intensities. The economic impact of ENSO at every site is
shown in Fig. 8.

To properly interpret these results, it must be considered that a
project can be hit about 3e4 times by any of the ENSO events.
Nevertheless, over the last years, the frequency of El Ni~no has
increased compared with La Ni~na. This is very important to
consider in a project that is negatively affected by El Ni~no, making
ENSO a factor that must be included in the development of projects
in that area. The geographical classification previously made does
not necessarily fit with the economic impact. This is due to the fact
that the economic effects depend on the mean wind speed and the
capacity factor at the site. A variation of 20% in thewind speed is not
the same if the mean speed is 9 m/s compared to 5 m/s, especially
when transformed into energy.

Cuel and Chilo�e Norte are special sites since the impact of an
El Ni~no event can change the value of the project about 30%. This
is because the wind speed variations are almost duplicated in the
generation. As previously mentioned, during the life-time
several ENSO events can occur, which means that although the
effect is great at these sites, the total impact of ENSO will depend
on the combination of events and on the moment at which these
occur.

At the Temuco site all the ENSO events have a positive impact on
the value of the project. This does not mean that ENSO cannot
decrease the wind speed during a specific month, but the total ef-
fect during a year is positive. This benefit of ENSO is low, reaching
slightly less than 2% for a very strong El Ni~no, but nomore than 0.3%
for weak events. In this type of wind farms it would be possible to
offer supply contracts with a special condition related to the
presence of El Ni~no, knowing that this event will increase the
production. It is important to emphasize that this special site has a



Fig. 8. Effect on the net present value of the project for ENSO events occurring during different years.
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high potential, where the mean speed without ENSO events is
7.5 m/s.

On the sites of Loa, Taltal, Valparaiso, Llay-Llay, Lebu and Chilo�e
Centro the impact of ENSO is relatively low. This is especially the
case for the Valparaiso site, where extreme events such as a very
strong El Ni~no has less than a 0.02% impact on the value of the
project, if it occurs during the first year. This makes the site prac-
tically immune to ENSO. An important characteristic of the Taltal,
Lebu and Chilo�e Centro sites is that they have high wind speeds
(8.6 m/s, 7.4% and 8.3 m/s respectively), which makes them
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attractive sites given the considerable potential. Additionally, the
low variability at these sites, at least with respect to the variability
related to ENSO, means a lower risk.

In the selected sites belonging to the coast of the IV region,
composed by Talinay, Totoral, Canela and Cha~naral, there is a large
negative impact of El Ni~no between September and December. This
impact in annual terms is considerable, which could be observed
from the El Ni~no impact in the value of a project, reaching about
14%. This would explain the performance is lower than expected
[20], since the intensity of El Ni~no events have increased compared
with La Ni~na over the last 100 years, possibly due to the global
warming [23].

ENSO generally has a large effect on the value of the wind
projects at the evaluated sites, and evenweak and moderate events
can modify the economy of a project. 34% of the weak events of
ENSO can vary the valuing with more than 2% if they occur during
the first year of operation of a wind project, while close to 14% of
the weak events can vary the value with more than 6%. For 95% of
the weak events of ENSO, the variation in the value of the project
was less than 16%. For themoderate events of ENSO, 34% of the sites
are affected with more than 2% in the value of the projects, and 14%
of the sites experience a variation larger than 8%. The frequency of
both the weak and the moderate events is not negligible, which
means that the previous numbers prove the importance of explic-
itly including ENSO in the forecasting of the resource and in the
economical evaluation.

4. Conclusions

The ocean-atmospheric oscillations such as El Ni~no and La Ni~na
are responsible for significant changes in precipitation and in
cloudiness in different areas of Latin America, as well as in Oceania,
the United States and the south of Africa. This effect has important
implications in the energy production of hydropower, wind and
solar projects in various regions, but studies have mainly been
focused on the effect on traditional hydropower plants. Uncon-
ventional energy sources, such as wind and sun, require more
investigation in order to consider this effect in the calculation of the
potential of the resource. This is the first work done on the
modelling of the impact of ENSO on the power generation and
valuing of wind projects, and only one publication was found that
modelled the relation between ENSO and the wind, for North
America and from a geophysical approach [4]. Hamlington's work
has been a pioneer in the application of CSEOF decomposition to
identify the ENSO effect on wind, and has served as a methodo-
logical base for the present article.

El Ni~no, the warm phase of ENSO, reduces the wind speed and
the wind power production in most of the sites in the central-north
of Chile where there are wind farms in operation, as well as in areas
where the wind potential has not yet been exploited. However, the
magnitude and sometimes the sign depend on the analyzed site
and the month of which the phenomena occur. El Ni~no, when it
occurs, affects the wind speed with more than 4% for 26% of the
analyzed months, and affects less than 12% for 97% of the months.
However, the effects can be much larger when observing some
months and events in particular.

In Chile, themonths that are shown to bemost sensitive to ENSO
are May and April. 50% of the May months where El Ni~no was
present have variations in the production above 4%, and this
threshold is overcome in 55% of the months of April where La Ni~na
was present. On the other hand, August and June are the months in
which ENSO has the lowest impact on the wind power. In the
presence of El Ni~no in August, the energy varied less than 2% for
98% of the months, and for June, La Ni~na affected less than 1% for
the whole record.
Including ENSO in the forecastingmethods and in the evaluation
of the wind resource is of great importance in most of the analyzed
sites. The techniques for wind and production forecasting that are
currently used by the operators of the electrical systems and in the
literature, do not explicitly incorporate the phenomena of La Ni~na
and El Ni~no, which can cause an under- or overestimation of the
energy production from the wind farms. The high sensitivity to
ENSO in the valuing of the wind farms is mainly due to the long
duration of the wind projects, which typically is set to at least 20
years, which means that they can be affected by this oscillation
many times. For this reason, a prediction technique that includes
ENSO and other climatic oscillations should be developed, to
adequately evaluate the potential of the sites. However, in order for
these prediction methods to include ENSO in the best possible way,
a larger data register than the measurements which are typically
used are required. This work presented a methodology to handle
the problem of short measurements, but the effectiveness of this
method is improved when having longer registers.

For short andmedium term operation, it is important to know at
what point the phenomena El Ni~no and La Ni~na will occur, as well
as their intensity. This work estimates the impact that different
intensities of ENSOwill have on thewind energy production, which
allows for a more accurate estimation of the energy production in
the following month. This is possible due to the fact that the ONI
index has a certain level of inertia, which means that there are no
abrupt changes from month to month, since this index is related to
the temperature of the ocean. This level of predictability can be a
tool for the operators of the electrical system to improve their
planning of the following months. In the same way, this increased
predictability can be utilized in the contracts, by adding clauses that
include ENSO as an important factor. To achieve this, a mechanism
should be determined to avoid that any of the parts assume risk
inefficiently. This could for example be to set a lower price on the
extra energy due to an event of La Ni~na. This analysis of ENSO can
be extended to a higher resolution (for example weekly) to possibly
identify the variations in the short term production due to ENSO.
This level of resolution in the prediction could make it possible to
have a larger flexibility in the operation of the system and in the
supply contracts.
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