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a b s t r a c t

Offshore wind energy potential and its technical and economic feasibility were determined in Chile.
Wind speed data from ERA-Interim reanalysis 10 m above the sea surface between 1979 and 2014 was
used. The capacity factor and performance of the V164e8.0 MW wind generator was also determined.
Using this information along with data from other studies, the following economic indicators were
calculated: Levelized Cost Of Energy (LCOE), Net Present Value (NPV), Internal Rate of Return (IRR) and
Pay-Back (PB). The results show that the area between 45 and 56�S has the highest values in terms of
both power density (~3190 W/m2) and capacity factor (~70%), as well as the lowest LCOE values (72e100
USD $/MWh). The area between 30 and 32�S was estimated to be the most suitable area for imple-
menting an offshore wind project because of its wind power density (between 700 W/m2 and 900 W/
m2), capacity factors between 40% and 60%, LCOE between 100 and 114 USD$/MWh. This work shows
how important studying Chile's offshore wind power is for to be used and for removing barriers to
current knowledge about this renewable energy and the benefits it would bring to Chile's power array.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

In recent decades, wind energy has seen improvements in effi-
ciency and reducing unit costs of wind turbines, thus making it a
competitive alternative to other energy sources [40,44]. In fact,
installed wind power capacity has been growing rapidly worldwide
where it has been supplemented by policy-making that incentivizes
its use, crucial to its development in different countries [22]. Based
on the latest report from the Global Wind Energy Council (GWEC)
[17], installed wind power capacity reached ~ 370 GW by the end of
2015, a cumulative market growth of 16%. In light of this, its large-
scale use is expected to increase in the decades to come [14].

One of the main characteristics of offshore wind farms is their
high energy density [40], which might even be comparable to con-
ventional power plants in terms of their production capacity [42].
This is because sea surface wind experiences fewer disturbances as
there are rarely any obstacles producing turbulence, and therefore
better use of the wind for power generation [21]. Locating wind
farms offshore is also an alternative when facing constraints on land
availability and issues arising due to the noise and visual pollution
caused by onshore wind farms [54]. However, offshore wind farms
end up being more expensive to install and maintain than onshore
antiago, Chile.
facilities, where the levelized cost is estimated to vary between 108
and 172 V/MWh, depending on the design of the farm [3,35].

According to the report on the state of Chile's wind energy by
the Centro nacional para la Innovaci�on y Fomento de las Energías
Sustentables [10] (2016), the total installed capacity by the end of
February 2016 was ~960 MW, generating a total contribution of
24.03% within renewable energies. However, the total installed
capacity is 4.6% of the system's current power, though all this po-
wer is attributable solely to onshore wind energy, where the
highest capacity onshore wind farms in Chile are: “El Arrayan”with
115 MWof power; “Los Cururos” with 110 MW; “E�olica Taltal”with
99 MW; “Talinay oriente” with 90 MW and “Valle de los vientos”
with 90 MW, which were implemented between 2013 and 2015.

Several studies have analyzed onshore wind energy in Chile,
such as Watts & Jara's statistical analysis [60]; wind power poten-
tial in the region of Maule [37], wind power potential in Magallanes
[63] and the “Wind explorer” developed by the Department of
Geophysics at the University of Chile.1 However, knowledge about
offshore wind power is still being developed. Some work has been
done to enhance information regarding the status of offshore wind
energy potential in Chile, from studies on synoptic climatology of
1 http://walker.dgf.uchile.cl/Explorador/Eolico2/Description and user's manual
at: http://walker.dgf.uchile.cl/Explorador/Eolico2/info/Documentacion_Explorador_
Eolico_V2_Full.pdf.
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2 http://www.vestas.com/%7E/media/vestas/investor/investor%20pdf/financial%
20reports/2014/ar/2014_ar_technology%20and%20service%20solutions.pdf.
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near-surface wind [45] to preliminary studies on the wind power
off Chile's coastline, estimated at no less than 150 km from the
coast [31] and, specifically, off the coast of the Maule Region [30].

The above-mentioned work notwithstanding, there has yet to
be an analysis on the technical and economic feasibility of using
Chile's offshorewind power, as well as the potential costs of using it
to generate electrical power. In addition, these new energy sources
are in accordance with Law 20.698, which promotes expanding
Chile's energy array by using renewable sources to reach a set
target of 20% renewable energy by 2025 [28]. Therefore, the aim of
this paper is to analyze the technical and economic feasibility of
offshore wind power density in order to supplement existing in-
formation and encourage the implementation of such projects,
with an eye to increasing the share of renewable energies supplying
the country's energy array. The structure of this paper is as follows:
Section 2 describes the study area and data used in this paper.
Section 3 presents the methodology used, Section 4 the results and
analysis, Section 5 the discussion of this work, and finally Section 6
presents the conclusions.

2. Study area, data and method

2.1. Study area

The study area consists of the region comprised of Chile's coastal
border and 100 km to the west over the Pacific Ocean, and from 18�

S to 56�S latitude (Fig. 1). It is important to point out that this area
compliments the study carried out by Mattar and Villar-Poblete
[31] in estimating wind energy power thanks to the better spatial
resolution of the data used in this paper. This area of study is
characterized by the presence of the southeastern Pacific's sub-
tropical anticyclone, which directs wind toward the equator along
most of Chile's coastline. At the same time, seasonal changes in
wind speed in this area are produced largely by latitudinal changes
in the wind component [45].

2.2. Data

2.2.1. Reanalysis ERA-Interim
ERA-Interim reanalysis is a sequential data assimilation system

generated by the European Centre for Medium-Range Weather
Forecasts (ECMWF), where for each 12-h analysis cycle, the avail-
able observations are combined with information from a forecast
model in order to estimate the evolving state of the global atmo-
sphere and its underlying surface [13].

The data used in this study are time series of wind speed data.
There were delivered in their components (u

.
, v.) via a global

0.125� � 0.125� grid [13]. These data include a time series from 1979
to 2014 at a temporal resolution of 3 h, delivered for a height of
10 m above sea level.

Wind data provided by ERA-Interim have been widely used,
tested and validated in numerous studies on atmospheric param-
eters, including analyses and simulations of wind fields in different
areas of the world and for the estimation of offshore wind energy
power [1,2,4,7,29,30,38,50e53,8,9,55].

This demonstrates that values delivered by ERA-Interim are a
valid source of data for analyzing such general atmospheric circu-
lation patterns as wind speed and direction, as well as offshore
wind power.

2.2.2. Economic data
The economic information used to estimate costs and profit-

ability was compiled from prior work provided by Myhr et al. [35].
and Mon�e et al. [36]. In addition, based on these studies, it was
divided into five project stages, which appear in Table 1 and take
into consideration three possible rated capacities for a potential
offshore installation: 80, 160 and 240 MW.

The project's Life Cost Cycle Analysis (LCCA) is described below
according to [35].):

- Prior studies and planning; given by environmental studies on
seabed, interface and engineering design, plus management
services and project development.

- Production and acquisition, which looked at the value of the
turbines, the infrastructure to be used as determined by the
particular seabed location and depth, the mooring system or
anchoring, and finally the cost of connecting to the network
(including the cost of necessary marine cable as a function of the
distance to the coast).

- Installation and commissioning, including costs of installing
floating wind turbines, installing the mooring system and
installing necessary electrical infrastructure.

- Operation and maintenance costs given for staff and equipment
and ships needed for maintenance.

- End of project and decommissioning, corresponds to costs
arising from the process of dismantling and removing parts,
taking them back to land to be recycled later or sold as scrap.
2.3. Method

2.3.1. Estimation of the wind power density
The magnitude of wind speed on each pixel was obtained using

the following equation:

V ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
u
.2 þ v

.2
q

(1)

where, V is the magnitude of wind speed at a height of 10 m (m/s);
u
.

is the wind component u (East-West) and v
. is the wind

component v (North-South). This was done over the entire time
series and all pixels of the study area. Then, the wind speed was
extrapolated at a height of 140 m, matching the size of the
V164e8.0 MWwind turbine (Supplementary 1), which was chosen
for this evaluation because it was installed at the Østerild test
center in Denmark, where it produced 192,000 kWh of electricity
generated in a 24 h period,2 the most powerful commercial wind
turbine currently available on the market. For extrapolation,
equation (2) was applied, which requires a roughness length factor
(Z0) that was estimated according to surface type. In this case, a Z0
was used, which corresponds to 0.0002m, the value established for
the sea surface [62].

Vz ¼ Vi

ln
h
ZZ
Z0

i

ln
h
Zi
Z0

i (2)

where, Vz is the estimated wind speed at height ZZ (m/s); Vi is the
wind speed at the height for which data are available (m/s); ZZ is
the height at which thewind speed is being estimated (m); Z0 is the
surface roughness length (m) and Zi is the height for which data are
available (m).

To determine the probability of wind events, the Weibull
probability density function (3) is used and has been applied in
other studies to determine wind power in other geographical areas
[12,20,24,25,43,48,61]. To do this, the method of least squares was
used, which ascertained the values A, which is the slope, and B,

http://www.vestas.com/%7E/media/vestas/investor/investor%20pdf/financial%20reports/2014/ar/2014_ar_technology%20and%20service%20solutions.pdf
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Fig. 1. Study area for the calculation of wind energy potential.

3 www.minenergia.cl.
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which is the intercept of the linear regression, and with which the
factors alpha (a) and beta (b) (4) are ascertained in order to be able
to calculate the Weibull probability density.

pðVzÞ ¼
�
b

a

�
�
�
Vz

a

�b�1
� e

�
�

Vz
a

�b

(3)

a ¼ e�
B
A ; b ¼ a (4)

where, Vz is the wind speed, a is the scale parameter and b is the
shape parameter.

From the probability density curve and wind speed data, wind
energy potential was calculated using equation (5), which gives the
average wind power density for the desired period of time. The air
density used was the wind industry's standard reference mea-
surement, which at normal atmospheric pressure and at 15 [� C] is
1.225 [kg/m3].

P
A
¼ 1

2
r

Z∞

0

V3pðVzÞdV (5)

where, P=A is thewind power density; P is thewind power (W); A is
the swept area (m2); r is the air density (Kg/m3); pðVzÞ is the wind

http://www.minenergia.cl/


Table 1
Costs considered for different project stages for different installed capacities.

Stage Description 80 MW 160 MW 240 MW

(USD) (USD) (USD)

Prior studies and planning Environmental studies and station 4,780,127 8,100,713 11,028,811
Studies of seabed 860,423 1,458,128 1,985,186
Engineering design 111,855 189,557 258,074
Project management and development 59,283 100,465 136,779

Production and acquisition Turbine 132,800,000 265,600,000 398,400,000
Infrastructure 57,509,248 115,018,496 172,527,744
Mooring or anchor 7,081,018 14,162,037 21,243,055
Network connection 28,932,995 57,865,990 86,798,985

Installation and commissioning Wind turbines 12,086,168 24,172,336 36,258,504
Electrical Infrastructure 13,413,047 17,096,770 20,780,493
Marine Cablea 395,883 395,883 395,883

Operation and maintenance Operation 3,200,000 6,400,000 9,600,000
Maintenance 6,000,000 12,000,000 18,000,000

End of project Decommissioning 10,220,990 20,402,391 30,583,793

a Cost set for 1 km. This cost is not fixed in the analysis, because it is varied as a function of the distance from the coast of each pixel.

Table 2
Characteristics under evaluation.

Characteristic Value Source

Wind turbine Vestas V164e8.0 MW e

Substructure SPAR (Hywind-II) Karimirad & Moan [23]
Installed power 80 MW/160 MW/240 MW e

Number of turbines 10/20/30 e

Water depth 200 m Myhr et al. [35]
Years of operation 25 Vestas [58]

C. Mattar, M.C. Guzm�an-Ibarra / Energy 133 (2017) 191e205194
probability density and Vz is the magnitude of the wind speed (m/
s).

So, to determine the energy, the following equation was used:

E ¼ T
Z∞

0

pðVzÞPðVzÞdVz (6)

where, pðVzÞ is theWeibull probability density function for the time
period T; PðVzÞ is the wind turbine's power output at a determined
wind speed (wind turbine curve) and T is the time period under
study (hours).

2.3.2. Capacity factor and performance
The technical feasibility analysis is the estimated wind energy

potential and its relation to energy production, based on the power
curve for the V164e8.0 MW wind turbine. This was done on each
pixel (spatial unit of 16� 16 km in the study area). From this power
curve model, the capacity factor (7) was calculated. This factor is
defined as the ratio of the wind generation produced by the turbine
and the total generation it outputs at full capacity over a period of
time [25].

CF ¼ PE
PN*T

(7)

where, CF is the capacity factor; PE is the estimated output; PN is
the rated output and T represents time. In addition, the wind tur-
bine's annual seasonal performance was estimated, (8) which is
given by the ratio between the energy produced and the energy
possessed by the wind [59].

hEST ¼ E
Ed

¼ P
Pd

(8)

Where, hEST is the wind turbine's seasonal performance; E is
the wind energy produced; Ed is the available wind energy; 〈P〉 is
the functioning turbine's annual average useful potential, and hPdi
is the average annual wind potential available.

Generally, it is established that the range of values for an
offshore wind farm's capacity for its effective approval may vary
between 30% and 55% [56]. However, in this paper a capacity factor
is considered feasible at 20% or higher, provided performance is
greater than or equal to 10%. The reason for this is to show the
relationship between the evaluated wind turbine and the wind
energy power found. For this reason, economic indicators were
applied only to pixels that fulfilled both requirements.
2.3.3. LCOE, NPV and IRR
To evaluate the economic profitability of an offshore wind farm

in each pixel, three different scenarios were established for its
installed capacity by using a generation unit equivalent to a wind
farm of 80, 160 and 320 MW, respectively. The capacity for scenario
1 was determined with regard to what was used by the National
Renewable Energy Laboratory (NREL) [26], while the capacity for
scenarios 2 and 3 were determined in order to visualize the eco-
nomic outcome at greater power output. These installed power
outputs were evaluated economically for each 0.125� � 0.125� pixel
across the study area. The evaluation applies the Levelized Cost Of
Energy (LCOE) and cash flow in order to produce 3 economic in-
dicators: the Net Present Value (NPV), Internal Rate of Return (IRR)
and Pay-Back (PB). The initial assumptions established for the cost
assessment with regard to the three scenarios of wind farms under
evaluation are shown in Table 2.

To estimate the LCOE, the life cycle costs of power generation
technology per unit of electricity (MWh) are evaluated [57]. This
approach has been widely used to compare energy production
technologies in terms of cost-effectiveness [6]. However, this tool
depends on many parameters that are partially known or entail
some uncertainties [5]. From this, the LCOE was obtained through
the following equation:

LCOE ¼
Pn

t¼0
ItþMt

ð1þrÞtPn
t¼0

Et
ð1þrÞt

(9)

where, It represents the investments at time t; Mt is the mainte-
nance and operating costs at time t; Et is the energy generated at
time t; r is the discount rate of the evaluation; and t is the time
between zero up to the total number of years for which the project
is being evaluated.

Incoming revenue is given by the evaluation of energy output
with regard to capacity factor and the time value per MWh on the
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international market. This value was set at 110 USD/MWh, based on
the average price paid in countries like Germany, Portugal and Italy
[16], bearing in mind they possess incentive schemes for renewable
energy generation. In addition, the cash flow for each pixel
considered the direct profit between investment and the price per
MWh for offshore wind energy on the international market, which
provided three economic indicators for the project's feasibility, as
detailed below.

The NPV is the present value of the incoming and outgoing cash
flow from the investment, and thus shows the total benefit to be
derived from the investment in a project, which is obtained by the
following equation [27]:

NPV ¼
XN
t¼0

FCt
ð1þ rÞt (10)

where, FCt is the cash flow for a specific time period; r is the dis-
count rate and t is the time from zero up to the number of years the
project lasts. The result served as a criterion as to whether to carry
out the project: if NPV> 0, this indicates the project should be
carried out, if NPV ¼ 0, nothing is gained or lost by carrying out the
project, and if NPV <0, the project is not profitable. The IRR (11) is
the rate of return or internal rate of return of an investment, and as
such, shows an investment's profitability [27].

NPV ¼
XN
t¼0

FCt
ð1þ IRRÞt ¼ 0 (11)

where, NPV is the net present value; IRR is the internal rate of
return; FC is the cash flow for the year t, which is the time period in
years that the project lasts. Finally, the PB (12), is the period in
which the cost of the initial investment is recovered through annual
cash flows [27].

PRC ¼
X
i¼0

FCi ¼ 0 (12)

where, FCi is the cash flow in the year i.
In this paper, the NPV, IRR and PB values were estimated using a

project evaluation horizon of 25 years, which corresponds to the
lifespan set for the V164e8.0 MWmodel and is consistent with the
measurement estimated for a wind farm [19]. In addition, a dis-
count rate of 10% was applied, in accordance with the Chilean
Ministry of Energy's wind energy projects3 and a category one tax
rate of 19%. In addition, two scenarios were considered regarding
investment, the first based on an investment of 100% and the sec-
ond taking into consideration a subsidy of 15%.
4 http://rredc.nrel.gov/wind/pubs/atlas/tables/A-8T.html.
3. Results and analysis

3.1. Wind power density

Fig. 2 shows the mean seasonal variation (1979e2014) of wind
speed (m/s) at 10 m above sea level. The minimum value obtained
was recorded in the month of May (1.15 m/s) and the maximum
value in November (12.8 m/s). From 18 to 28�S, it has lower average
speeds than it does in the rest of the country (~4 m/s). A seasonal
pattern corresponding to an increase of, on average, 2 m/s between
31 and 42�S can be observed between May and July. During the
austral summer months of December, January and February (DJF),
an area of maximum speed is seen between 29 and 39�S. Moreover,
the southern zone exhibits its maximum monthly wind speed,
although this area is difficult characterize due to its connectivity
(eg. islands and archipelagos). These patterns resemble those in the
Rahn & Garreaud study [45]; though in that paper, wind speed
patterns were characterized bi-monthly, thus reducing the relative
monthly maximum presented in said work by ~ 2 m/s.

Fig. 3 shows the range of average speed between 1979 and 2014
estimated at a height of 140 m, which goes from 1.56 m/s to 15 m/s,
with a maximum standard deviation of 5.78 m/s, the minimum
speed found for the period under study is near zero and the
maximumwind speed is 53.1 m/s. Maximum speeds of 40 m/s can
be observed in some areas between 52 and 56�S, which is in the
extreme south of the country. In the area from 16 to 21�S falling
inside the first 100 km from the coastline, wind speed does not
appear to have a large amplitude due to the small difference be-
tween the maximum and minimum speeds. Meanwhile, in the
southern region from 49 to 56�S, speeds are higher as compared to
those in the rest of the country.

Fig. 4 shows the parameters of the Weibull distribution, the
scale parameter, alpha (4.a), which ranged from 1.76 to 16.99, and
the shape parameter, beta (4.b), which ranged from 1.30 to 6.86. The
alpha parameter usually has a shape that is similar to the average,
as it does in this study, where a slight increase can be seen between
28 and 43�S. In turn, the beta parameter shows minimum values in
the area of around 20�S due to the difference between the
maximum and minimumwind speed. South of 20�S, the beta value
gradually decreases to 30�S due to a possible wind transition zone
off the coast of Chile. To the south of 30�S, there is no visible
characteristic pattern of beta associated with any variation in the
maximum and minimum speeds.

Wind power density shows a range from 3.9 W/m2 to 3190 W/
m2, while wind potential goes from 0.08 MW to 67.4 MW, and
production from 0.005 GWh to 54.7 GWh (Fig. 5). On the maps, it
can be observed that from 45� to 56�S, the values are at their
highest, reaching 3190W/m2, as does production from 41.1 GWh to
54.7 GWh. It can be further noted that from 28 to 41�S, there is a
significant longitudinal increase in wind power density and pro-
duction. On the other hand, the lowest values for production are
mainly found from 18 to 28�S, which range between 6.0 GWh and
18.0 GWh. The offshore wind power density found in ~90% area of
study can be assigned a class equal to or greater than 3, according to
the wind power classification established by the National Renew-
able Energy Laboratory (NREL).4 A classification of 3 or higher can be
considered suitable for the installation of various commercial tur-
bines [49].

Moreover, compared to previous studies that estimated offshore
wind power in the corresponding area off the coast of the Maule
Region (34e36�S), developed by Mattar & Borvar�an [30]; it is
possible to note that there were differences, on average, <2 m/s,
which may be related to the fact that in said study, the wind fields
were modeled at a resolution of 3 � 3 km and using one year of
data. In this work though, 36 years of data were used at a spatial
resolution of 16 � 16 km, thus attributing any differences to the
spatial resolutions used in the two studies. Nevertheless, in this
work, similar results are shown for both the Weibull parameters
(alpha and beta) as well as for production, which is probably
attributable to the same seasonal wind pattern.

If this is true, the area with the greatest wind power is located
between 50 and 56�S due to the high speeds in this area, though it
is unlikely that this potential might be exploited using the tech-
nology evaluated for this study. In this area, the minimum speeds
exceed the cut-in speed of the wind turbine evaluated in this study
(V164e8.0MW), which equals 4m/s, while its maximum speeds do
not exceed the estimated cut-out speed of 25 m/s, which would
imply a continuous use of the turbine. In addition, the average

http://rredc.nrel.gov/wind/pubs/atlas/tables/A-8T.html


Fig. 2. Mean monthly long term wind speed values (10 m). January (a), February (b), March (c), April (d), May (e), June (f), July (g), August (h), September (i), October (j), November
(k), December (l).
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speeds of this area are similar to the wind turbine's rated output
speed (13 m/s), which could lead to material fatigue, thus short-
ening its lifespan [39]. Finally, Fig. S2 (Supplementary 2) shows the
variation of wind energy potential according to roughness length;
this only shows significant variations to the south of 50�S.

3.2. Technical feasibility

In the study area, the obtained capacity factor fluctuates be-
tween 0.008% and 78.1%, while the performance oscillates between
0.8% and 43.6%, as shown in Fig. 6, where the inverse relationship
between these two indicators can also be seen. The capacity factor
consistent with previous results is higher between 45 and 56�S,
where a wind turbine used for this study would operate at full
capacity for most of the year, achieving values to a great extent
>60% However, these values exceed the operating limits for the
type of wind turbine selected for this work. Moreover, the perfor-
mance is low in this area, with values < 24%, because the potential
of the turbine under evaluation cannot effectively use this high
wind power. From 18 to 25�S, the best performance at nearly 40%
can be seen, in contrast to capacity factor values of <30%. Notably,
the area between 28 and 32�S shows capacity factor values
between 40% and 60% and performance between 27% and 35%,
which are considered close to the technical balance between the
two parameters. This zone coincides with the greatest onshore
wind generation, thus making this highly suitable for a mixed farm
of on- and offshore wind energy.

Fig. 7 shows the areas that are evaluated economically according
to their technical feasibility, which is based on capacity factor and
performance, using thresholds of 20% and 10%, respectively. It can be
seen that the areas feasible according to these two criteria range
from 27 to 47�S, and an area not technically feasible for the wind
turbine evaluated in this study to the north of 20�S. Moreover, Fig. 7
b shows no technical feasibility to the south of 50�S due to poor
performance from the wind turbine in this area. In addition, this
range of feasibility associated with a range greater than 20% capacity
factor and performance, is limited for the areas at the two ends of the
study area. In the case of Fig. 7c, a large proportion of the areas close
to the coast that had a highwind powerwould fall in a zero technical
feasibility category, as can be seen at 30 and 40�S. All the economic
analyses described in the next section were made based on Fig. 7 a
(Capacity factor � 20% and �10% performance). Previous studies
have proven the use of these technical indicators, with which wind
projects of this kind in Europe have been carried out [47].



Fig. 3. Mean (a), standard deviation (b), minimum (c) and maximum (d) of wind speeds extrapolated at height of 140 m.

Fig. 4. Weibull parameters; Alpha, (a) and beta (b).
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Fig. 5. Power density (a), wind power (b) and production (c).

Fig. 6. Capacity factor (a) and performance (b).
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Fig. 7. Technical feasibility for the offshore wind power in the study area. Different scenarios by varying the percentage of capacity factor and performance. a) CF � 20% and �
Performance 10%. b) CF � 20% and � Performance 20%. c) CFP �30% and � Performance 10%.

Table 3
Minimum and maximum investment by farm size.

Investment Installed Power

80 MW 160 MW 240 MW

(USD$) (USD$) (USD$)

Minimum investment 287,636,166 550,483,275 810,877,604
Maximum investment 337,956,684 600,803,792 861,196,693
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3.3. Economic feasibility

Table 3 shows the minimum and maximum amounts of in-
vestments for the different installed capacity scenarios of the wind
farm. Depending on how far from the coast it is located, the cost can
increase due to the length of the marine cable. On the other hand, it
can be seen that the investment is not proportional to the size of
the plant, as there are costs whose value per MW decreases as the
size of the farm increases.

To estimate the LCOE, Fig. 8 shows three scenarios of installed
capacity, corresponding to 80, 160 and 240 MW. In general, the
LCOE values range between 100 and 140 USD $/MWh between 30
and 45�S. To the south of this area, between 46 and 56�S, are the
lowest LCOE values, ranging between 71 and 100 USD $/MWh.
However, north of 30�, LCOE values exceed 200 USD $/MWh,
making it a non-competitive scenario for the Chilean electricity
market. Regardless, the LCOE estimates for part of the study area
are economically competitive according to the study by Bloomberg
New Energy Finance [18], in which LCOE values for renewable en-
ergies range from 33 to 178 USD$/MWh.

The LCOE was estimated starting at a discount of 10%, although
the impact of an increase in the discount rate to 12% on LCOE is
significant for the three scenarios of installed power capacities of
80, 160 and 240 MW (Fig. 9.). In this figure, the significant effect
that the applied discount rate has on the analysis can be seen, since
with a 2% increase, the LCOE would increase by more than three



Fig. 8. Levelized cost of energy (LCOE) for the three scenarios under consideration with installed capacities; 80 MW (a), 160 MW (b) and 240 MW (c).

Fig. 9. LCOE sensitivity with regard to discount rate.
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times its value, in both the minimum and maximum values
observed for each of the scenarios described. Another attempt also
used to evaluate energy projects is the Levelized Avoided Cost of
Electricity (LACE), although the lack of information about financial
and economic values related to the off-shore wind energy might
retrieve a broad retrieval related to the off-shore cost of energy in
Chile.

Fig. 10 shows the NPV for the base situation of a 100% invest-
ment and for an 85% investment, while also considering the size
variations in the evaluated wind farms according to their respective
installed capacities on a 25-year horizon. For the first case of in-
vestment (100%), it can be seen that irrespective of plant size, the
positive NPV indicates that the project is feasible only between 43
and 56�S. However, when considering a second case of investment
(85%) it is possible to observe an additional area of feasibility for the
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wind farm between 30 and 32�S. Under this same 85% investment
scenario, it can be seen that the area south of 50�S gives an NPV
ranging between 285 and 412 MUSD. In both investment cases,
reducing the NPV has a significant impact due to the costs of wind
farms for installed capacity over 160 MW, which is mainly evident
in the area from 25 to 45�S.

A similar pattern to the one observed in the NPV can be seen in
the IRR (Fig. 11), where feasible areas are those with a rate greater
than or equal to the one evaluated (10%). The scenario of an 85%
investment and an installed capacity of 240 MW gives the highest
rate (~17%) and falls in the area ranging between 51 and 56�S.While
between 18 and 29�S, the values are near zero or less than 2%, so
these areas would be unfeasible for a wind project with the char-
acteristics evaluated in this work. In the area between 30 and 32�S,
rates close to 9% and 10% were estimated for investment cases
corresponding to 100% and 85%, respectively, making them of in-
terest for their economic feasibility. Lastly, Fig. 12 shows the PB,
which follows spatial patterns similar to those seen above. From 18
to 30�S, no values for the return period were estimated, which
means that it would take over 25 years to recover the investment.
In the area between 30 and 45�S, the PB can change drastically,
depending on the investment scenario and installed power in the
different wind farms; PB close to 10 years can be seen for an 85%
Fig. 10. NPV for base situation (100% investment) for farms at 80 MW (a), 160 MW (b) and 24
240 MW (f).
investment and installed capacity of 240MW, and up to 20 years for
80 MW of power and 100% investment. Lastly, for southern lati-
tudes between 45 and 56�S, the estimated PB is under 10 years,
regardless of whether the initial investment is 100 or 85%.
4. Discussion

The offshore wind energy in Chile has never been technically
evaluated due the lack in technology and costs barriers. However,
the current worldwide energy scenario demonstrates the impact of
offshore wind power in developed countries. This work tackles the
new option to generate renewable energy along the coast of
6400 km in Chile which contribute to understand the new alter-
natives to assimilate and contribute to the diversification for the
Chilean energy matrix. The costs of the offshore wind energy
project evaluated in this study were estimated based on interna-
tional market prices and installation assumptions such as depth.
For this reason, it is necessary to adapt this information to local
concerns by using studies of the seabed, which could affect the
actual distance of the marine cable as well as the wind farm's un-
derwater structure and the costs of reaching the installation site.
Similarly, it is necessary to complement this work with new esti-
mates of marine potential that would provide further detail of new
0 MW (c) and for the case of an 85% investment in farms at 80 MW (d), 160 MW (e) and



Fig. 11. IRR for base situation (100% investment) for farms at 80 MW (a), 160 MW (b) and 240 MW (c) and for the case of an 85% investment in farms at 80 MW (d), 160 MW (e) and
240 MW (f).
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offshore energy sources that exist in Chile, as is the case for the
work published byMediavilla& Sepúlveda [32] onmarine potential
between 32 and 34.5�S. Additionally, the price of energy in Chile's
energy system is set according to the marginal cost, which stems
from the cost of generating onemore unit of energy [41]. At present,
there is no marginal cost for offshore wind energy, thus bringing
about uncertainty as to the real impact that this technology would
have on Chile's electricity market.

The investment in the wind projects evaluated in this study is
similar to the costs presented by Myhr et al. [35] and NREL [36].
However, in Chile it gets particularly high when considering the
existing regulatory framework for electricity production from
renewable energy sources. This regulatory framework does not
provide incentives on new technologies and does not ensure
connection to power distribution systems, among others. Indeed,
the transmission network in Chile can be also considered a barrier
whether the connection node is far from the wind power supply.
These barriers leads to some uncertainty as to the incorporation of
offshore technology into Chile's energy array, thus limiting the
diversification of sources of renewable energy and a dependence on
international prices for this technology. One example is the feed-in-
tariff (FIT) incentive scheme, which promotes the installation of
renewable energy generators by ensuring their connection to the
network and at a price based on its technology, thereby reducing
uncertainty and risk [11]. Moreover, price uncertainties and
forward price values can also be accounted in further offshore
technology assessment.

One entry barrier to offshore wind energy is a lack of prospec-
tive offshore wind power studies and economic information about
this energy source, which increases the risk for investment and
identifying potential areas. It has been widely shown that these
types of barriers to information limits the entry of new energy
sources, thereby reducing diversification in generating it [15,46].
This work is a step toward making the first estimate of Chile's
offshore wind power, and also exposes some possible technical and
economic barriers that this energy might face in the future. For
instance, the use of a better detailed bathymetric model in order to
well defined the costs of the underwater cable or a turbulence
model in order to adequate the energy generation results [33,34].

For the 85% investment evaluated in this work, which was ob-
tained by reducing costs at various stages or from non-investor
financial contributions, the implementation of an offshore wind
farm is mostly profitable when installed in the area of the southern
tip of Chile between 45 and 56�S, though the turbine could see its
lifespan shortened. It is for this reason that the area ranging between
30 and 32�S stands out, as it shows feasibility in both investment
cases (100 and 85%). Based on the data used in this study, the area
between 18 and 28�S is not technically or economically feasible for
developing an offshore wind farm because this area is characterized
by its low potential as compared to the rest of study area.



Fig. 12. PB for base situation (100% investment) for farms at 80 MW (a), 160 MW (b) and 240 MW (c) and for the case of an 85% investment in farms at 80 MW (d), 160 MW (e) and
240 MW (f).
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5. Conclusions

For this paper, offshore wind power is estimated along Chile's
coastline. In much of the study area, there are areas whose energy
potential and consequent production are of great interest. The
technical feasibility reveals that offshore wind energy has high
capacity factors for the wind turbine under evaluation. The eco-
nomic feasibility shows that the area between 45 and 56�S shows
the lowest LCOE, between 72 and 100 USD$/MWh, as well as
profitable values for NPV, IRR and PB. However, it should be kept in
mind that this area's high power density requires the use of larger
capacity turbines or turbines suited for the speeds that occur in
these areas for optimal use.

The area of greatest potential interest when considering the
technical and economic assessment is the area between 30 and
32�S because it has wind power density (between 700 W/m2
900 W/m2) and technical conditions (capacity factor between 40%
and 60% and performance between 27% and 35%) necessary for
carrying out the project as a function of the wind turbine under
evaluation. The LCOE fluctuates between 100 and 114 USD $/MWh,
which might be considered a competitive price in Chile's current
electricity market. Lastly, this paper shows the first estimate of
Chile's offshore wind power by taking into account some technical,
economic and financial aspects that should receive further
attention in order tomake themost of this new source of renewable
energy.
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Nomenclature

V: Magnitude of the wind speed at 10 m
u
.

: Wind component u (East-West)
v
.

: Wind component v (North-South)
Vz : Estimated wind speed at height ZZ (m/s)
Vi : Wind speed at height for which data are available (m/s)
ZZ: Height at which the speed is being evaluated (m)
Z0: Surface roughness length (m)
Zi: Height for which data are available (m)
pðVzÞ: Wind probability density
a: Scale parameter
b: Shape parameter
A: Slope of lineal regression
B: Intercept of lineal regression
P=Ab: Wind energy potential
P: Wind energy (W)
Ab: Swept area (m2)
r: Air density (Kg/m3)
E: Wind energy produced
PðVzÞ: power of wind turbine at a determined speed (wind turbine curve)
T: time period under study (hours)
CF: Capacity factor
PE: Estimated output
PN: Rated output
hEST : Wind turbine's seasonal performance
Ed: Available wind energy
〈P〉: Functioning turbine's annual average power output
hPdi : Average annual wind energy power available
LCOE: Levelized Cost of Energy
It : Investments at time t
Mt: Maintenance and operating costs at time t
Et : Energy generated at time t
r: Discount rate of the evaluation
t: Time from zero up to the number of years the project lasts
NPV: Net Present Value
FCt: Cash flow for a specific time period
IRR: Internal Rate of Return
PB: Pay-Back
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