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It is now apparent that offshore wind farms will become an important source of electricity to explore further in the near
future, providing an increasing integration of the seas. Therefore, new challenges concerning the electrical network design, the
operation of offshore wind farms with large installed capacities, and their economic aspects are expected to arise. The main
target of this paper is to present and discuss the main steps towards an electrical and economic assessment of offshore wind
energy in shallow waters. The methodologies are applied to an offshore wind farm case study, composed of 54 V112–3 MW
wind turbines located in the Portuguese coastal zone at 20 to 40 m depth and about 10 km from the shore. From an electrical
point of view, the main technical options are revised, and the basic options are made regarding the configuration and design of
the collection and transmission systems. A financial analysis is also conducted after the energy yield computation and the
identification of the CAPEX and OPEX cost components are performed. A comparative study using the Feed-in Tariffs (FITs)
currently in force in eight European countries is carried out, enabling the conclusion that the Belgium and UK support
schemes are the most favorable.

INTRODUCTION

As reported by EWEA (2014), there are currently 69 wind
farms in eleven European countries (2013 figures). The number
of installed turbines reached 2080, which means a total installed
power of 6562 MW. The average wind turbine size is 4 MW, with
manufacturers researching and developing 5 MW and even 7 MW
turbines. Among the European Union (EU) state members, Portugal
has a high share (17%) of wind energy in the gross electricity
consumption, only surpassed by Denmark (27%) (EWEA, 2013).
However, only one installation is located offshore, the WindFloat
project. The WindFloat is an experimental installation aimed at
demonstrating the operation of a floating turbine for installation in
deep water. The prototype is equipped with a Vestas V80–2 MW
wind turbine, located offshore at a distance of about 6 km from the
coastal zone at 60 m depth. The technology consists of a three-
column semi-submergible offshore platform with water-entrapment
plates and an asymmetric mooring system. The wind turbine is
positioned directly above one of the columns (Roddier et al., 2010).
The project was commissioned in December 2011, and so far the
operating experience has been positive.

The topic of offshore wind power and its application in several
coastal zones is being subjected to intense research all over the
world (Li, 2000; Musial et al., 2006; Snyder and Kaiser, 2009a;
Zhixin et al., 2009; Bilgili et al., 2011). It is now apparent that
offshore wind farms will become an important source of electricity
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to explore further in the near future, providing an increasing use of
the seas. Therefore, new challenges are expected to arise concerning
the electrical network design, the operation of offshore wind parks
with large installed capacities (Zhao et al., 2009; Banzo and Ramos,
2010), and their economic aspects (Barthelmie and Pryor, 2001;
Marafia and Ashour, 2003; Snyder and Kaiser, 2009b; Blanco,
2009). The design of the electrical network of offshore wind parks
poses several issues. One issue concerns the architecture of the
offshore grid required to collect the power injected by the Wind
Turbine Generators (WTGs) (Hopewell et al., 2006; Quinonez-
Varela et al., 2007). Another issue concerns the architecture of the
grid that provides the transmission of the collected power to the
onshore power system (Green et al., 2007; de Alegría et al., 2009),
which includes the definition of the layout of submarine cables
and the corresponding sizing. In addition, further development
of offshore wind power projects is strongly dependent on its
economic viability, as a key issue is to gradually withdraw the
current incentives and attract potential investors.

This paper is precisely related to the electrical component of the
project, and its main purposes are to provide an overview of the
existing technologies, to present the adequate methodologies and
the technical considerations that must be taken into account, and to
assess the economic feasibility of an offshore wind farm in shallow
waters (water depths below 40 m). To attain such objectives, several
factors concerning the selection of the appropriate location for
the wind farm, the technical and electrical aspects of the wind
farm layout, and the costs of the whole project are presented and
discussed. In addition, a case study concerning the prospective
installation of an offshore wind farm in Portuguese shallow waters
is developed in order to illustrate and apply the concepts discussed
in this paper.
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SITE SELECTION

The assessment of offshore wind energy in Portugal started in
2006 when six areas of the national coast that presented the most
potential for offshore exploitation were identified (Costa et al.,
2006). In 2010, the same methodology was applied with a few
different assumptions, and the results indicated roughly the same
areas of interest (Costa et al., 2010). After all considerations were
taken into account, the area situated in the northwest part of the
country was selected as the target site for the current study. This
site is characterized by water depths of 20 to 30 m and a distance
to the shore of about 8 km. In the same area, another possible
location was identified in a zone 12 km offshore and with 30 to
40 m depth. In geological terms, the selected domain is composed
essentially of undifferentiated metasediments and igneous rocks
and sand, clays, and silt.

Another characteristic that must be taken into consideration is that
the Portuguese coast is completely exposed to the oceanographic
elements, while the majority of the currently operating offshore
wind farms are installed in sheltered areas that suffer minimal
influence from the oceanographic elements. This has a significant
impact on the sizing of the equipment, as it must withstand the
severity of the oceanographic elements while ensuring easy means
of maintenance.

ELECTRICAL CONCEPTION AND DESIGN

A wind farm is composed not only of the WTGs. With respect
to the necessary electrical system, the deployment of a collection
system, which is responsible for gathering the energy produced by
each WTG, and the deployment of a transmission system, whose
function is to transmit the gathered energy to the shore, are required.

General Considerations

Layout. In order to maximize the wind capture and reduce the
wake effect, the layout of the offshore WTGs is crucial. The WTGs
usually face the preferential wind direction, and when necessary,
they can adjust their orientation through the yaw system. To reduce
the wake effect, it is common practice to space the wind turbines 5
to 9 rotor diameters (RD) in the prevailing wind direction and 3 to
5 RD in the perpendicular direction. When there is more than one
preferential wind, the turbines are placed with an equal distance
in all directions. Despite these countermeasures, the energy loss
due to the wake effect can be up to 5%. However, for the type of
analysis conducted in this work, the wake losses can and will be
neglected (Lundberg, 2006).

Collection System. The collection system is composed of a series
of medium voltage cables, normally in the range of 25 to 40 kV,
that connect the WTGs to a collection point, which can be located
on an offshore substation or can rest on the seabed. There are
several topologies that can be used (Quinonez-Varela et al., 2007),
the radial being the most common one. It consists of a limited
number of wind turbines connected to a single cable feeder within
an array. The advantages of this design are its control simplicity
and its low cost due to the smaller cable length. It is also possible
to narrow the cable capacity for the connection of turbines farther
away from the hub. However, this configuration has poor reliability,
as any type of fault (cable or switchgear) that happens near the hub
prevents all the turbines in that array from exporting their energy.
An alternative is the star configuration, which is a good way to
reduce the cable rating and to have a great level of security, since
any cable faults will only affect one turbine. Nevertheless, its major
drawbacks are the need for diagonal cable runs and for complex

switchgear at the center turbine, which involve higher costs. With
respect to the collection cables, usually AC ones are utilized, since
a small amount of power needs to be transmitted for small distances.
However, due to their intrinsic nature, the generation of reactive
power is inevitable, which must always be compensated for at both
ends or at a single end of the cable. XPLE insulation cables are the
best solution when compared to LPOF or LPFF cables due to their
better constitutional characteristics: better bending capability, lower
weight and capacitance, and higher mechanical resistance (Wright
et al., 2002). The number of wind generators that are connected in
a string is limited due to several factors, such as the geographic
situation of the site, the current rating of the cables, the voltage
level of the collector system, the total length (due to economic
constraints), and the turbine cable entry restrictions (Altin et al.,
2010). The most common situation is 7 or 8 turbines per array, but
usually no more than 10. Another common practice is to connect
these arrays into pairs, which take the name of “forks” (Yang et al.,
2009). In order to solve fault situations or to perform maneuvers
in the electrical grid, it is essential to install switchgears. One
switchgear per connection results in low selectivity, because in case
of cable failure, the whole array is disconnected. On the other hand,
three switchgears per connection ensure high selectivity, because in
the event of a cable fault, parts of the string can still be active.
This last solution, however, implies a level of redundancy in the
collection system that sometimes is not economically feasible.

Transmission System. The transmission system is responsible for
exporting the energy, which is produced by the WTGs and gathered
by the collection system, to the shore. There are several types of
technology that can be used, and the factors that influence their
selection, besides the economic ones, are the amount of power to be
transmitted and the distance of transmission. The Medium Voltage
Alternate Current (MVAC) system merges the collection into the
transmission, as the cables that gather energy are the same ones
that export it to the shore. For a 33 kV collection system voltage
with power level up to 100 MW to be transmitted up to 20 km, this
option is the most inexpensive one (Grainger and Jenkins, 1998).
However, for situations that exceed these limits, the electrical losses
and the number and laying costs of the cables render this option
a bad one. High Voltage Alternate Current (HVAC) is the most
common option and the most economical solution for transmitted
distances up to 70 to 80 km. For transmission distances above
20 km, the voltage level must be raised to high voltage (typically
to 132, 220, or even 400 kV) in an offshore substation in order
to avoid the massive energy losses that result from the cable’s
capacitive current (Johansson et al., 2005; Mogstad and Molinas,
2008). When there is the necessity to transmit a great amount of
power through long distances, typically beyond 80 to 100 km, the
best option is a High Voltage Direct Current (HVDC) system. In
this system, the offshore substation converts the collected energy to
DC prior to transmitting it. At the Point of Common Coupling
(PCC), the conversion is reversed, and the energy is delivered with
the proper requirements of an AC electrical system.

Case Study Options

The first choice to be made is the wind turbine type that will be
used. For the present case study, a Vestas V112–3 MW Offshore
was selected. The V112 model is properly adapted to offshore
situations. It was launched in 2009 with the promise to offer greater
efficiency and deliver optimal output in average wind speeds up to
9.5 m/s. It has a rotor with three pitch-regulated blades and an
active yaw, the rotor diameter being 112 m. It is equipped with a
12-pole synchronous generator with permanent magnets, nominal
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speed of 1450 rpm, and rated power of 3 MW. For the case study
development, the turbines are set to be installed with the hub height
of 80 m in comparison with other similar projects.

Only one type of wind generator per wind farm is used in the
case study, as this is a choice usually made by developers in order
to ease the farm operation and maintenance (Kusiak and Song,
2010). Hence, one wind farm shall be developed with the installed
capacity of 162 MW, implying that each wind farm will have
54 turbines. The reason for choosing 162 MW is related to the
existence of offshore wind farms with similar installed power, which
makes it possible to learn from experience gained and to compare
and validate some of the choices made regarding several technical
aspects of the wind farm. The turbines are oriented in the NW
direction, as it is the prevailing wind direction for the considered
area (Costa et al., 2006), and the spacing considered is 8 RD in the
prevailing wind direction and 4 RD in the perpendicular direction.

A radial configuration was chosen for the interconnection. Despite
the fact that the star configuration offers losses and costs a little
bit less than the radial configuration (4% and 2%, respectively)
(Quinonez-Varela et al., 2007), the latter has been used much more
than the former, which is an advantage for future promoters, as
they can benefit from the knowledge gained with the usage of that
particular configuration. The radial configuration was chosen for
the way in which the WTGs interconnect, because it minimizes the
overall costs of both the collection and the transmission systems.
With respect to the switchgear configuration, the low selectivity
is the one used, not only because the collection system does not
have any cable redundancy, i.e., the electrical scheme itself has low
selectivity, but also because it is common practice.

The voltage level selected for the collection system is 33 kV, not
only because this is a very common practice, but also because it
eases the case study development, despite the fact that the medium
voltage level in Portugal is 30 kV. Since the wind farm is supposed
to be located less than 20 km offshore, the transmission system
chosen is the MVAC, and therefore the cables selected for the
collection are the same as those selected for the transmission.
The sizing of the collector and transmission cables varies from
20 MVA/95 mm2 to 33 MVA/240 mm2.

An offshore substation was not considered due to several reasons:
(1) it would have to withstand rough oceanographic conditions;
(2) the corresponding costs are high; and (3) the wind farm is
relatively close to the shore. Another important fact is that the
onshore substation usually has redundancy, with each transformer
capable of holding 70% of the load. Thus, an onshore substation
equipped with 2 × 160 MVA transformers was considered.

ANNUAL ENERGY PRODUCTION CALCULATION

In order to be able to compute the Annual Energy Production
(AEP) of a WTG, two sets of data are required: (1) the WTG
power output versus wind speed characteristics, usually known
simply as the power curve; and (2) the probabilistic distribution of
the wind speed at the rotor height. It is useful to have a mathemati-
cal description of the probability density of the wind speed that
illustrates the results obtained in a wind speed measuring campaign.
The probability distribution that is commonly used to characterize
the quasi-stationary wind is the Weibull Distribution, whose proba-
bility density function (PDF) and cumulative distribution function
(CDF), in terms of the mean wind speed, u, are shown in Eq. 1:
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where c is a scale parameter expressed in meters per second, and
k is a dimensionless form parameter. As mentioned before, a

V112 WTG was selected for the case study. Its rated power is
3 MW, and the cut-in, rated, and cut-out wind speeds are 3, 12.5,
and 25 m/s, respectively.

AEP Computation Methodologies

The estimation of the AEP (MWh) of a WTG is done by applying
the power curve to the wind speed distribution, which is measured
at the WTG’s hub height, and assuming an availability of 100%
(Meier and Kjor, 2005). At least three methods are available to do
so. The first method (Method A) is straightforward. As both the
WTG power curve and the wind speed histogram, h4u5, are usually
discretized, Method A consists of multiplying, for each wind speed
bin, the average output power (Pe [kW]) by the respective time
duration (8760 × h [h]) and summing them for all wind speed bins,
as suggested by Eq. 2. This method is a simplified one, and thus
may present a certain error when confronted with more accurate
calculation methods:

Ea = 8760
ucut-out
∑

ucut-in

h4u5Pe4u5 (2)

Method B relies on the Weibull’s CDF, which can be used to
express the probability of the wind speed as being between two
values. The Weibull’s CDF, together with the mean electric power
output value for those wind speeds obtained from the WTG power
curve, enables the AEP computation, as seen in Eq. 3. This method
is the one established by the IEC wind energy standard, IEC
61400-12 (Meier and Kjor, 2005):

Ea = 8760
ucut-out
∑

i=u1

[

4F 4i− 15− F 4i55
Pe4i5+Pe4i− 15

2

]

(3)

The final method (Method C) is the most precise, but also the
most laborious. While the previous methods usually consider wind
classes of 1 m/s or 0.5 m/s interval, the user is free to choose the
integration step size in Method C, which grants a variable level
of accuracy (the smaller the step size, the higher the accuracy).
However, since the certified power curves provided are already
discretized in wind classes, it is necessary to approximate the
power curve with a sigmoidal function for speeds between the
cut-in and the rated wind speeds, as shown in Eq. 4:
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Pe = PN urated ≤ u≤ ucut-out

(4)

In Eq. 4, parameters a and b are adjustable to fit the power
curve data provided by the manufacturer. The sigmoidal curve
fit was chosen because it is often used to represent the wind
turbine power curve in an analytical way (see, for instance, Paiva
et al., 2014; Kusiak and Li, 2011; Kennedy et al., 2007). In
general, the sigmoidal curve fit gives good results; however, other
approaches were possible, namely piecewise spline or polynomial
approximations. After Eq. 4 is solved, both the Weibull’s distribution
and approximated power curve are discretized to the user’s selected
level and then integrated in a manner similar to the other methods
described above.

Case Study AEP Computation

To obtain the information needed to perform these calculations,
one has to resort to the Portuguese Wind Atlas (Costa et al., 2006),
which presents the Weibull parameters for a hub height of 60 m.
However, since the selected WTG model has a hub height of 80 m,



Journal of Ocean and Wind Energy, Vol. 1, No. 4, November 2014, pp. 246–252 249

Fig. 1 Sigmoidal approximation of the V112 power curve

Method AEP (MWh) Capacity factor AEH (h)

A 9,886 37.62% 3,296
B 9,895 37.65% 3,298
C 9,716 36.97% 3,239

Table 1 AEP, capacity factor, and AEH

both parameters have to be adapted to that height through the
utilization of the Justus and Mikhail model (McIntyre et al., 2008).
For the area considered, the Weibull PDF parameters obtained were
7.80 m/s for the c parameter and 1.83 for the k parameter after
conversion to the appropriate height.

To estimate the energy through Method C, an approximation of
the V112 power curve is necessary. For the WTG models considered,
Fig. 1 shows the approximations obtained, with the parameters’
values explicitly presented. The extra parameter R represents the
Pearson product-moment correlation, which is often used as a
measure of the strength of the linear correlation between two
variables. The closer its value is to 1, the stronger the correlation.
As can be seen, the value of R is very close to 1 (0.99619), which
means that the approximation is valid.

All the data necessary to estimate the energy through the three
methods is now available. Table 1 shows the results obtained for
each of these methods for a single V112 WTG. Besides the AEP,
Table 1 depicts (1) the capacity factor, which is the ratio of the
actual output of a WTG over a period of time and its potential
output if it had been operating at full nameplate capacity during the
entire time; and (2) the Annual Equivalent Hours (AEH), which
are obtained by dividing the WTG’s AEP by its rated power.

THE COST OF OFFSHORE WIND ENERGY

The total costs of an offshore wind farm depend on several
factors. The water depth and the distance from the shore are among
the most decisive factors. In order to ascertain the impact of those
two critical factors in our case study, two scenarios were generated.
The first one depicts the deployment of the offshore wind farm for
water depths between 20 and 30 m, while the second one illustrates
the same structures deployed at water depths between 30 and 40 m.
For the sake of simplicity, let us consider water depths of 25 m and
35 m, respectively. The distance to the shore also varies, since it is
roughly 8 km in the first scenario, whereas it is about 12 km in the
second one. The first settings considered were named “25 m–8 km”
and the second ones were named “35 m–12 km.”

Following the general procedures applied in economic assess-
ments, two types of costs are considered: (1) the initial investment

Length (km)
Cross-section Unitary cost

(mm2) (kE/km) 25 m–8 km 35 m–12 km

95 63 125076 162066
240 174 22092 31012

Table 2 Collection and transmission cables, unitary costs, and
lengths

made until the wind farm is ready to go online, which is commonly
known as CAPEX or Capital Expenditure; and (2) operation and
maintenance (O&M) annual costs known as OPEX or Operational
Expenditure, which includes O&M costs (the main expenditure)
and other costs such as the lease for the space, possible charges to
the grid operator or for maintaining the grid, insurance premiums,
decommissioning provisions, etc.

CAPEX

The costs presented in this section were based mainly on a
recent study (Douglas-Westwood, 2010) and considered 2010
prices. Other values presented in several studies, namely recent
ones (BVG Associates, 2010; CIER, 2010) and old ones properly
updated (Garrad Hassan, 2003), were also used for comparison
purposes. Some remarks concerning the assumptions made are
worth mentioning:

Collection and Transmission Cables. Table 2 presents the 33 kV
cables’ cross-sections used and the respective unitary costs (CIER,
2010), together with the cables’ lengths.

Collection Switchgear System. The estimated price for a
switchgear that operates at 33 kV is 59.760 kE (Lundberg, 2003).
There are 54 wind turbines with one switchgear system per turbine.

Foundations. Monopile foundations were selected for the case
study.

Deployment. This refers to the cost of the electrical, wind
turbines, and foundations deployment. With respect to the wind
turbines deployment cost, the most important cost is the vessel
daily rate, which is roughly 120 kE per day. The deployment rate
can be one WTG a day, but that might not be the case due to bad
weather and adverse sea conditions; therefore, about two days per
WTG were considered. With respect to the foundations deployment,
the monopiles are driven into the seabed with the aid of jack-up
vessels. The rates of these vessels reach 95 kE per day, and it can
typically take 12 to 24 months to deploy the foundations. In this
work, approximately one year of foundations deployment time
was considered. The cost of the electrical deployment is mainly
driven by the laying of the cables into the sea. The time for the
total process is approximately 6 to 12 months. About 8 months
were taken as electrical cable deployment time.

Table 3 shows the components of the initial costs (CAPEX)
considered in the proposed case study, whereas Table 4 shows
the shortened version of the CAPEX. When confronted with the
CAPEX cost estimated in several other reports, the results seem to
be in accordance. There are sources that claim values in the order
of 2,350 kE to 3,600 kE per MW (Emerging Energy Research,
2010), while others assess costs of 4,086 kE per MW (Ernst &
Young, 2009). Despite the existing divergence regarding the future
of initial investment costs that exists in the referred sources, one
thing seems to be common to all of them: the estimated 2010
CAPEX for offshore wind farms are in the order of 3,000 kE per
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CAPEX CAPEX
Components Scenarios (kE) (kE/MW)

Planning and development All 541484 336000
Offshore WTG All 2401135 1482000
Collection cables 25 m–8 km 41515 27087

35 m–12 km
Collection SG All 31227 19092
Transmission cables 71435 45090

111199 69013
Onshore substation All 51286 32063
Foundations 25 m–8 km 1081969 673000

35 m–12 km 1451291 897000
Deployment All 721608 448000

Table 3 Case study of CAPEX components

Scenarios CAPEX (kE) CAPEX (kE/MW)

25 m–8 km 496,659 3,065
35 m–12 km 536,745 3,312

Table 4 Case study of CAPEX

MW (Emerging Energy Research, 2010; Ernst & Young, 2009;
MAKE Consulting, 2009; BVG Associates, 2011).

OPEX

The annual upkeep of an offshore wind farm is directly related
to its operation and maintenance. Examples of operation costs are
meteorological data acquisition, monitoring, overall management of
the wind farm, etc. As far as maintenance costs are concerned,
they can result from either programmed or preventive maintenance.
When compared with onshore wind farms, the costs associated
with offshore wind farm O&M are much higher due to several
factors, such as increased maintenance of components in the marine
environment, high costs of vessels, crews, and insurances, risks
related to weather windows availability, etc. Table 5 summarizes
the annual costs considered for the case study for each of the
categories discussed, among others (Douglas-Westwood, 2010).

For the two scenarios considered under the assumption that the
O&M requirements are the same for both, the total cost of the O&M
adds up to 14,549 kE per year, which includes not only the items
discussed above, but also a margin of 3% for contingencies. Several
ways are generally used to express this result: (1) in E per produced
kWh; (2) in E per installed MW; and (3) as percentage of the
CAPEX. When applied to the current case study, the former figures
result in the following figures per year, respectively: (1) 0.028
to 0.037 E/kWh; (2) 89.8 kE/MW; and (3) 2.71%–2.95%. When

OPEX OPEX
Component (kE/year) (kE/MW/year)

Equipment 71668 47033
Grid maintenance, lease, 31431 21018

and insurance
Personnel access 11211 7047
Labour 11009 6023
Repair vessels 807 4098
Total cost 141126 87020
Grand total with contingencies 141549 89081

Table 5 Case study of OPEX

compared with other sources, the values obtained seem to be
reasonable. Some consulted reports present values in the order
of 0.024 to 0.036 E per kWh (Emerging Energy Research, 2010;
MAKE Consulting, 2009), while other reports define annual O&M
cost intervals as 55.304–87.730 kE/MW (Ernst & Young, 2009)
and 58.305–93.288 kE/MW (BVG Associates, 2010).

FINANCIAL EVALUATION

The financial evaluation of the scenarios considered was realized
for the different support schemes for offshore wind energy that exist
in some EU countries, namely Portugal, Belgium, Denmark (Horns
Rev 2 and Rødsand 2), Germany, France, UK, Ireland, and Sweden.
A comparison of the different support mechanisms in Europe can
be found in KPMG (2010). The purpose of performing this study
is to assess the current situation in Europe concerning the different
support schemes for offshore wind energy. This enables us to
position the Portuguese case amongst the other European countries.

The assessment index is the after-tax Equity Internal Rate of
Return (IRR), which assumes the use of debt in the project, as is
usual in renewable energy projects. It is defined as the discount
rate at which the present value of cash dividends (the net of debt
financing) equals the present value of equity investments. If the
after-tax Equity IRR of a project is above the investor’s demanded
rate of return, the investment is attractive. Some further assumptions
made are worth mentioning: (1) the project is financed with 70%
debt (5% cost of debt) and 30% equity; (2) the effective income
tax is 25%; (3) the depreciation method is a straight-line method
with a depreciation tax basis of 80% during 20 years and with no
tax holiday; and (4) the investor’s demanded rate of return is 15%.

At least in Europe, offshore wind farms are still regarded by
the investors as risky projects; therefore, to invest in them, they
demand a higher return rate than for onshore wind farms, which is
why a 15% return rate was chosen. It should also be noted that
Portugal does not have a specific incentive system for offshore
wind farms; rather, it has such a system only for onshore wind
farms, which is about 75 E/MWh for a maximum of 15 years.

RESULTS AND DISCUSSION

The results obtained are depicted in Fig. 2. It can be observed
that five different incentive schemes lead to a positive after-tax
Equity IRR. Only the UK and Belgium remuneration systems allow
the investors to obtain the return rate above the one demanded,
while with the incentives from Greece, France, and Ireland, the
IRR is above 10%, which is a reasonable return on investment.
On the other hand, in Portugal, Denmark, and Sweden, the IRR
is negative, which means that the Feed-in Tariffs (FITs) in these
countries is low, and thus the IRR does not even allow investors to
recover the investment.

The viability of developing an offshore wind farm is also affected
by the water depth and distance to the shore. When the depth and
distance increase, the feasibility of the farm drops around 2% and
sometimes to the point where the farm becomes unviable in Portugal.
Another crucial observation is related to the results obtained for the
application of the onshore Portuguese FIT to offshore wind energy.
None of the scenarios simulated are feasible, which implies that
offshore wind energy is unlikely to develop in Portugal unless a
Portuguese support scheme for offshore wind energy is introduced.

Sensitivity Analysis

In order to pinpoint a value for an average FIT that could cover
the initial expenses and make an offshore wind farm viable, a
sensitivity analysis of the after-tax Equity IRR as a function of the
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Fig. 2 V112 scenarios for after-tax Equity Internal Rate of Return

After-tax Equity IRR

FIT (euro/MWh)

CAPEX (kE/MW) 60 75 90 105

1,533 −50% −1.4% 9.0% 29.2% 57.7%
3,066 0% −13.1% −6.9% 4.6% 20.2%
4,599 50% negative −15.3% −6.4% 5.7%

Table 6 Sensitivity analysis for 25 m–8 km scenario

CAPEX and FIT was performed. Tables 6 and 7 present the results
obtained for each proposed scenario. For the two V112 scenarios,
the average FIT necessary to make a project feasible and attractive
is above 100 E/MWh lasting for 15 years. Another possible way
to overcome this situation is to reduce the wind farm’s initial
investment resulting from the evolution of the technology, but that
does not seem to be happening (AWS Truewind, 2010); rather, the
initial investment may be expected to be higher for the first projects
to be developed in Portugal. Furthermore, the cost per MW of the
wind farm has kept increasing during the past years. However, it
is important to underscore that these results are based on some
simplified assumptions and uncertainties, especially concerning
resource assessment and costs of the wind farm in Portugal. It
should be noted that resource assessment and costs of the wind
farm could differ in Northern European countries.

A better alternative to the performed sensitivity analysis would
have been to conduct “low,” “best-estimate,” and “high” analyses
of the costs. However, this would have required the availability
of relevant data, to which we unfortunately did not have access,
possibly because in Portugal, the only offshore wind turbine is a
demonstration project. This explains the fact that we have decided
to carry out a +/− 50% CAPEX sensitivity analysis.

After-tax Equity IRR

FIT (E/MWh)

CAPEX (kE/MW) 60 75 90 105

1,657 −50% −2.8% 7.0% 25.8% 52.2%
3,313 0% −14.3% −8.6% 2.4% 17.2%
4,970 50% negative −16.7% −8.6% 3.2%

Table 7 Sensitivity analysis for 35 m–12 km scenario

CONCLUSIONS

The work developed in this paper highlighted the conditions for
the economic feasibility of an offshore wind farm in Portuguese
shallow waters. It was based on the consideration of several topics,
such as the selection of a proper and sustainable implementation
site, the assessment of the wind farm electrical conception and
design, the annual energy production, and the evaluation of each
step of a preliminary financial analysis.

For this purpose, a case study was built to serve as the basis for
the assessment study carried out. The main characteristics of the
proposed case study are as follows: (1) 54 Vestas V112–3 MW
offshore wind turbines, totaling 162 MW of installed power in
shallow waters (between 20 and 40 m), located about 10 km from
the coast; (2) 33 kV radial collection system, linked to shore
through an MVAC system using the same cables; and (3) wind
profile described by a Weibull distribution with c = 708 m/s and
k = 1083. The calculations, which were performed by using several
methodologies for cross confirmation, enabled us to conclude that
the selected site allows for an energy production corresponding to
3,300 hours per year of rated power (annual equivalent hours).

With respect to the production costs, the CAPEX and OPEX
were identified based on a comprehensive survey of the literature.
For the former (CAPEX), a figure slightly above 3,000 kE/MW
was encountered, depending on the specific wind farm location.
For the latter (OPEX), about 90 kE/MW was encountered, which
corresponded to 0.03 E/kWh or 2.8% of the initial investment and
was in line with current offshore OPEX reported in the literature.

A financial evaluation of the project, which took into account the
annual energy production and the CAPEX and OPEX, was carried
out by using the after-tax Equity IRR as the assessment index.
The financial evaluation was performed by using the FIT in force
in eight European countries. In Belgium, Germany, France, UK,
and Ireland, the after-tax Equity IRR presented a positive value,
but only in Belgium and UK did this index surpass the investor’s
demanded rate of return. On the other hand, in Portugal, Denmark,
and Sweden, the after-tax Equity IRR was negative. Finally, from a
sensitivity analysis, it was concluded that an average FIT of about
100 E/MWh for 15 years would be enough to turn current offshore
wind projects into economically attractive ones.
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