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ABSTRACT
This paper develops a cost model for onshore wind farms

in the U.S.. This model is then used to analyze the influence
of different designs and economic parameters on the cost of a
wind farm. A response surface based cost model is developed
using Extended Radial Basis Functions (E-RBF). The E-RBF ap-
proach, a combination of radial and non-radial basis functions,
can provide the designer with significant flexibility and freedom
in the metamodeling process. The E-RBF based cost model is
composed of three parts that can estimate (i) the installation
cost, (ii) the annual Operation and Maintenance (O&M) cost,
and (iii) the total annual cost of a wind farm. The input param-
eters for the E-RBF based cost model include the rotor diameter
of a wind turbine,the number of wind turbines in a wind farm,
the construction labor cost, the management labor cost and the
technician labor cost. The accuracy of the model is favorably
explored through comparison with pertinent real world data. It
is found that the cost of a wind farm is appreciably sensitive to
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the rotor diameter and the number of wind turbines for a given
desirable total power output.

KEYWORDS
Cost Model, Extended Radial Basis Functions, Wind En-

ergy, Response Surface

NOMENCLATURE
N The number of wind turbines in a wind farm
P0 The rated power of a turbine (KW )
δ The relative distance between wind turbines
CLa Cost of unit farm land area ($/m2)
ALa Wind farm land area (m2)
Ccp Capital cost ($)
cop Operation and maintenance cost coefficient
Cop Operation and maintenance cost ($/h)
c0,c1,c2
c01,c02 Capital cost coefficients
b0,b1,b2
b01,b02 Short cut model parameters
CT Total annual cost ($)
Ct Total annual cost per kilowatt ($/KW )
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lp Percentage of the capital cost on an annual rate
Pr Ex-work price of a wind turbine per kilowatt (e/KW)
IC0 Turn-on key price of a wind turbine plant (e)
ICn The future value of the initial investment cost (e)
n Wind turbine lifetime (year)
γ The subsidy percentage by government
FCn Annual fixed operation and maintenance cost (e)
VCn Annual variable operation and maintenance cost (e)
q A fraction of the initial investment cost
g Annual increase of the operation and maintenance cost
nk The lifetime for certain major part
rk Replacement cost coefficient
ρk The corresponding level of technological improvements

for the kth major component of a turbine
gk Mean annual change of the price for the kth major

component of a turbine
Cn Total investment cost (e)
Cin Installation cost per kilowatt ($/KW )
Cma Cost of material
CO&M Operation and maintenance costs per kilowatt ($/KW )
n j Jobs that are affected by the whole project
D Rotor diameter of a wind turbine (m)
H Hub height (m)
h Support structure height (m)
do f Distance to shore (km)
LPC Levelized production cost (e/KWh)
n f i Years financed
φ Percentage financed
η Interest rate
CLC Wage per hour for construction labor ($/h)
CLM Wage per hour for management labor ($/h)
CLT Wage per hour for technician labor ($/h)
xi ith design configuration, or data point
f (x) Computationally expensive analysis
f̃ (x) Computationally benign metamodel of f (x)
x Generic point in the design space
ξi Coordinate vector of point x relative to data point xi

ξi
j jth element of vector ξi

φ Non-radial basis function
ψ Typical radial basis function
r Radial distance from a given point
np Number of data points evaluated
φL Nonlinear component of N-RBFs (left of ξ)
φR Nonlinear component of N-RBFs (right of ξ)
φβ Linear component of N-RBFs
m Number of design variables
nu Total number of coefficients in E-RBF cost model

INTRODUCTION
In recent years, the U.S. government has emphasized the na-

tion’s need for greater energy efficiency and a more diversified
energy portfolio. This laid the path for a national effort to ex-
plore an energy scenario in which wind would provide 20% of
U.S. electricity by 2030 [1].

The cost of developing a wind farm has received consider-
able attention both in academia and industry. As shown in the
Wind Energy - The Facts [2], the main factors governing wind
farm economics include (i) the installation cost, (ii) the Opera-
tion and Maintenance (O&M) cost, and (iii) the electricity pro-
duction. Figure 1 illustrates a typical breakdown of total cost for
an offshore wind farm in shallow water, from the wind turbine
purchase to the onshore utility connection, as well as the cost of
O&M and decommissioning [3]. It can be seen that the instal-
lation cost (including the cost of (i) wind turbine purchase, (ii)
support structure and (iii) grid connection) and the O&M cost
take up 95% of the total cost.

Figure 1. TYPICAL COST BREAKDOWN FOR AN OFFSHORE WIND
FARM IN SHALLOW WATER [3]

The cost of installing and operating a wind farm depends
on a number of factors. The objective of this paper is to de-
velop a model that can estimate the cost of installation and O&M
based on appropriate input parameters. The paper consists of six
sections. The literature review is discussed in the second sec-
tion. In the third section, five existing wind farm cost models
are presented in detail. The fourth section presents the new Ex-
tended Radial Basis Function (E-RBF) [4] based cost model. The
training data used is from the Energy Efficiency and Renewable
Energy Program conducted by U.S. Department of Energy [5].
In the fifth section, the E-RBF based cost model is validated by
comparing the estimated cost values with real world data. The
last section provides concluding remarks.

2 Copyright c© 2010 by ASME



LITERATURE REVIEW
The following section is divided into two parts. The first

presents a brief overview of the work on wind energy cost
analysis that has been done in the last 20 years. An overview of
wind energy in the U.S. is given in the second part.

Cost Analysis Review
Several models have been developed to estimate the cost for

both onshore and offshore wind farms in Europe [6–9]. A Ge-
ographical Information System (GIS) based cost model for the
estimation of the cost of energy was developed by Structural and
Economic Optimization of Bottom-Mounted Offshore Wind En-
ergy Converters (OWECS) in 1998. The model allowed rapid es-
timation of the economic viability of certain OWECS concepts
over a large geographic area, and it also permitted identifica-
tion of sites economically best suited, as locations for OWECS
[6, 7]. The Energy Research Centre of the Netherlands (ECN)
has developed a computer program named Offshore Wind En-
ergy Costs and Potential (OWECOP) in order to quantify the cost
of energy production for offshore wind energy, which has a com-
bination of a GIS database with ExcelTM workbook. A proba-
bilistic analysis was implemented into the OWECOP cost model
to form the OWECOP-Prob [8]. An investigation of the transport
and installation cost of offshore wind farm has been carried out
and implemented in the OWECOP II model of ECN [10].

In addition, there also exist in the literature approximate an-
alytical expressions for the cost of a wind farm as a function of
different contributing factors. In Kaldellis and Gavras’s [11], a
complete cost-benefit analysis model adapted for the Greek mar-
ket was developed, in order to calculate the pay-back period and
the economic efficiency for lifetime operation (10 to 20 years).
The results showed that (i) the profitability was particularly sen-
sitive to the changes in the capital cost, the capacity factor, the
electricity escalation rate and the initial installation cost; (ii) the
profitability was slightly less sensitive to the changes in the O&M
cost; and (iii) the impact of the wind turbine rated power and the
inflation rate was limited. Kiranoudis et al. [12] evaluated the
parameters of the proposed short cut wind efficiency model for
all types of turbines studied, using approximate mathematical ex-
pressions to represent the installation cost and the annual O&M
cost of a wind farm. This cost structure was later used as the
objective function by Sisbot et al. [13], in which a multiobjec-
tive genetic algorithm approach was employed to obtain optimal
placement of wind turbines by maximizing the power production
capacity, while constraining the budget of the installed turbines.

Life Cycle Cost (LCC) calculates the total cost for an engi-
neering system during its entire lifetime. The total cost takes into
account the planning, purchase, installation, operation and main-
tenance, and liquidation of a wind farm [14–16]. Nilsson and
Bertling [14] presented a life cycle cost analysis with strategies

where Condition Monitoring System (CMS) improved mainte-
nance planning for a single onshore wind turbine (Olsvenne2 at
Nasudden) and a offshore wind farm (Kentish Flats). The pur-
pose of CMS is to continuously monitor the performance of wind
turbine parts and help determine the optimal time for specific
maintenance. A risk-based life cycle approach for optimal plan-
ning of O&M, which considered the uncertainty related to the
deterioration and the future cost related to inspection/monitoring,
maintenance, repair and failure, was described by Sorensen [15].

O&M costs are related to a limited number of cost com-
ponents, which includes (1) insurance, (2) regular maintenance,
(3) repair, (4) spare parts, and (5) administration [2]. O&M
for offshore wind farm contributes a substantial part of the to-
tal life cycle cost, and can be expected to increase when the wind
farm is placed at deeper water depth and in a harsher environ-
ment. Sufficient work has been done to optimize the O&M strat-
egy [10, 14, 15, 17–19].

In addition to those discussed above, social cost of noise
pollution [20] and the effect of site property [21–23] were also
investigated in the cost analysis.

Overview of Wind Energy in The U.S.
The information provided here is mainly based on onshore

wind farm in the U.S.. Table 1 presents the annual and cumula-
tive capacity of power in various Countries. Specially, Annual
Capacity is the wind power installed in a single year and Cumu-
lative Capacity is the total installed wind power up to date. It can
be seen from Table 1 that the U.S. led the world in 2008 wind
capacity additions and in cumulative capacity [24].

In this section, we presented some of the existing work on
cost analysis of a wind farm and an overview of wind energy in
the U.S.. From the information discussed above, it can be seen
that the U.S. has the largest wind power capacity in the world,
and has sustained growth in the wind energy market. Thus, an
accurate model which can estimate the cost of a wind farm for
the U.S. wind energy market is essential. The details of several
existing cost models are discussed in the next section.

COST MODELS COMPARISON
In order to develop a new wind farm cost model for the U.S.

wind energy market, the benefits and drawbacks of the existing
cost models are explored. Five cost models are presented in this
section. They are (1) the short cut model; (2) the cost model for
the Greek market; (3) the OWECOP-Prob cost model; (4) the
JEDI-wind cost model; and (5) the Opti-OWECS cost model.
Detailed information regarding the comparison of existing cost
model can be found in Appendix A.
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Table 1. INTERNATIONAL RANKING OF WIND POWER CAPACITY

Annual Capacity Cumulative Capacity

(2008,MW) (end of 2008,MW)

U.S. 8,558 U.S. 25,369

China 6,246 Germany 23,933

India 1,810 Spain 16,453

Spain 1,739 China 12,121

Germany 1,665 India 9,655

France 1,200 Italy 3,731

Italy 1,010 France 3,671

U.K. 869 U.K 3,263

Portugal 679 Denmark 3,159

Australia 615 Portugal 2,829

Rest of World 3,999 Rest of World 18,106

TOTAL 28,390 TOTAL 122,290

Short Cut Model
The short cut cost model was proposed by Kiranoudis et al.

[12]. Fig. 2(a) shows the input and output structure of the short
cut model.

The short cut model uses mathematical equations to calcu-
late the total cost, which can estimate the influence of various
factors on the total cost. However, a number of important fac-
tors have been neglected, such as the lifetime of a wind turbine
and certain economic factors (e.g., years financed, percentage fi-
nanced and interest rate).

Cost Model For The Greek Market
Kaldellis and Gavras [11] developed a complete cost-benefit

analysis model that was adapted for the Greek market, in order
to calculate the pay-back period and the economic efficiency for
life cycle. Figure 2(b) shows the input and output structure of the
Greek market model.

The cost model also used mathematical expressions, similar
to the short cut model, which is convenient to find how the pa-
rameters influence the final cost. Thus, sensitivity analysis can
be performed. However, there are two limitations in this model:
i) the major limitation is the input parameters of the model are
not sufficient and some important factors have been neglected,
and ii) the second major limitation is that this model only works
for a single wind turbine.

OWECOP-Prob Cost Model
OWECOP (Offshore Wind Energy Costs and Potential) was

developed by ECN in order to quantify the investment costs of
offshore wind energy. The probabilistic model implemented into
OWECOP is called OWECOP-Prob [8]. Figure 2(c) shows the
input and output structure of the OWECOP-Prob cost model.

The input parameters of the OWECOP-Prob cost model are
stochastic, just as in the real world situation. However, the values
of approximately 100 input parameters have to be determined
and some of them are particularly difficult to estimate.

JEDI-Wind
The Jobs and Economics Development Impact (JEDI)

Model was developed in 2002 to illustrate the economic bene-
fits associated with developing wind farm in the United States
[5].The data used in this model is from the project developers
and surveys. Figure 2(d) shows the input and output structure of
the JEDI-Wind model.

The JEDI-Wind cost model is developed according to the
U.S. wind energy market. However, it has the same drawback
as OWECOP-Prob cost model, that is too many input parameters
are needed to be determined and some of them are difficult to
obtain. In addition, it is not a analytical model.

Opti-OWECS Cost Model
The Opti-OWECS cost model was introduced by the Re-

newable Energy Center, University of Sunderland in 1997 [25],
which is composed of wind turbine cost, support structure cost,
grid connection cost and O&M cost. Figure 2(e) shows the input
and output structure of the Opti-OWECS cost model.

The benefits of the Opti-OWECS cost model is that grid
connection and wind turbine failures have been included. Never-
theless, it also has the drawbacks of too many input parameters
and neglecting the financial factor.

In the above section, the benefits and drawbacks of five ex-
isting cost models were compared and analyzed (Table 2). Based
on the comparison results, a new Extended Radial Basis Function
(E-RBF) cost model for the U.S. wind energy market is presented
in the following section.

E-RBF COST MODEL FOR THE U.S.
To the best of our knowledge, an analytical cost model for

the U.S. wind energy market does not seem to be available in
the literature. In this paper, a new E-RBF cost model is devel-
oped, which can better estimate the cost of a wind farm for the
U.S. wind energy market. Figure 2(f) shows the input and out-
put structure of the E-RBF cost model, and the comparison re-
sults between the E-RBF cost model and the existing models are

4 Copyright c© 2010 by ASME



(a) SHORT CUT MODEL [12] (b) GREEK MARKET MODEL [11]

(c) OWECOP-PROB COST MODEL [8] (d) JEDI-WIND MODEL [5]

(e) OPTI-OWECS COST MODEL [25] (f) E-RBF COST MODEL

Figure 2. INPUT AND OUTPUT STRUCTURE OF EACH COST MODEL

given in Table 2. From Table 2, it can be seen that the E-RBF
cost model has the following benefits:

1. Analytical expression available
2. Includes life cycle cost
3. Financial parameters available, and
4. Appropriate input and output parameters used

In addition, the data used to develop and test the E-RBF cost
model is from the Energy Efficiency and Renewable Energy Pro-
gram conducted by U.S. Department of Energy.

The remainder of this section is structured as follows:

1. Introducing the general metamodeling problem
2. Presenting the extended radial basis function (E-RBF) ap-

proach, and

3. Developing the E-RBF cost model

General Metamodeling Problem

The E-RBF method developed by Mullur and Messac [4]
is a metamodeling approach. The general metamodeling prob-
lem can be stated as follows [4]: ”Given a set of data points
xi ∈ Rm, i = 1, · · · ,np , and the corresponding expensive function
values, f (xi) , obtain a global approximation function, f̃ (x) , that
accurately represents the original function over a given design
domain”.

Interpolating metamodels are capable of yielding globally
accurate response surface, and typically satisfy the following set
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Table 2. COST MODELS COMPARISON

Short cut Greek market OWECOP-Prob JEDI-Wind Opti-OWECS E-RBF cost

model model model model model model

Location onshore onshore offshore onshore offshore onshore

Input of the cost model

N X X X X X

P0 X X X

D X X X

δ X X

n X X X

γ X

Tax X

Financing X X

Cost of labor X X X X

Output of the cost model

Total cost X X X X X

Installation cost X X X

O&M cost X X

LPC X

Performance of the cost model

Mathematical X X X

expression

Pros and Cons

Pros P1,P10 P1,P2, P8 P3,P6, P2,P8 P1,P2,P4

P9,P10 P7,P8 P5,P6,P7

P8,P10

Cons C2,C3 C3,C5,C6 C1,C2,C3 C1,C2 C1,C3 C3,C9

C5,C6 C7,C8 C4,C6 C4 C4,C6

C7,C8,C9 C7,C9,C10 C9,C10 C7,C9,C10

P1: Analytical model available C1: Analytical model not available

P2: Considering life cycle cost C2: No life cycle cost considering

P3: Considering tax C3: No tax

P4: Appropriate input parameters C4: Too many input parameters

P5: Appropriate output parameters C5: Too less input parameters

P6: Financing parameters available C6: Neglecting financing parameters

P7: Considering rotor diameter effect on cost C7: Cannot include the rotor diameter effect on cost

P8: Including cost of labor C8: Neglecting cost of labor

P9: Considering subsidy C9: No subsidy

P10: No parameters difficult to determine C10: Including input parameters difficult to determine
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of conditions

f̃ (xk) = f (xk),k = 1, · · · ,np (1)

which indicates that the function, f , and the approximation, f̃ ,
are equal at all prescribed (np) data points.

Typical interpolating metamodels include 1) Quadratic Re-
sponse Surface Methodology (QRSM); 2) Radial Basis Func-
tions (RBFs); 3) Extended Radial Basis Functions (E-RBF) and
4) Kriging. The E-RBF approach, which has been illustrated
to be a robust metamodeling technique by Mullur and Messac
[4, 26], is adopted in this paper.

Extended Radial Basis Function (E-RBF) Approach
The extended radial basis function approach uses a combi-

nation of radial and non-radial basis functions, which possesses
the appealing properties of both types of basis functions: the ef-
fectiveness of the multiquadric RBFs, and the flexibility of the
N-RBFs [4].

Radial Basis Functions (RBFs) The idea of using ra-
dial basis functions (RBFs) as approximation functions was first
proposed by Hardy [27] in 1971, where he used the multiquadric
RBFs to fit irregular topographical data. Since then, RBFs has
been used for several applications that require global approxima-
tions of multidimensional scattered data [28–30].

Radial basis functions are expressed in terms of the Eu-
clidean distance, r = ‖x− xi‖, of a point x from a given data
point, xi . Perhaps one of the most effective forms is the multi-
quadric function [27, 29] which is defined as

ψ(r) =
√

r2 + c2 (2)

where c > 0 is a prescribed parameter. The final approximation
function is a linear combination of these basis functions across
all data points, as given by

f̃ (x) =
np

∑
i=1

σiψ
(
‖x− xi‖

)
(3)

where σi are unknown coefficients to be determined, and np de-
notes the number of prescribed data points. The number of coef-
ficients is equal to the number of sample points, np.

Non-Radial Basis Functions (N-RBFs) The Non-
radial basis functions (N-RBFs) are not functions of the Eu-
clidean distance, r. Instead, they are functions of the individual

coordinates of generic points x relative to a given data point xi,
in each dimension separately. The N-RBFs for the ith data point
and the jth dimension is denoted by φi j. It is composed of three
distinct components, as given by

φi j(ξi
j) = α

L
i jφ

L(ξi
j)+α

R
i jφ

R(ξi
j)+βi jφ

β(ξi
j) (4)

where αL
i j, αR

i j and βi j are coefficients to be determined for the
given problem.

From Table 3 and Fig. 3, It can be seen that the N-RBFs are
linear in regions I and IV , and that they are a sum of nth degree
monomials and the linear terms in regions II and III.

Figure 3. NONRADIAL BASIS FUNCTION [26]

Extended Radial Basis Function (E-RBF) The E-
RBF approach incorporates both RBFs and N-RBFs, and the ap-
proximation function takes the form

f̃ (x) =
np

∑
i=1

σiψ
(
‖x− xi‖

)
+

np

∑
i=1

m

∑
j=1

{
α

L
i jφ

L(ξi
j)+α

R
i jφ

R(ξi
j)+βi jφ

β(ξi
j)
}

(5)

where φL, φR and φβ are components of the nonradial basis func-
tions (N-RBFs). The vectors αL, αR and β, defined above, con-
tain mnp elements each, and the vector σ contains np coefficients.
Thus, the total number of coefficients to be determined is given
by (3m + 1)np. Two methods that can be used to solve Eqn. (5)
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Table 3. NONRADIAL BASIS FUNCTIONS

Region Range of ξi
j φL φR φβ

I ξi
j ≤−λ (−tλt−1)ξi

j +λt(1− t) 0 ξi
j

II −λ≤ ξi
j ≤ 0 (ξi

j)
t 0 ξi

j

III 0≤ ξi
j ≤ λ 0 (ξi

j)
t ξi

j

IV ξi
j ≥ λ 0 (tλt−1)ξi

j +λt(1− t) ξi
j

λ, t Prescribed parameters

are linear programming and pseudo inverse. In this paper, the
pseudo inverse approach is adopted to solve the coefficients. The
pseudo inverse (A+) of an m×n matrix (A) is a generalization of
the inverse matrix, which is commonly used to compute a best
fit solution to a system of linear equations that lacks a unique so-
lution [31]. Details of the E-RBF approach can be found in the
paper by Mullur and Messac [4].

E-RBF Cost Model
The E-RBF cost model is divided into three parts to estimate

(i) the installation cost, (ii) the annual O&M cost, and (iii) the
total annual cost of a wind farm. As discussed above, the num-
ber of coefficients of the E-RBF cost model, nu = (3m + 1)np,
is based on the number of data points. Table 4 shows the num-
ber of coefficients for each part of the E-RBF cost model. Thus,
although the E-RBF cost model presents a mathematical expres-
sion, all the coefficients (nu) have not been listed in this paper.

Table 4. FUNCTION LIST OF THE E-RBF COST MODEL

Model No. of Data nu

expression variables points

Cin = f (CLC,CLT ,CLM) 3 40 400

CO&M = f (N,CLT ,CLM) 3 500 5000

Ct = f (N,D) 2 101 707

Parameter Selection for E-RBF Cost Model We
briefly comment on selecting parameters in the E-RBF approach
definition. Consequently, we simply use c = 0.9 and λ = 4.75
for the E-RBF approach, for all the functions approximated. Ad-
ditionally, we hold the parameter t of the E-RBF approach fixed
at 2 (second degree monomial). The values are show in Tab. 5.

Table 5. PARAMETER SELECTION FOR E-RBF COST MODEL

Parameter λ c t

Value 4.75 0.9 2

Installation Cost Installation costs, which consist of the
cost of wind turbines, support structure cost, equipment cost, ma-
terial cost and construction labor cost, are based on the national
average cost adjusted for geographic differences in construction
labor cost. The installation cost model is developed using data
from 40 different states of the U.S.. Selected sample data of
several states is shown in Table 6. The model is validated in the
next section by comparing the estimated installation cost in some
other regions with the real world data. In general, the model can
be expressed as (Table 4)

Cin = f (CLC,CLT ,CLM) (6)

Table 6. SAMPLE DATA FOR CREATING THE INSTALLATION COST
MODEL

State CLC CLT CLM Cin

California 20.70 30.97 49.56 2107

Colorado 18.32 25.00 40.00 2043

Iowa 16.16 22.05 35.28 2011

Kansas 16.26 22.18 35.49 2012

Minnesota 19.62 26.77 42.83 2062
...

...
...

...
...

Annual O&M Cost The input data for the model in-
cludes three parts: (i) the number of wind turbines in a wind
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farm, (ii) the management labor cost, and (iii) technician labor
cost of all states in the U.S. (except the state of New York). Wind
farms with different numbers of wind turbines are chosen for
each state. The output of the model is the corresponding annual
O&M cost. In the next section, the model is validated by calcu-
lating the annual O&M cost in the state of New York. Table 7
lists sample data from the states of California and Colorado. In
general, the model can be expressed as (Table 4)

CO&M = f (N,CLT ,CLM) (7)

Table 7. SAMPLE DATA FOR BUILDING THE ANNUAL O&M COST
MODEL

California Colorado

N CLT CLM CO&M N CLT CLM CO&M

10 19.82 49.56 26.58 10 16 40 25.00

20 19.82 49.56 26.58 20 16 40 25.00

30 19.82 49.56 25.90 30 16 40 24.31

40 19.82 49.56 25.23 40 16 40 23.64

50 19.82 49.56 24.58 50 16 40 22.99

60 19.82 49.56 23.95 60 16 40 22.36

70 19.82 49.56 23.31 70 16 40 21.75

80 19.82 49.56 22.71 80 16 40 21.15

90 19.82 49.56 22.08 90 16 40 20.57

100 19.82 49.56 21.58 100 16 40 20.00

Total Annual Cost This subsection develops a model
that can estimate the total annual cost of a wind farm based on
the number and the rotor diameter of wind turbines. The model
can be expressed as (Table 4)

Ct = f (N,D) (8)

The total annual cost data, which is equal to the sum of annual
installation cost and O&M cost, is calculated as

Ct =
1
n

Cin +CO&M (9)

where n is the lifetime of a wind turbine. It is assumed that the in-
stallation cost is divided equally for each year during the lifetime
of a wind turbine.

The rotor diameter, which is directly related to the rated
power and the power generated in a rate farm, is a key param-
eter of a wind turbine. In order to investigate the effect of rotor
diameter on the cost of a wind farm, a survey of leading wind
turbines has been done. Table 8 shows the rated power, the rotor
diameter and the hub height of wind turbines designed by ma-
jor manufactures in the U.S. market. From Table 8, it can be
observed that wind turbines with different rotor diameters may
have the same rated power. Here, for every specific rated power,
an average rotor diameter value is calculated, which is given in
Table 9.

The inputs to the total annual cost model are the number and
the rotor diameter of wind turbines installed in a wind farm, and
the output is the total annual cost of a wind farm. All the 101
sets of data points are for the state of New York region, and the
selected sample data is shown in Table 10.

In the E-RBF cost model, the wind turbine lifetime (n), the
number of years financed (n f i), the percentage financed (θ) and
the interest rate (η) are specified as 20 years, 10 years, 80% and
10%, respectively.

In the above section, the extended radial basis function (E-
RBF) approach was presented, and a new E-RBF cost model was
developed using this approach. The validation of the model and
the estimated results will be discussed in the next section.

RESULTS AND DISCUSSION
In this section, we use the E-RBF cost model and present

the estimated installation cost, annual O&M cost and total annual
cost of a generic wind farm.

Estimated Installation Cost
The estimated installation costs for eleven states in the U.S.

are shown in Table 11 and Fig. 4. The reference installation costs
are from the Energy’s Energy Efficiency and Renewable Energy
Program. The error is calculated by

Error =
| fp− fre f |

fre f
(10)

where fp represents the estimated value and fre f is the reference
value.

The installation cost model is developed using 40 data
points, which is sufficient to ensure the accuracy of the model.
From Table 11 and Fig. 4, it is seen that all the estimated instal-
lation costs are nearly equal to the reference values. In Fig. 4,
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Table 9. RELATION BETWEEN ROTOR DIAMETER AND RATED POWER OF A WIND TURBINE

D(m) 49 55 59.2 65 80.5 82 84.25 88 92.13 100 101

P0(MW ) 0.60 0.85 1.00 1.25 1.50 1.65 2.00 2.10 2.30 2.50 3.00

Table 11. INSTALLATION COST ESTIMATED BY E-RBF COST MODEL

State N CLC CLT CLM n n f i θ η Cin Cin Error

Reference E-RBF

New York 50 22.77 31.07 49.71 20 10 80% 10% 2108 2107.2 0.04%

South Dakota 50 13.33 18.19 29.1 20 10 80% 10% 1970 1969.7 0.02%

Tennessee 50 13.31 18.44 29.51 20 10 80% 10% 1972 1954.5 0.89%

Texas 50 17.59 24.01 38.41 20 10 80% 10% 2032 2031.3 0.03%

Utah 50 16.86 23.01 36.81 20 10 80% 10% 2021 2022.0 0.05%

Vermont 50 12.44 16.97 27.16 20 10 80% 10% 1956 1955.9 0.01%

Virginia 50 18.86 25.74 41.19 20 10 80% 10% 2051 2050.7 0.01%

Washington 50 21.86 29.83 47.73 20 10 80% 10% 2095 2092.7 0.11%

West Virginia 50 17.42 23.78 38.04 20 10 80% 10% 2030 2030.1 0.01%

Wisconsin 50 18.7 25.52 40.83 20 10 80% 10% 2048 2047.9 0.01%

Wyoming 50 17.61 24.04 38.46 20 10 80% 10% 2032 2031.7 0.01%
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Figure 4. INSTALLATION COST ESTIMATED BY E-RBF COST MODEL

the black bar represents the installation cost estimated by the E-
RBF cost model, and the light grey bar is the real wind farm data.
For the state of Tennessee, the error (0.89%) is somewhat larger
than that in other states, but is still less than 1%. Hence, it is
shown how the E-RBF cost model adequately estimates well the
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Figure 5. RELATION BETWEEN THE INSTALLATION COST AND THE
LABOR COST

installation cost of a wind farm.
Figure 5 shows the relation between the installation cost and

the cost of construction labor. It can be seen that the installation
cost increases with the cost of construction labor. The installa-
tion cost increases from $1,982/KW to $2,040/KW while the
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Table 8. WIND TURBINES MANUFACTURED BY MAJOR COMPANIES

Type P0(MW ) D(m) H(m)

GE [32]

1.5sle 1.5 77 65/80

1.5xle 1.5 82.5 80

2.5xl 2.5 100 75/85/100

Vestas [33]

V 80−2.0 2.0 80 67/80

V 90−1.8 1.8 90 80/95

V 82−1.65 1.65 82 70/80

V 90−3.0 3.0 90 80/90

V 100−1.8 1.8 100 80/95

V 112−3.0 3.0 112 84/94/119

Siemens [34]

SWT −2.3−82 2.3 82.4 80

SWT −2.3−93 2.3 93 80

SWT −2.3−101 2.3 101 80

SWT −3.6−107 3.6 107 80

Suzlon [35]

S88−2.1 2.1 88 79

S82−1.5 1.5 82 76

S66−1.25 1.25 66 54/63/72

S64−1.25 1.25 64 54/63/72

S52−600 0.6 52 73

Gamesa [36]

G52−850 0.85 52 44/49/55/65

G58−850 0.85 58 44/55/65/71

G80−2.0 2.0 80 60/67/78/100

G87−2.0 2.0 87 67/78/100

G90−2.0 2.0 90 67/78/100

Mitsubishi [37]

MWT −600 0.6 45/47 45/50/60

MWT −1000 1.0 57/61.4 45/60/69

Table 10. SAMPLE DATA FOR DEVELOPING TOTAL ANNUAL COST
MODEL

New York

D P0 N Ct D P0 N Ct

55 0.85 10 132.01 80.5 1.5 10 131.48

55 0.85 20 132.01 80.5 1.5 20 131.26

55 0.85 30 131.63 80.5 1.5 30 129.65

55 0.85 40 131.05 80.5 1.5 40 128.85

55 0.85 50 130.49 80.5 1.5 50 127.93

55 0.85 70 129.41 80.5 1.5 70 126.46

55 0.85 80 129.14 80.5 1.5 80 126.41

55 0.85 90 128.36 80.5 1.5 90 126.36

55 0.85 100 127.82 80.5 1.5 100 126.39

cost of construction labor changes from $10/h to $28/h, which
is increased by 2.93%. The result suggests that the installation
cost is not particularly sensitive to the cost of construction labor,
since the labor cost is a relatively small percentage of the total
installation cost.

Estimated Annual O&M Cost
The E-RBF annual O&M cost model is validated by estimat-

ing the O&M cost of a wind farm in the state of New York. The
input parameters are the number of turbines, the cost of techni-
cian labor and management labor. Both the estimated and real
world reference annual O&M cost are shown in Table 12 and
Fig. 6. In Fig. 6, the black bar represents the annual O&M cost
estimated by the E-RBF cost model, and the light grey bar is the
real wind farm data. The largest error is 0.80% when there are 70
wind turbines installed in a wind farm, which is acceptable and
illustrate how the E-RBF cost model estimates the annual O&M
cost of a wind farm.

Figure 7 shows the relation between the annual O&M cost
and the number of wind turbines. From Fig. 7, it can be observed
that, when the number of wind turbines increases from 10 to
100, the annual O&M cost decreases sharply from $26.67/KW
to $21.60/KW , approximately 19.01%, which manifests that the
number of wind turbines exerts a great influence on the annual
O&M cost of a wind farm. Roughly, the annual O&M cost in-
creases one dollar for each 20 wind turbines. However, it can
also be seen that when the number of wind turbines is small (less
than 20), the corresponding change in the annual O&M cost is
not clearly evident.

Figure 8 presents the relation between the annual O&M cost
and the cost of management labor. As shown in Fig. 8, the an-
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Table 12. O&M COST ESTIMATED BY E-RBF COST MODEL FOR NEW YORK STATE

N CLT CLM n n f i θ η CO&M CO&M Error

Reference E-RBF

10 31.07 49.71 20 10 80% 10% 26.61 26.67 0.23%

20 31.07 49.71 20 10 80% 10% 26.61 26.56 0.19%

30 31.07 49.71 20 10 80% 10% 25.92 25.91 0.03%

40 31.07 49.71 20 10 80% 10% 25.26 25.23 0.13%

50 31.07 49.71 20 10 80% 10% 24.61 24.58 0.11%

60 31.07 49.71 20 10 80% 10% 23.98 23.92 0.26%

70 31.07 49.71 20 10 80% 10% 23.34 23.53 0.80%

80 31.07 49.71 20 10 80% 10% 22.73 22.72 0.04%

90 31.07 49.71 20 10 80% 10% 22.11 22.03 0.35%

100 31.07 49.71 20 10 80% 10% 21.61 21.60 0.06%
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Figure 6. O&M COST ESTIMATED BY E-RBF COST MODEL FOR
NEW YORK STATE

nual O&M cost rises following the cost of management labor
increases.

Estimated Total Annual Cost
The variation of the total annual cost, with the number and

the rotor diameter of wind turbines, is shown in this subsection.
The estimated result is tested by comparing with the real wind
farm data in the state of New York region, which is shown in
Table 13 and Fig. 9. In Fig. 9, the black bar represents the annual
total cost estimated by the E-RBF cost model, and the light grey
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Figure 7. RELATION BETWEEN THE ANNUAL O&M COST AND THE
NUMBER OF WIND TURBINES

bar is the real world data. It can be seen that the largest error
is 0.60% for case 9 (the rotor diameter and the number of wind
turbines are 100 and 30, respectively), and the estimated total
annual costs are almost equal to the reference values for the other
eight cases.

Figure 10 shows the relation between the total annual cost
and the rotor diameter of a wind turbine. The total annual cost de-
creases from $131.3/KW to $126.4/KW (approximately 3.73%)
when the rotor diameter of a wind turbine increases from 50m to
100m. It also can be observed that the total annual cost decreases
slowly when the rotor diameter is less than 70m; then the total
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Table 13. TOTAL ANNUAL COST ESTIMATED BY E-RBF COST
MODEL FOR NEW YORK STATE

State of New York

Case D P0 N Ct Ct Error

number Reference E-RBF

1 49 0.60 50 131.32 131.60 0.21%

2 55 0.85 60 129.94 129.93 0.01%

3 59.2 1.00 40 130.66 130.53 0.10%

4 65 1.25 50 129.22 129.55 0.26%

5 80.5 1.50 60 126.98 126.67 0.24%

6 82 1.65 50 127.45 127.32 0.10%

7 84.25 2.00 40 127.61 127.90 0.23%

8 88 2.10 60 126.39 126.40 0.01%

9 100 2.50 30 127.93 127.16 0.60%

annual cost begins to decrease sharply when the rotor diameter
changes from 70m to 85m. If the rotor diameter continues to
increase beyond 85m, the change of the total annual cost is par-
ticularly limited. Figure 10 and Table 9 indicate that the use of
small wind turbine is not generally cost effective.

Figure 11 shows the relation between the total annual cost
and the number of wind turbines. The total annual cost decreases
from $132/KW to $127/KW (approximately 3.79%) while the
number of wind turbines increases from 10 to 100. It can also be
observed that the total annual cost does not change significantly
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Figure 9. TOTAL ANNUAL COST ESTIMATED BY E-RBF COST
MODEL

when the number of wind turbines is less than 20.
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Figure 10. THE TOTAL ANNUAL COST BASED ON THE ROTOR DI-
AMETER OF A WIND TURBINE

In this section, the E-RBF cost model was validated and a
number of parameters related to the cost of a wind farm were
analyzed.

CONCLUSION
In this paper, an Extended Radial Basis Function (E-RBF)

cost model was developed based on real world data of wind
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Figure 11. THE TOTAL ANNUAL COST BASED ON THE NUMBER OF
WIND TURBINES

farms. The E-RBF cost model can estimate the installation cost,
the annual O&M cost and the total annual cost of a wind farm.
In addition, the E-RBF cost model used mathematical expres-
sions to estimate the cost of a wind farm, which can be used to
explore the influence of various factors on the cost. The cost
model developments allow for a preliminary estimation of the
cost of a wind farm. The resulting model can be a useful tool
for wind farm designers and investors. The number of wind tur-
bines was not included in the E-RBF installation cost estimation
model, because we don’t have sufficient training data to explore
the relation between the installation cost and the number of wind
turbines. Further areas of research include (i) adding the cost of
grid connection; and (ii) optimizing the operation and mainte-
nance strategy.

ACKNOWLEDGMENT
Support from the National Found from Awards CMMI-

0533330, and CMII-0946765 is gratefully acknowledged.

REFERENCES
[1] Lindenberg, S., 2008. 20% wind energy by 2030: In-

creasing wind energy contribution to u.s. electricity sup-
ply. Tech. Rep. DOE/GO-102008-2567, U.S. Department
of Energy: Energy Efficiency & Renewable Energy, July.

[2] Morthorst, P. E., Auer, H., Garrad, A., and Blanco, I., 2009.
Wind energy - the facts, part iii: The economics of wind
power. Tech. rep., European Wind Energy Association.

[3] Musial, W., Butterfield, S., and Ram, B., 2006. “Energy
from offshore wind”. In 2006 Offshore Technology Con-
ference.

[4] Mullur, A. A., and Messac, A., 2005. “Extended radial ba-
sis functions: More flexible and effective metamodeling”.
AIAA Journal, 43(6), pp. 1306–1315.

[5] Goldberg, M., 2009. Jobs and Economic Development Im-
pact (JEDI) Model. National Renewable Energy Labora-
tory, Golden, Colorado, US, October.

[6] Cockerill, T. T., Harrison, R., Kuhn, M., and Bussel, G. V.,
1998. Opti-owecs final report vol. 3: Comparison of cost
of offshore wind energy at european sites. Tech. Rep.
IW-98142R, Institute for Wind Energy, Delft University of
Technology, August.

[7] Cockerill, T. T., 1998. Opti-owecs final report vol. 5: User
guide owecs cost model. Tech. Rep. IW-98144R, Institute
for Wind Energy, Delft University of Technology, August.

[8] Herman, S., 2002. Probabilistic cost model for analysis
of offshore wind energy costs and potential. Tech. Rep.
ECN-I–02-007, Energy Research Centre of the Nether-
lands, May.

[9] Herman, S., 2003. Dowec cost model: Implementation.
Tech. Rep. ECN-CX-02-048, Energy research Centre of the
Netherlands, April.

[10] Herman, S., 2002. Offshore wind farms: Analysis of trans-
port and installation costs. Tech. Rep. ECN-I–02-002, En-
ergy Research Centre of the Netherlands, February.

[11] Kaldellis, J. K., and Gavras, T. J., 2000. “The economic
viability of commercial wind plants in greece a complete
sensitivity analysis”. Energy Policy, 28, pp. 509–517.

[12] Kiranoudis, C., Voros, N., and Maroulis, Z., 2001. “Short-
cut design of wind farms”. Energy Policy, 29, pp. 567–578.

[13] Sisbot, S., Turgut, O., Tunc, M., and Camdali, U., 2009.
“Optimal positioning of wind turbines on gokceada using
multi-objective genetic algorithm”. Wind Energy.

[14] Nilsson, J., and Bertling, L., 2007. “Maintenance man-
agement of wind power systems using condition monitor-
ing systems life cycle cost analysis for two case studies”.
IEEE Transactions on Energy Conversion, 22(1), March,
pp. 223–229.

[15] Sorensen, J. D., 2009. “Framework for risk-based planning
of operation and maintenance for offshore wind turbines”.
Wind Energy, 12(5), pp. 493–506.

[16] Zaaijer, M., 2003. Overall cost-modelling of the dowec
lifecycle in a wind farm. Tech. Rep. DOWEC-F1W1-MZ-
01-037/02-P, Delft University of Technology, Section Wind
Energy, March.

[17] Andrawus, J. A., Watson, J., Kishk, M., and Adam, A.,
2006. “The selection of a suitable maintenance strategy for
wind turbines”. Wind Engineering, 30(6), pp. 471–486.

[18] Andrawus, J. A., Watson, J., and Kishk, M., 2007. “Wind
turbine maintenance optimisation: principles of quantita-
tive maintenance optimisation”. Wind Engineering, 31(2),
pp. 101–110.

[19] Bussel, G. V., and Bierbooms, W., 2003. “The dowec off-

14 Copyright c© 2010 by ASME



shore reference windfarm: analysis of transportation for
operation and maintenance”. Wind Engineering, 27(5),
pp. 381–392.

[20] Ehyaei, M. A., and Bahadori, M. N., 2006. “Internaliz-
ing the social cost of noise pollution in the cost analysis of
electricity generated by wind turbines”. Wind Engineering,
30(6), pp. 521–529.

[21] Pallabazzer, R., 2004. “Effect of site wind properties on
wind-electric conversion costs”. Wind Engineering, 28(6),
pp. 679–694.

[22] Fuglsang, P., Bak, C., Schepers, J. G., Bulder, B., Cocker-
ill, T. T., Claiden, P., Olesen, A., and Rossen, R. V., 2002.
“Site-specific design optimization of wind turbines”. Wind
Energy, 5(4), pp. 261–279.

[23] Garcia-Bustamante, E., Gonzalez-Rouco, J. F., Jimenez,
P. A., Navarro, J., and Montavez, J. P., 2008. “The influ-
ence of the weibull assumption in monthly wind energy es-
timation”. Wind Energy, 11(5), pp. 483–502.

[24] Wiser, R., and Bolinger, M., 2009. 2008 wind technologies
market report. Tech. Rep. DOE/GO-102009-2868, U.S.
Department of Energy: Energy Efficiency & Renewable
Energy, July.

[25] Cockerill, T. T., 1997. Methods assisting the design of
owecs part a: Concept analysis, cost modelling and eco-
nomic optimization. Tech. Rep. JOR3-CT95-0087, Renew-
able Energy Centre, University of Sunderland.

[26] Mullur, A. A., and Messac, A., 2006. “Metamodeling using
extended radial basis functions: a comparative approach”.
Engineering with Computers, 21(3), pp. 203–217.

[27] Hardy, R. L., 1971. “Multiquadric equations of topogra-
phy and other irregular surfaces”. Journal of Geophysical
Research, 76, pp. 1905–1915.

[28] Jin, R., Chen, W., and Simpson, T., 2001. “Comparative
studies of metamodelling techniques under multiple mod-
elling criteria”. Structural and Multidisciplinary Optimiza-
tion, 23(1), pp. 1–13.

[29] Cherrie, J. B., Beatson, R. K., and Newsam, G. N., 2002.
“Fast evaluation of radial basis functions: Methods for gen-
eralized multiquadrics in rn”. SIAM Journal of Scientific
Computing, 23(5), pp. 1549–1571.

[30] Hussain, M. F., Barton, R. R., and Joshi, S. B., 2002.
“Metamodeling: Radial basis functions, versus polynomi-
als”. European Journal of Operational Research, 138(1),
pp. 142–154.

[31] Ben-Isreal, A., and Greville, T., 2010. Generalized In-
verses: Theory and Applications. Springer New York.

[32] http://www.gepower.com.
[33] http://www.vestas.com.
[34] http://www.energy.siemens.com.
[35] http://www.suzlon.com.
[36] http://www.gamesacorp.com.
[37] http://www.mpshq.com.

[38] Harrison, R., and Jenkins, G., 1994. Cost modelling
of horizontal axis wind turbines. Tech. Rep. ETSU
W/34/00170/REP, University of Sunderland.

APPENDIX A: EXISTING COST MODELS
Short Cut Model

The short cut cost model is detailed as follows.

c0 = c01e−c02N (11)
b0 = b01eb02N (12)

cop = b0 +(b1−b0)(1− e−b2δ) (13)
Ccp = c0Pc1

0 Nc2 +CLaALa (14)
Cop = copNP0 (15)
CT = lpCcp +Cop (16)

All the related parameters are listed in Sisbot’s paper [13]
and Kiranoudis’s short-cut design of wind farms [12].

Cost Model For The Greek Market
The model is developed in the following procedure.
The turn-on key price [11] of a wind turbine plant is given

by

IC0 = PrP0(1+ s) (17)

where s represents the installation cost as a fraction (s = 30−
60%) of the ex-work price of the wind turbine. The future value
of the initial investment can be expressed as

ICn = αIC0

l=n

∏
l=1

(1+ il)+βIC0

l=n

∏
l=1

(1+ i
′
l) (18)

where

α+β = 1− γ (19)

The first term of Eqn. ((18)) describes the invested capital αIC0
future value (i return on investment index), while the second term
is the corresponding cost (i

′
capital cost) of the loan capital βIC0.

The operation and maintenance (O&M) costs were split into
a fixed maintenance cost FCn and a variable one VCn. The future
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value of FCn is given as

FCn =qICn[
l=n

∏
l=2

(1+ il)(1+g1)+
l=n

∏
l=3

(1+ il)×
j=2

∏
j=1

(1+g j)+

· · ·+
j=n

∏
j=1

(1+g j)(1+ in)+
j=n

∏
j=3

(1+g j)] (20)

The variable O&M cost mainly depends on the replacement
of k0 major parts of the installation, which have a shorter life-
time (nk) than the complete installation. The VCn term can be
expressed as

VCn =IC0

k=k0

∑
k=1

rk×{
l=lk

∑
l=1

[(1+gk)(1−ρk)]
l·nk × (1+ i)(n−l·nk)

}
(21)

Here lk is the integer part of the following equation.

lk = [(n−1)/nk] (22)

The total investment cost Cn is given by

Cn = ICn +FCn +VCn (23)

OWECOP-Prob Cost Model
Input parameters for probabilistic analysis can be divided

into two major categories.
(1) Deterministic parameters for the wind farm:
These deterministic parameters do not include a probabilis-

tic distribution function. There are 58 deterministic parameters
needed for the input, such as the distance to shore, the water
depth, the robustness of wind turbine, rated power, material den-
sity, the number of the wind turbines, traveling speed of stone
vessel, the number of days in one operational season, etc.

(2) Stochastic parameters for the wind farm:
40 stochastic parameters are defined in the OWECOP-Prob

cost model, such as the average annual wind speed, farm avail-
ability, probability of good weather for transport, annual inflation
rate, etc. All the stochastic parameters include a probabilistic dis-
tribution. Three different distribution types are used, and they are
i) Uniform distribution; ii) Normal distribution and iii) PERT [8]
distribution.

The output of OWECOP-Prob cost model is the Levelized
Production Cost (LPC), which is defined as the total cost divided
by the energy generated by the wind farm.

JEDI-Wind
The input for JEDI Wind model includes:

1. Project location (states of US);
2. Number of wind turbines N;
3. Construction costs (including equipment, materials and la-

bor cost);
4. Labor, Material and service cost for operation and mainte-

nance;
5. Financial parameters (including debt and taxes)
6. Other costs (including utility interconnection, land ease-

ments, permitting, etc.).

The output of JEDI-Wind model includes:

1. Installation cost per kilowatt ($/KW )
2. O&M cost per kilowatt ($/KW )
3. Jobs that are affected by the whole project

The model provides reasonable data for each of the above
inputs. The multipliers used in the JEDI-Wind model are derived
from IMPLAN data using the IMPLAN Pro f essionalT M Version
2.0 Social Accounting & Impact Analysis Software.

Opti-OWECS Cost Model
The Opti-OWECS cost model was introduced by the Re-

newable Energy Centre, University of Sunderland in 1997 [25],
which is composed of wind turbine cost, support structure cost,
grid connection cost and O&M cost.

Wind Turbine Cost Harrison and Jenkins cost model
[38] was adopted, and the wind turbine cost was calculated based
on the rotor diameter and rated power of the wind turbine.

Support Structure Cost The support structure costs
(Cs) include four contributions: the cost of materials (Cma i), the
cost of support structure (Cco), the cost of installation(Ci) and the
cost of project management (Cpa).

Cs = ∑Cma i +Cco +Ci +Cpa (24)

Grid Connection Cost Wind turbines in a large wind
farm are connected in a clustered arrangement, with the clusters
connected to a central power collection point.

Operation and Maintenance Cost Two approaches
were adopted. They are (i) simple model: the simple model esti-
mates operation and maintenance costs by taking a percentage of
the total investment cost; and (ii) Monte-Carlo simulations based
model: it was developed from Monte-Carlo simulations of wind
turbine failures.
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