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a b s t r a c t

We explore the optimal size of the transmission line from distant wind farms, modeling the tradeoff

between transmission cost and benefit from delivered wind power. We also examine the benefit of

connecting a second wind farm, requiring additional transmission, in order to increase output

smoothness. Since a wind farm has a low capacity factor, the transmission line would not be heavily

loaded, on average; depending on the time profile of generation, for wind farms with capacity factor of

29–34%, profit is maximized for a line that is about 3/4 of the nameplate capacity of the wind farm.

Although wind generation is inexpensive at a good site, transmitting wind power over 1600 km (about

the distance from Wyoming to Los Angeles) doubles the delivered cost of power. As the price for power

rises, the optimal capacity of transmission increases. Connecting wind farms lowers delivered cost

when the wind farms are close, despite the high correlation of output over time. Imposing a penalty for

failing to deliver minimum contracted supply leads to connecting more distant wind farms.

& 2010 Elsevier Ltd. All rights reserved.
1. Introduction

California and 29 other states have renewable portfolio
standards (RPS) that will require importing electricity generated
by wind from distant locations. A long transmission line increases
cost significantly since its capacity factor is approximately the
same as the wind farms it serves, unless storage or some fast
ramping technology fills in the gaps left by wind generation. We
explore issues surrounding importing wind electricity from
distant wind farms, including: the delivered cost of power,
considering both generation and transmission, the cost of the
transmission line, when to pool the output of two wind farms to
send over a single transmission line, and what additional distance
would the owner be willing to go for a better wind site in order to
minimize the cost of delivered power.

Wind energy is the cheapest available renewable at good wind
sites. Since no fuel is required, generation cost depends largely on
the investment in the wind farm and the wind characteristics
(described by the capacity factor). Assuming $1915/kW for
the cost of the wind farm, annual operations and maintenance
(O&M) costs of $11.50/kW-yr, variable O&M cost of $5.5/MWh, a
blended capital cost of 10.4%, and a 20 years life time for the
turbine, generation costs at the wind farm are around $76/MWh,
$66/MWh, $59/MWh, $56/MWh, and $53/MWh, respectively, for
ll rights reserved.

: +1 412 268 7357.

attanariyankool),
the wind farms with capacity factors of 35%, 40%, 45%, 47.5%, and
50%, respectively.

Wind is the fastest growing renewable energy, adding
8558 MW of capacity in 2008, 60% more than the amount added
in 2007 (Wiser and Bolinger, 2009). Total wind capacity in 2008
was 25,369 MW, about 2.2% of US total generation nameplate
capacity.

Good wind sites (class 4–6 with average wind speed
7.0–8.0 m/s at 50 m height (AWEA, 2008)), accounting for 6% of
the US land, could supply 1.5 times current US electricity demand
(DOE, 2007). However, transmission is a key barrier for wind
power development, since good wind sites are generally remote
from load centers (DOE, 2008a). The low capacity factor of a wind
turbine, added to the remoteness of good wind sites, makes
transmission a major cost component. Denholm and Sioshansi
(2009) note that transmission costs can be lowered by operating
the transmission line at capacity through storage or fast ramping
generation at the wind farm. Whether this co-location lowers the
delivered cost of electricity depends on the site characteristics
and other factors.

Low utilization of a long transmission line could double the
cost of delivered wind power, since a wind turbine’s capacity
factor is only 20–50%. Using actual generation data from wind
farms, we model the optimal capacity of a transmission line
connecting a wind farm to a distant load. We show that the cost of
delivered power is lowered by sizing the transmission line to less
than the capacity of the wind farm.

We assume the wind farm is large enough to require its own
transmission line without sharing the cost with another wind
farm or load in a different location. While we know of no example

www.elsevier.com/locate/enpol
dx.doi.org/10.1016/j.enpol.2010.01.012
mailto:spattana@andrew.cmu.edu
mailto:ll01@andrew.cmu.edu


ARTICLE IN PRESS

Load 
area

1st Farm 

2nd Farm Network topology 

A B

C

a km 

b km 

Fig. 1. Simplified network topology of the model with two wind farms.
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of a wind farm building its own transmission, T. Boon Pickins
proposed to do this. If 1000 MW were to be sent 1600 km or more,
available capacity in short, existing lines would not be helpful. We
also extend the model to two wind farms, trading off the
additional transmission needed to connect the farms against the
less correlated output. The relationship between wind output
correlation and distance is modeled using the wind data from
UWIG (2007). Finally, we model the effect of charging wind farms
for failing to provide the minimum supply requirement.

2. Model

2.1. One wind farm model

In this model, a wind farm is large enough to require its own high
voltage DC transmission line to the load. The project consists of the
wind farm and transmission line. We formulate the model as the
owner of the wind farm and transmission line seeking to maximize
profit. However, in this case the objective function is equivalent to
seeking to maximize social welfare, as explained below.

The general form of the objective function for optimizing the
capacities of the transmission line is

MAX
0r sr1

NPV ¼
X40

j ¼ 1

XN

i ¼ 1

pji

ð1þrÞj
min qji; sK

� �
�aCðsKÞ�WC1�

WC2

ð1þrÞ20

where K is the capacity of the wind farms (MW), s is the
transmission capacity normalized by total capacity of the wind
farm (called ‘‘transmission capacity factor’’), a is the length of the
transmission line (km), CðsKÞ is the cost per km of sK MW
transmission line built in year 0, i is the ith hour in a year, j is
the jth year (from 1st to 40th), N is the 8760 h in a year, pji is the
expected price of wind power ($/MWh) in year j at hour i, qji is
the expected delivered wind power (MWh) in year j at hour i, r is
the discount rate, WC1 is the cost of the wind turbines built in year
0 and WC2 is the cost of the wind turbines built in year 20.

The lifetimes of the transmission line and wind turbine are
assumed to be 40 and 20 years, respectively. Thus, the turbines
must be replaced in year 20. We also assume that construction is
instantaneous for both transmission and turbines.

Transmission investment has economies of scale over the
relevant range; the cost per MW decreases as capacity of the line
increases (Weiss and Spiewak, 1999). Line capacity is defined as the
‘‘thermal capacity’’ in megawatts (MW) (Baldick and Kahn, 1993).
The transmission line cost is C(q) per km, where q is the capacity of
the line. C(q) is increasing and concave, C0(q)Z0 and C00(q)r0.

We assume no line loss (delivered power equals the injected
amount) and the wind distribution (output) is the same in all years.

According to Barradale (2008), about 76% of wind power is
purchased via a long-term power purchasing agreement (PPA)
that specifies a fixed price or price adjusted by inflation.
Electricity price paid to the wind farm is assumed to be constant
over time and unrelated to the quantity of wind power supplied.
Thus, whether the owner seeks to maximize profit or a public
authority seeks to maximize social welfare, the goal is to
maximize the benefit of delivered wind power by optimizing
the size of the transmission line.

Given these assumptions, the variables qi and P are used
instead of qji and pji to represent the constant annual output and
fixed price. The optimization problem is simplified as follows:

MAX
0r sr1

NPV ¼ P
X40

j ¼ 1

1

ð1þrÞj

0
@

1
A

�
XN

i ¼ 1

ðmin½qi; sK�Þ�aCðsKÞ�WC1�
WC2

ð1þrÞ20
Let

X40

j ¼ 1

1

ð1þrÞj
¼ b;

XN

i ¼ 1

ðmin½qi; sK�Þ ¼Q ðs;KÞ

and

WC1þ
WC2

ð1þrÞ20
¼WC

The above objective function can be written as

MAX
0r sr1

NPV ¼ bPQ ðs;KÞ�aCðsKÞ�WC

The optimal transmission capacity is determined by the
tradeoff between the incremental revenue from delivering
additional electricity and the incremental cost of the capacity
increase.

The optimization problems is solved numerically by using the
search algorithm to find the maximum point over the range of
feasible transmission capacity; 0rsr1.
2.2. Two wind farms model

The model with two wind farms assumes a branch line of ‘‘b’’
km connecting farm 2 to farm 1, which is connected to the
customer with a main line of ‘‘a’’ km (Fig. 1). If the two farms are
so distant that it is cheaper to connect each to the customer, the
previous model applies.

This model explores the effect of output correlation on the
optimal transmission capacity. The basic one-farm model
assumptions are retained and the two farms have the same
capacity (K, MW). The investor chooses the optimal size of both
transmission lines to maximize profit. The objective function is

MAX
0r s1 r2; 0r s2 r1

NPV ¼ Pb
XN

i ¼ 1

qiðs1; s2;KÞ�aCðs1KÞ�bCðs2KÞ�WC11

�WC12�
WC21þWC22

ð1þrÞ20

where s1 is the transmission capacity factor (main line), s2 is the
transmission capacity factor (branch line), aC(s1K) is the cost of a

km main transmission line capacity s1K MW built in year 0,
bC(s2K) the cost of b km branch transmission line capacity s2K MW
built in year 0, WC11 and WC12 the cost of 1st and 2nd wind farms
built in year 0, WC21 and WC22 the cost of 1st and 2nd wind farms
built in year 20, qiðs1; s2;KÞ=the expected delivered wind power at
hour i from both wind farms.

Note that qi(s1,s2,K)=q1i(s1,K)+q2i(s2,K) where qi(s1,s2,K)rs1,K.
q1i(s1,K) is the power generated by the 1st farm. q2i(s2,K) is the
delivered power from the 2nd farm such that q2i(s2,K)rs2,K.
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Fig. 2. Hourly distribution of wind power.

Table 1
Descriptive statistics of the wind farm output.

Wind farm Capacity factor (%) Variance

A 32.73 0.0840

B 34.73 0.0871

C 29.92 0.0821

D 29.77 0.0738

Table 2
Output correlation and distance between farms (km).

Farm A B C D

A 1.0 0.77 0.69 0.35

B 90 1.0 0.71 0.46

C 31 101 1.0 0.36

D 352 402 322 1.0

Note: Correlations are shown as roman values and distances are shown as italic

values.

S. Pattanariyankool, L.B. Lave / Energy Policy 38 (2010) 2806–28152808
Let
PN

i ¼ 1

qiðs1; s2;KÞ ¼ Q ðs1; s2;KÞ and WC11þWC12þWC21þ

WC22=ð1þrÞ20
¼WC. The objective function can be formulated as

MAX
s1;s2

NPV ¼ bPQ ðs1; s2;KÞ�aCðs1KÞ�bCðs2KÞ�WC

The optimization problem is solved numerically by evaluating
the objective function over a two-dimensional grid of s1 and s2

values.
1 The reported cost for high voltage transmission line covers a wide range

(ISO-NE, 2007). If the cost of the transmission line were half or twice the cost we

assume, the cost of the transmission would be halved or doubled assuming the

capacity of the line is fixed.
3. Data and variables

3.1. Wind data

We use hourly wind power generation data from four North-
eastern US wind farms covering January–June and assume
the July–December data are similar. The data are shown in
Fig. 2. The data were normalized so that the maximum output
(the nameplate capacity) was equal to 1. Descriptive statistics and
output correlation & distance between farms are shown in
Tables 1 and 2).

qi, Q(s,K), qi(s1,s2,K) and Q(s1,s2,K) are derived from this actual
wind data.

3.2. Financial variable

The discount rate in this model is 10.4% (20% equity at 20% and
80% debt at 8%).

3.3. Transmission cost data and estimation

The cost of a transmission line varies with distance and
terrain, but the greatest uncertainty concerns regulatory delay
and the cost of acquiring the land. To reflect this uncertainty,
we perform a sensitivity analysis with cost varying between
20% and 180% of the base cost in the next section. We use DOE
(2002) data to estimate the transmission line cost function. The
data are adjusted to reflect the current cost of DC transmission
construction.1

The functional form of the cost function is; cost per km=ea

MWb. The coefficient b indicates how much cost increases as the
line capacity increases by 1%; elasticity with respect to line
capacity. By using a log–log transformation, the transmission line
cost function is estimated as a log-linear function of transmission
capacity (MW). The transmission line cost, as a function of
capacity is estimated using ordinary least square (OLS); see
Appendix A. As expected, the estimated result displays economies
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of scale of transmission line investment.

cost per km¼ e10:0841 MW0:5759

The regression equation has R2=0.94 and all parameters are
statistically significant. The t-statistics for the constant and the
parameter of MW are 33.74 and 10.24, respectively.
3.4. Wind turbine cost

Costs of new wind turbines have risen and then fallen in the
past few years; we use $1915/kW as the installed cost of a wind
farm (Wiser and Bolinger, 2009), $11.5/kW-year fixed O&M cost
and $5.5/MWh variable O&M cost (Wind Deployment System
(WinDS) model (DOE, 2008b)).
2 Consider two wind farms with 30% capacity factor, if the turbine produced at

100% of capacity 30% of the time and zero capacity the rest, the optimal

transmission capacity would be 100%; if it produced at 30% of capacity 100% of the

time, the optimal transmission capacity would be 30%.
3.5. Electricity price

The electricity price in this study is the real hourly electricity
price paid to the owner of the wind farm and transmission (Fig. 2).
Since the wind farm operator has little control over when the
turbines generate electricity, we assume that she receives the
average price for the year for each MWh. We assume that the
delivered price paid to the wind farm investor is $160/MWh
included all federal and state subsidies. In addition, for simplicity,
we assume the electricity price over the next 40 years is constant,
after adjusting for inflation.
4. Results

4.1. Results for one wind farm

We focus on delivering wind power over a distance of
1600 km, about the distance from Wyoming to Los Angeles;
California’s renewable portfolio standard will require large
amounts of wind energy from distant sites. For a 1600 km long
transmission line, the optimal transmission capacity, utilization
rate, profit and delivered output for the four wind farms are
shown in Appendix C, Table C1. The optimal capacity is 74–79% of
the wind farms’ capacity. As expected, among the four wind
farms, those with higher capacity factors have higher optimal
transmission capacity, profit and delivered output, with lower
delivered power cost.

Fig. 3 shows the relationship between the capacity of the
transmission line and the delivered wind power of farm A. The
slope of the curve represents the marginal benefit of transmission
capacity. As transmission capacity increases, marginal benefit
decreases since the turbine’s output is at full capacity for only a
few hours per year. Farm A’s optimal transmission capacity is 79%
of the farm’s capacity, but the transmission line delivers 97% of
the wind power generated. Adding 21 percentage points to
transmission capacity increases delivered output by only 3
percentage points.

Fig. 4 shows the relationship between price and transmission
capacity (s) of farm A derived from the first-order condition. The
first-order condition shows the optimal capacity decision, even
when profit is negative, although the investor would not build the
wind farm and transmission for a negative return. At price below
$55/MWh, the optimal capacity is zero. Optimal transmission
capacity and delivered power rise rapidly as price goes from $55
to 200/MWh due to economies of scale in transmission
investment and the initial high marginal benefit of the
transmission line (as seen in Fig. 3). The scale economies are
essentially exhausted and virtually almost all of the generated
power is being delivered by the time a $300 price is reached;
higher prices would increase transmission capacity little.

As price rises, the value of the delivered electricity rises,
increasing the value of transmission capacity; almost all of the
generated power is being delivered by the time a $300 price is
reached. The supply curve is shown in Fig. 5.

The delivered cost of wind power (transmission cost included)
ranges from $144 to 169/MWh for these four wind farms. Since
the generation cost is $78–92/MWh, transmission is 44–46% of
the total cost (see Appendix C, Table C1). Note that the price paid
to the investor is $160/MWh.

The output distribution of a wind farm also affects the optimal
transmission capacity.2 In order to test the effect of the
distribution, all four wind farms’ output data are modified to
have a 50% capacity factor. As shown in Appendix C Table C2, the
optimal transmission capacity, profit and delivered output of
farms A, B and C are about the same. However, farm D has the
lowest transmission capacity and the highest profit, since it has
less output distributed in the 80–100% of nameplate capacity
range. As a result, farm D faces less tradeoff between transmission
capacity and loss of high level output. In addition, the farm with
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lower output standard deviation tends to have lower optimal
transmission capacity.

Table 3 shows profit reduction in present value term when the
transmission line is expanded from the profit maximizing
capacity to the wind farm’s nameplate capacity. Profit reduction
is calculated as the difference between the additional cost of
building the line at full capacity and revenue from additional
delivered wind power (in present value); expanding the line to
full capacity costs $127–$223 million. Although it may seem
wasteful to spill some of the power generated by the wind farm,
beyond the optimal transmission capacity, the incremental cost of
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Table 3
Implication of increasing transmission to 100% of wind farm capacity.

Farm Transmission capacity factor (s) Transmission cost $ Additi

A 0.7880 1.785�109 2.626

B 0.8075 1.810�109 2.373

C 0.7747 1.767�109 2.799

D 0.7388 1.720�109 3.276
increasing transmission capacity is greater than the value of the
additional power delivered. For example, building a line at full
capacity for farm A, increases the cost of the line by 15% while
delivering only 3% of additional power.

The best wind sites are distant from load and so there is a
tradeoff between lower generation cost and lower transmission
cost. Fig. 6 shows the delivered cost of power from wind farms
with capacity factors of 35% and 50% as a function of the distance
of the wind farm from load. For a 50% capacity factor wind
farm, the delivered cost of power doubles when it is just over
1700 km away. For a 35% capacity wind farm, the delivered cost of
power is doubled when the wind farm is just under 1600 km
away.

A more interesting interpretation of the figure is to see how
much further you would be willing to go to get power from a 50%
capacity factor wind farm compared to a 35% capacity factor wind
farm. At a cost of delivered power of $100/MWh, a 35% capacity
wind farm could be 560 km away while a 50% capacity wind farm
could be 1540 km away. Thus, if a 35% capacity factor wind farm
was located 560 km away, the customer would be willing to go up
to an additional 980 km. For any delivered cost of electricity, the
horizontal difference between the two lines is the additional
distance a customer would be willing to go to get to a wind farm
with capacity factor 50% rather than 35%. Since much of the USA
has a minimally acceptable wind site within 560 km, they would
not find it attractive to go to the best continental wind sites in the
upper Midwest.

To ensure reliability, power systems must satisfy an N–1
criterion. The variability of wind output puts an additional burden
on the generation system. The cheapest way of meeting the N–1
nce (km)

35% Capacity Factor
50% Capacity Factor

1600 1920 2240 2570 2890

ssion line of two wind farm sites.

onal transmission cost $ Additional revenue $ Decrease in profit $

�108 1.248�108 1.378�108

�108 0.946�108 1.427�108

�108 1.534�108 1.265�108

�108 1.049�108 2.227�108
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criterion is by using spinning reserve; this reserve can also ramp
up and down to fill the gaps in wind generation. As reported by
CAISO (2008), the total cost of ancillary services per MWh in 2008
(monthly average) is from $0.42 to 1.92/MWh. This cost includes
spinning reserve, non-spinning reserve and regulation. The cost of
spinning reserve alone is about $0.15–0.67$/MWh. Thus, the cost
of purchasing spinning reserve would add less than 1% to the cost
of delivered power.
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4.1.1. Sensitivity analysis

We perform four sensitivity analyses: transmission cost vs.
optimal capacity, the optimal transmission capacity vs. length of
the line, transmission capacity vs. the discount rate, and profit vs.
the discount rate. Other parameters are assumed to stay at former
levels.
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4.1.2. Transmission cost and optimal capacity

The optimal transmission capacity is solved for transmission
cost varying plus or minus 80% of the base line. When the
transmission line costs 80% less than the base case, the optimal
size of the transmission line is 96% of the wind farm capacity and
the cost of delivered power is $96/MWh. When the transmission
line costs 80% more than the base case, the optimal capacity of the
transmission line is 62% of the wind farm capacity and the cost of
delivered power is $210/MWh. The base case values have the
transmission line at 79% of the capacity of the wind farm with a
delivered cost of $149/MWh.

Transmission capacity and length: Transmission cost increases
with the length of the line. Fig. 7 can be interpreted as showing
the effects of shortening the line to 320 km or lengthening it to
2880 km. As transmission cost increases, the optimal capacity of
the transmission line relative to the wind farm capacity decreases
for a given power price, as shown in Fig. 8. A longer transmission
line results in lower delivered output.

Profit and a discount rate: Profit steadily decreases as the
discount rate increases. As shown in Fig. 9, the internal rate of
return (IRR) of this project is around 14% at a $160/MWh price
(the discount rate giving zero NPV).

Transmission capacity and discount rate: Increasing the cost of
capital (equity and loans) increases the cost of the transmission
line. Fig. 10 shows that the capacity of the line declines as the
discount rate increases.
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4.2. Results for two wind farms

The data from four wind farms is used to maximize profit
when two wind farms share the same central transmission
line. By bundling two wind farms, the capacity of the main
transmission line is almost double compared with the one wind
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farm case and so the transmission line can take advantage of
economies of scale at this level (see Appendix C Table C3 for
detail). The correlation between outputs of wind farms generally
decreases as the farms are more distant. Here we investigate
connecting wind farms that are more distant, trading off the cost
of the additional transmission against the lower correlation of
output. We examine each of the 12 possible pairs. Note that the
pair AB means that the main transmission line goes to A, with a
secondary line to B. The results from AB and BA are similar. The
model is solved under three scenarios.
�
 Scenario 1: a=1600 km and b=the actual distance between
farms.

�
 Scenario 2: a=1600 km and b=the distance calculated from the

estimated relationship between correlation and distance
(Appendix B). Farm A is paired with a fictitious wind farm
whose capacity factor is the same as A where the correlation
between the outputs of the two wind farms is calculated from
the estimated correlation–distance relationship.

�
 Scenario 3: This scenario has the same configuration as

scenario 2 but imposes a penalty per MWh when the delivered
power from the wind farms falls below a minimum require-
ment level.

In scenario 1, the total cost of wind power (both generation
and transmission cost included) ranges from $134 to 153/MWh,
taking advantage of the economies of scale in transmission. The
cost of generation ranges from $80 to 92/MWh, approximately the
same as the one wind farm model. Transmission cost still
accounts for more than one-third of the delivered wind power
cost.

When the second wind farm is close to the first, the output
from the two wind farms are highly correlated. The second wind
farm would help lower the delivered cost of electricity through
economies of scale of transmission but this cost saving must be
traded off against the length of the connecting transmission line.

In addition, when the length of the second transmission line is
shorter, the capacity of the line (s2) is higher. A shorter line
translates to lower cost, which makes a slightly higher capacity
more profitable. In addition, like the one wind farm model,
capacity factor is the key factor that determines profit from the
project.

Given the correlation–distance relationship, in scenario 2, we
vary the correlation over the relevant range, calculate the implied
distance, and then optimize the capacity of the transmission line
to maximize profit. Farm A is paired with a wind farm of the same
capacity, but we vary the distance (and thus the output
correlation) between the two farms. The simulated data used in
scenario 2 are random numbers generated with the specific
correlation with farm A and have capacity factor 30%.

While the correlation of output from two wind farms
decreases with the distance between them, the correlation also
varies with terrain and wind direction. The pair of wind farms
with lower correlation tends to have higher utilization rate of the
main transmission line. This can be considered as the effect of
output smoothing by aggregating wind farms with low output
correlation. The transmission line is used more efficiently when
output is smoother (see Appendix C Table C4 for detail). If the
system needs the smoother wind power output, more money is
needed to invest in longer transmission.

Lower output correlation implies lower transmission capacity
and higher transmission (main line) utilization rate. Without a
price premium for smoothed output, the shorter distance between
farms is more profitable than a low correlation. Thus, for this
distance–correlation relationship, investors would want to build
wind farms close together, despite the high correlation of their
outputs. Thus, the optimal distance between wind farms is zero, as
long as the second farm has the same capacity factor as the first.

Scenario 3 analyzes the effect of imposing a minimum output
requirement of 400 MW (20% of the total nameplate capacity) by
the buyer. If the wind farm cannot fulfill this requirement, it has
to buy power from other generators or pay the buyer the financial
penalty. This cost is defined as an imbalance price. In addition,
this imbalance price is assumed to be higher than or equal to the
price paid to the wind farm.

As expected, the pair with lower correlation has lower
imbalance output. As shown in Appendix C Table C5, the
imbalance output (the amount in MWh that cannot meet the
requirement) increases steadily as the correlation between wind
farms’ output increases. In addition, the result from this scenario
shows the different investment decision from scenario 2. In
scenario 2 without the minimum output requirement penalty, the
wind farm projects with high output correlation and short
transmission line are more profitable. Imposing the minimum
requirement increases the optimal distance between wind farms,
resulting in an optimal output correlation in the range 0.4–0.6, as
shown in Fig. 11.
5. Conclusion

This analysis illustrates the complications with deciding where
to site wind farms, trading off the lower cost of better wind
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Table A1
Transmission cost function estimation result.ln(cost)=10.0841+0.5759nln(MW).

Variable Coefficient Std. error t-Statistic Prob.

Constant 10.08414 0.298873 33.74055 0.0000

ln(MW) 0.575873 0.056237 10.24006 0.0000

R2 0.937421 F-statistic 104.8589

Adjusted R2 0.928481 Prob(F-statistic) 0.000018

S.E. of regression 0.194477 Log likelihood 3.097459

Sum squared

|residues

0.264748 Durbin–Watson stat 1.814451
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potential against transmission cost, how large a transmission line
to build, and where to locate a second wind farm if it is to be
connected to the load with the same transmission line. The results
are based on actual data with some extensions. The wind farm
capacity factors, costs of transmission, and correlation among
wind farms are unique to each location; an analysis of a specific
location could be optimized using the methods presented here.

Since a 1600 km transmission line roughly doubles the
delivered cost of power, decreasing the variability of generation
at the wind farm lowers power costs. However, two connected
wind farms only raise the capacity factor slightly. Imposing a
minimum requirement penalty leads to changes that increase
firm output, although raising the generation cost.

For a wind farm with a 1600 km transmission line, about the
distance from Wyoming to Southern California, the intermittency
and low capacity factor of wind farms increases the cost of
transmission significantly. We find that the delivered cost of
power and optimal capacity of the transmission line increase with
the price paid for the power, and decrease with the wind farm’s
capacity factor, the distance from load, and the discount rate.

For a delivered price of $160/MWh, the optimal capacity of the
transmission line is 74–79%; only 3% of generated power is
wasted for this transmission line. When two wind farms are
bundled, economies of scale in transmission increase the optimal
capacity of the transmission line and lower the cost of delivered
power. When we examine the distance between wind farms,
trading off lower output correlation with greater distance
between farms, we find that closer farms have the lowest cost
of delivered power. However, when there is a penalty for failing to
deliver a minimum amount of power, the distant wind farms
become more profitable.
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Appendix A. Transmission cost function estimation

The data used for transmission cost function estimation are
from DOE (2002) which is the cost data from 1995 study. The data
are adjusted by the factor of 3. We need to adjust the data that
makes the approximation close to the current cost range of
transmission line. The factor of 3 gives the estimated transmission
within the range of the observed transmission project cost. The
transmission cost data is the limitation in this model. The cost
data at different thermal capacity from the same source is
necessary for estimating the cost function. In the future, when
more appropriate cost data is available, the approach here can be
applied. In addition, the actual cost of the DC line, if available, is
an alternative for the study (Fig. A1, Table A1).
3 From Gipe (2004), cut-in wind speed is the wind speed that a wind turbine

starts to generate power. The wind turbine cannot generate power if the wind

speed is lower than the cut-in level. Cut-out wind speed is the wind speed at

which the wind turbine stops generating electricity in order to protect the

equipment from an excessive wind speed. The wind turbine cannot generate

power if the wind speed is higher than the cut-out level.
Appendix B. Relationship between distance and wind output
correlation

We use the wind speed data from 9 wind speed observation
sites in Colorado (UWIG, 2007) to estimate the relationship
between distance and correlation. There are 3909 hourly wind
speed observations used for correlation coefficient estimation.
According to Manwell et al. (2002), wind power (P) per area (A) is
the function of the wind speed (V) and air density (r)

P

A
¼

1

2
rV3
Note that we used the same data source as DOE (2005) but we
set some wind speed observations that are lower than the cut-in
speed or higher than the cut-out speed to be 0. The cut-in speed
and the cut-out speed3 of the wind turbine are 4.5 and 30 m/s,
respectively (Gipe, 2004). We calculate the correlation coefficients
of the cubic wind speed (V3) among the wind speed observation
sites. Given that other variables in the formula (A and r) held
constant, the correlation coefficients calculated V3 are the
estimated correlation coefficients of wind power among the wind
sites.

Various models of distance and correlation are estimated
including linear, quadratic and linear-log (correlation is a function
of ln(distance)). Ordinary least square (OLS) is used for the
estimation. The linear-log model used by DOE (2005) is more
suitable than the linear and quadratic models.

Note that in Fig. B1 (right) some observations deviate far from
the estimated line, for example, close wind stations with low
correlation. This could be due to terrain such as a ridge between
the nearby locations. (We use the original data measured in mile
to estimate the relationship. The results in the article are
converted into kilometer using the conversion factor 1.6 km for
1 mile.)

The linear-log model, correlation=a+bnln(distance), seems
best for this study. The shape of the curve is similar to the curve
from NREL (2007) (Table B1).
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Fig. B1. Linear and quadratic models (left) and linear-log model (right).

Table B1
Correlation and distance estimation result.

Variable Coefficient Std. error t-Statistic Prob

Constant 1.557018 0.145054 10.73408 0.0000

ln(distance) �0.231544 0.029868 �7.752362 0.0000

R2 0.638679 F-statistic 60.09911

Adjusted R2 0.628052 Prob(F-statistic) 0.000000

S.E. of regression 0.123475 Durbin–Watson stat 1.446861

Sum squared residual 0.518366 Log likelihood 25.24887

Correlation=1.557018–0.231544nln(distance).

Table C1
1600 km transmission line at price $160/MWh.

Farm Standard

deviation

Trans.

factor (s)

Trans.

utilization (%)

Profit Cost per

MWh ($)

Cost per MWh

(turbine)

Delivery

(MWh)

Delivery/

generation (%)

A 0.2472 0.9135 54.39 3.39�108 77.45 53.10 1.74�108 99.64

B 0.2594 0.9117 54.56 3.40�108 77.33 53.04 1.74�108 99.77

C 0.2337 0.9212 53.95 3.39�108 77.55 53.09 1.74�108 99.66

D 0.2231 0.8817 56.44 3.42�108 76.84 53.02 1.74�108 99.79

Table C2
1600 km transmission line with 50% adjusted capacity factor farm at price $160/MWh.

Farm Standard

deviation

Trans.

factor (s)

Trans.

utilization (%)

Profit Cost per

MWh ($)

Cost per MWh

(turbine)

Delivery

(MWh)

Delivery/

generation (%)

A 0.2472 0.9135 54.39 3.39�108 77.45 53.10 1.74�108 99.64

B 0.2594 0.9117 54.56 3.40�108 77.33 53.04 1.74�108 99.77

C 0.2337 0.9212 53.95 3.39�108 77.55 53.09 1.74�108 99.66

D 0.2231 0.8817 56.44 3.42�108 76.84 53.02 1.74�108 99.79

Table C3
1600 km main transmission line and actual distance between farms at price $160/MWh.

Pair Corr. (km) Trans. (s1)

(utilization,%)

Trans. (s2) Profit Cost per

MWh ($)

Cost per MWh

(turbine)

Delivery (MWh) Delivery/

generation (%)

AB 0.7665 (90) 1.6330 (40.61) 0.8952 1.50�109 132.69 79.57 2.32�108 98.78

BA 1.6326 (40.61) 0.8988 1.50�109 132.71 79.58 2.32�108 98.85

AC 0.6919 (31) 1.5586 (39.22) 0.9864 0.95�109 141.08 86.33 2.14�108 97.83

CA 1.5587 (41.32) 0.9925 0.95�109 141.09 86.33 2.14�108 97.83

AD 0.3471 (3 5 2) 1.4013 (43.32) 0.8124 0.69�109 146.18 86.93 2.13�108 97.74

DA 1.3984 (43.32) 0.8829 0.69�109 146.65 87.01 2.13�108 97.71

BC 0.7074 (1 0 1) 1.5641 (40.36) 0.9382 1.12�109 138.40 83.59 2.11�108 98.05

CB 1.5678 (40.29) 0.9196 1.13�109 138.37 83.55 2.21�108 98.06

BD 0.3552 (4 0 2) 1.4073 (44.50) 0.7929 0.89�109 142.79 84.25 2.19�108 97.88

DB 1.4141 (44.33) 0.8649 0.87�109 143.27 84.18 2.20�108 97.87

CD 0.4572 (3 2 1) 1.4159 (40.80) 0.8038 0.33�109 153.12 91.34 2.02�108 97.49

DC 1.3981 (41.21) 0.8980 0.30�109 153.66 91.59 2.02�108 97.21
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Table C4
Farm A paired with farms at different correlation (capacity factor 30%) with 1600 km main transmission line and the distance between farms calculated from relationship

in Appendix B at price=$160/MWh.

Pair Corr. (km) Trans (s1)

(utilization, %)

Trans (s2) Profit Cost per

MWh

Cost per MWh

(turbine)

Delivery (MWh) Delivery/

generation (%)

A, A30 0.30 (365) 1.1865 (51.70) 0.5799 1.07�109 138.81 86.03 2.15�108 98.28

A, A35 0.35 (296) 1.1948 (51.13) 0.5769 1.10�109 138.25 86.38 2.14�108 98.26

A, A40 0.40 (237) 1.2105 (50.64) 0.5771 1.16�109 137.07 86.07 2.15�108 98.36

A, A45 0.45 (191) 1.2180 (50.34) 0.5980 1.20�109 136.37 86.07 2.15�108 98.32

A, A50 0.50 (154) 1.2493 (49.53) 0.6459 1.27�109 135.23 85.27 2.17�108 98.28

A, A55 0.55 (123) 1.2503 (49.13) 0.6186 1.25�109 135.57 85.90 2.15�108 98.43

A, A60 0.60 (100) 1.2585 (48.75) 0.6224 1.24�109 135.45 86.00 2.15�108 98.35

A, A65 0.65 (80) 1.2716 (48.22) 0.6382 124�109 135.47 86.06 2.15�108 98.30

A, A70 0.70 (64) 1.2952 (47.49) 0.6323 1.26�109 135.21 85.78 2.16�108 98.44

A, A75 0.75 (53) 1.3240 (48.04) 0.6689 1.23�109 135.82 85.89 2.15�108 98.49

A, A80 0.80 (42) 1.3314 (46.07) 0.6769 1.22�109 135.95 86.03 2.15�108 98.32

Table C5
Farm A paired with farms at different correlation (capacity factor 30%) with 1600 km main transmission line and the distance between farms calculated from relationship

in Appendix B at price=$160/MWh with 400 MW delivery requirement.

Pair Corr. (km) Profit @ penalty

$160/MWh

Profit @ penalty

$180/MWh

Profit @ penalty

$200/MWh

Imbalance

(MWh)

Delivery

(MWh)

Imbalance/

delivery (%)

A, A30 0.30 (365) 4.71�108 3.95�108 3.20�108 1.60�107 2.15�108 7.44

A, A35 0.35 (296) 4.84�108 4.08�108 3.31�108 1.63�107 2.14�108 7.61

A, A40 0.40 (237) 5.28�108 4.49�108 3.70�108 1.68�107 2.15�108 7.81

A, A45 0.45 (191) 5.44�108 4.62�108 3.81�108 1.73�107 2.15�108 8.06

A, A50 0.50 (154) 5.89�108 5.05�108 4.20�108 1.79�107 2.17�108 8.28

A, A55 0.55 (123) 5.39�108 4.52�108 3.64�108 1.86�107 2.15�108 8.63

A, A60 0.60 (100) 4.97�108 4.04�108 3.10�108 1.98�107 2.15�108 9.21

A, A65 0.65 (80) 4.58�108 3.60�108 2.62�108 2.08�107 2.15�108 9.68

A, A70 0.70 (64) 4.35�108 3.52�108 2.51�108 2.14�107 2.16�108 9.92

A, A75 0.75 (53) 3.50�108 2.40�108 1.30�108 2.33�107 2.15�108 10.81

A, A80 0.80 (42) 3.09�108 1.96�108 0.83�108 2.41�107 2.15�108 11.20
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Appendix C. Computation results

See Tables C1–C5.
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