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Abstract
A methodology is presented for jointly optimizing the wind turbine specific rating and the storage
configuration for a large-scale wind farm coupled to compressed air energy storage (CAES). By allowing
the wind-storage system to be optimized in an integrated, variable rating framework the overall cost of
energy (COE) can be reduced substantially. These changes also enhance the capacity factor of the wind
array, reduce the storage capacity requirements of the baseload plant and reduce the greenhouse gas
emission rate of the overall system relative to a separately optimized wind farm coupled to CAES. The
results of this analysis could have important implications for the competitiveness of large-scale remote
wind and the applicability of energy storage as a baseload wind strategy in a carbon constrained world.

Introduction
This paper introduces turbine specific rating as an additional variable for optimizing the configuration of a
wind/storage system delivering baseload power at 85% capacity factor. The system consists of a wind farm
coupled to compressed air energy storage (CAES) designed to deliver 2,000MW of baseload power. CAES
was chosen since it is both widely available over areas relevant to wind development and because it is often
the lowest cost option for long duration energy storage [1, 2]. CAES uses excess wind to run a compressor
to store high-pressure air (~100 bar) in
underground geologic formations such as
saline aquifers or salt domes. This
mechanical energy can be retrieved by
burning a suitable fuel (e.g., natural gas) in
the high-pressure air recovered from storage
and expanding the combustion products in a
gas turbine expander to generate electricity.
Here CAES is modeled as having a constant
output/input ratio of 1.5 and 4220 kJ
LHV/kWh heat rate over 95% of its output
range (assuming multiple parallel units).
Wind turbine specific rating refers to the ratio
of the wind turbine rated power relative to
the rotor swept area. Previous studies have
shown that wind farms operate at lowest cost
Figure 1 The minimum COE for a stand-alone wind
of energy (COE) with turbines designed to
turbine occurs where the rated speed vr is approximately
reach rated power output at wind speeds 1.50
1.5 times the mean wind speed vavg
times the mean wind speed (see Figure 1)
[3].Optimizing this rating ratio (rr, ratio of
rated speed [vr ] to mean wind speed [vavg]) has a significant impact on system performance and economics.
Furthermore the optimal value of the rating ratio has previously been shown to vary with wake-induced
energy losses and turbulence-induced fatigue [4].
Several studies have been carried out on energy storage systems [5, 6] and wind/storage systems [7-11]
including several focused specifically on wind with CAES [12-16]. However, to our knowledge none have
investigated the optimization of turbine rating and storage in an integrated framework.
The optimal turbine rating in a wind/CAES system will differ significantly from the nominal value for
reasons related to storage sizing and fixed capital utilization. The magnitude of this shift is dependent on
several system variables and will change important characteristics of the system including the storage
system configuration, greenhouse gas emissions rate and levelized COE.

Methodology
For this study we model horizontal axis, pitch regulated wind turbines with a 99m rotor diameter and 119m
hub height assuming a simplified power curve where wind turbines maintain a constant power coefficient
between cut-in (3 m/s) and vr. Power output was assumed to be constant for wind speeds between vr and the
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cut-out speed (set at 3.5 times the mean wind speed). In some cases an additional array efficiency penalty
was applied between cut-in and vr. Turbine component costs are assumed to scale according to
relationships based on NREL’s WindPACT study [3]. Scaling relationships are derived by aggregating the
wind capital components into blocks with similar cost scaling exponents relative to vr (as described in an
earlier study by Denkenberger [4]). 1 Each block is allocated an initial cost fraction (i.e. the fraction of the
system cost which the component block represents at the nominal rating of rr=1.50) that evolves as a
function of vr raised to the appropriate exponent (see table below).

Block

Components

Scales with

Vr exponent

Initial Cost
Fraction

Power: Cpow

Brake, Generator, Variable
Speed Electronics, Electrical
Connections, Hydraulic System,
Transformer

Turbine
Rated Power

3

0.206

Torque: Ctor

Gearbox

Rated
Torque on
the
Drivetrain

1.4

0.102

Thrust: Cthr

Blades, Hub, Main Frame,
Tower, Foundations

Load
Fluctuations

0.7

0.388

Fixed: Cfix

Pitch Mechanism, Bearings,
Low Speed Shaft, Nacelle
Cover, Control, Safety System,
Transportation, Fixed Electrical
Interface, Permits, Engineering,
Yaw Drive

Independent
of Rating

0

0.297

An autoregressive algorithm [17] is used to generate a Weibull-distributed hourly time series with a fixed
autocorrelation time based on representative data from the US Great Plains [12]. The single hour time
resolution is adequate in this case since the wind park is of sufficient size (3.0 - 4.5 GW, 600-950km2) to
smooth any intra-hour variations over the array. This time step is also compatible with the ramping
capabilities of SC, CC and CAES plants. No diurnal or seasonal variations in average wind speed are
modeled.
The CAES system is dispatched such that energy is diverted to the storage facility whenever wind output
exceeds the transmission line capacity. Conversely, energy is generated during those hours when the output
from the wind farm falls short of the transmission capacity.
The principle variables in the optimization are wind farm capacity, storage volume and wind turbine
specific rating. The system output is subject to constraints on the transmission capacity and a minimum
system capacity factor (85%). Although transmission costs are not included in this analysis, the output of
the plant is limited to a line capacity of 2000 MW.
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The initial cost fractions used here were modified from the Denkenberger study since in this case the
levelized replacement costs are included separately from the turbine capital components instead of as part
of the turbine power block.
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The CAES compressor and expander capacity are also subject to specific constraints. The CAES expander
capacity is set equal to that of the transmission line such that the system can guarantee full output during
times of peak demand even if there is no wind output (assuming some ability to forecast wind supply and
energy demand). In addition the CAES compressor size is fixed to the difference between the wind farm
capacity and the transmission capacity. This constraint ensures that the full output of the wind farm can be
utilized either by the transmission line or the storage system. Although compressor capacity was initially
allowed to vary freely, the optimization results confirmed that minimizing the dumped wind energy by
tracking the compressor size with the wind farm capacity in this way was optimal. Hence for all results
presented below, compressor size is not an independent variable.
Cost estimates use the financing model in the EPRI Technical Assessment Guide. The assumed financing
parameters are 55% debt (4.4%/y real cost) and 45% equity (14.2%/y real cost), a 30-year (20-year) plant
(tax) life, a 38.2% corporate income tax rate, a 2%/y property tax/insurance rate, and an owner’s cost of
5.5% of the total installed capital cost. Under these conditions the discount rate (real weighted after-tax cost
of capital) is 7.9%/year, and the
levelized annual capital charge rate is
15.0%/year. Plant construction requires
four years, with the capital investment
committed in four equal payments, so
that interest during construction factor
(IDCF) is 1.124.2
The cost for incremental CAES energy
storage capacity ($1.75/kWh) is based on
a recent EPRI report [1]. CAES capital
costs are $170/kW of compressor
capacity, $185/kW of expander capacity
and a balance of plant (BOP) component
that adds 63% on top of the above capital
costs. Fixed and variable operation and
maintenance (O&M) are taken as $4/kwyr and 0.3¢/kWh respectively.
Energy quantities are expressed on a
lower heating value (LHV) basis, except
energy prices are on a higher heating
value (HHV) basis—the norm for US
energy pricing. A natural gas price of
$5.05/GJ for natural gas is based on a
30-year levelized 2010 price (EIA 2006).
The GHG fuel emissions include the
CO2-equivalent upstream GHG
emissions (estimated in the GREET
model of Argonne National Laboratory
as 2.84 kgCequiv per GJ of natural gas)
resulting in a total GHG emissions rate
of 18.0 kgCequiv per GJ of natural gas.
Unless otherwise noted, all cost
assumptions follow the framework put
forth in Greenblatt et al. [12]. For
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Figure 2 The optimal rating ratio shifts considerably from
the stand-alone wind turbine case once storage costs are
added. Array efficiency (ηA) will shift the location of the
minimum: a) ηA = 1.0 b) ηA = 0.85

LACCR*(total installed capital cost—including interest charges accumulated during construction) = the
annual capital charge. Alternatively, the annual capital charge = IDCF*LACCR*OCC (where OCC =
overnight construction cost), so that IDCF*LACCR is the OCC multiplier
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detailed descriptions of assumptions and sources please refer to this document.

Optimization of Wind/Storage with Variable Rating
As shown in Figure 1, the optimal rating ratio for a stand-alone wind farm with unity array efficiency is
1.5. However the addition of storage
costs (CAES compressor, expander,
balance of plant, storage volume,
operation and maintenance and fuel)
shifts the COE minimum to lower
values (see Figure 2).
The first reason for this shift in
rating is that the added capital cost
of the storage system provides an
incentive to reduce the rating of the
turbine. As previously demonstrated
[4], the addition of fixed capital
makes it beneficial to increase the
average power output from the wind
turbine. Despite an increase in cost
per kilowatt of installed capacity,
the turbines will operate at higher
capacity factors and thus lower cost.
The reason for the increase in
Figure 3 Optimal ratios for wind/CAES with a levelized
capacity factor is that turbines with
annual capital charge rate of 15% and pGHG = $0/tCequiv
lower rating will operate at rated
power a larger fraction of the time
and thus provide smoother output. This increased output means the fixed capital of the storage system is
spread over more kilowatt-hours. Therefore when the capital intensity of the plant is increased relative to a
typical stand-alone wind array (e.g. in the case of wind coupled to storage) a decrease in the wind turbine
specific rating can reduce the levelized COE.
The size of storage is a second incentive for reducing the wind turbine specific rating. The CAES system
size must be matched to the shortfall in wind generation. Therefore as the turbine rating is reduced and the
capacity factor increases, the storage system can be scaled down without compromising system output

Figure 4 Rating integrated in system optimization; storage parameters and rating ratio for 85%
capacity factor baseload wind/CAES systems
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requirements. In particular, the size of the CAES cavity and the size of the CAES compressor can be
reduced (the expander must still be able to deliver the full the transmission line capacity in the case that the
wind farm is producing no output).
Under the range of parameter values explored, the optimal rating ratio for wind/CAES systems typically
ranges from 1.10 to 1.35 depending on capital costs and ηA. The cost of wind and CAES capital is a key
parameter in determining the rating ratio. Changes to the cost per kilowatt of wind or CAES as well as the
levelized annual capital charge rate have a strong influence on the position of the COE minimum with
respect to the wind turbine rating (see Figure 3). The array efficiency, which reflects the magnitude of
wake-induced energy losses, will influence the optimal rating value as well. Since array loss occurs only at
wind speeds below rating, turbines with lower vr will experience less array loss as a fraction of their output.
Thus a stronger wake effect (i.e. lower array efficiency) will produce a lower optimal rating. Finally, since
reduced rating leads to a larger fraction of energy transmitted directly from the wind farm, the CAES fuel
consumption and therefore the greenhouse gas (GHG) emissions rate (measured in grams of carbon
equivalent emissions per kilowatt-hour) can be reduced (see Figure 6).

Impacts of Reduced Rating
Storage Size
Integrating the rating variable within the wind/storage optimization leads to a CAES configuration that is
substantially smaller compared to what would be required to achieve the same system output with a
nominally rated wind array. The introduction of variable rating reduces the CAES system compressor
capacity by more than half (a 2360MW compressor capacity with nominally rated turbines rr=1.5 compared
to 1050MW with turbines rated at 1.2 times the mean). This same change in rating also allows the CAES
storage volume to be reduced by 37% (109 hours of storage at full 2000MW capacity for nominal rating
compared to 69 hours with reduced turbine rating). This effect will be especially important in cases where
storage volume size is constrained. More generally, these reductions in storage component scale have a
significant impact on the cost of storage and the overall COE of the system.
Furthermore we find that the size of the storage cavity and the capacity of the wind farm have a clear linear
relationship with respect to the rating which is independent of the wind capital cost and capital charge rate

Figure 5 System capacity factor as a function of storage cavity
size for various rating values.
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(see Figure 4). Also, the relationship between the storage configuration and the wind turbine rating is a
strong function of the array efficiency.
Another way to look at the storage requirement benefit of variable rating is to look at the system (wind +
storage) capacity factor as a function of storage size as shown in Figure 5. Here we see that a wind/CAES
system can achieve higher capacity factor with the same storage size by using lower rated turbines. Hence,
given a fixed storage capacity, a wind farm with reduced vr will be able to deliver baseload power with a
smaller installed capacity of wind (or alternatively can produce greater output with the same wind farm
capacity).

Energy Balance and Emissions
The effect of reducing the wind turbine specific rating is that the wind capacity factor will increase as a
result of the fact that the turbines in the wind farm operate at rated power a larger fraction of the time. This
means that compared to a
wind farm with higher-rated
turbines, the system with
reduced vr will be able to
deliver more electricity
directly onto the transmission
line. For the systems we
compare in Figure 6, the
optimally rated wind farm
supplies 70% of the
electricity (rr=1.2) compared
to 61% transmitted directly
for the nominal rating case.
Smoother output also means
that less electricity needs to
be diverted into storage (see
the power duration curves in
Figure 7). For this reason the
scale of the storage system
Figure 6 Effect of reduced turbine rating on wind/CAES system
can be reduced substantially.
energy balance
The reduction in storage size
also means that the system
fuel input can be reduced (by approximately one third moving from a 1.5 to a 1.2 rating ratio as in Figure
6). This translates directly into a corresponding reduction in the GHG emission rate for the wind/CAES

Figure 7 Power duration curves for wind/CAES systems delivering 85% capacity factor with a)
nominal rating (rr=1.5) and b) reduced rating (rr=1.2)
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system as a whole (from 30 to 23 gCequiv/kWh). By comparison, wind balanced by natural gas generation
will have a GHG emission rate of 62 to 73 gCequiv/kWh while natural gas combined cycle and coal IGCC
will emit approximately 120 and 240 gCequiv/kWh respectively. The resulting emissions rate is even lower
than coal IGCC with carbon capture and storage (approximately 53 gCequiv/kWh [18]), indicating that
wind/CAES with variable rating can have a significant impact in mitigating GHG emissions in the baseload
power sector.

Cost of Energy
Variable rating results in a $2.0-6.0/MWh decrease in COE over the range of GHG emissions price and
wind class that we examined with a $900/kW cost for wind capital, η A = 0.85 and a CCR of 15% (see
Figure 8). This represents a 3-8% decrease in generation cost for baseload wind. The cost saving associated
with variable rating could increase as wind capital costs are reduced or if lower capital charge rates emerge.
For example in the case of $700/kW wind farm costs, 11% CCR and ηA = 0.7, COE savings increase to
$4.5-9.0/MWh representing 7-14% reductions in cost.

Figure 8 COE for the constant rating case (top left) and variable rating (top right) are shown in the case of
$900/kW wind capital, a 15% capital charge rate and η A = 0.85. Also, the cost reductions in wind/CAES
COE as a function of carbon tax and wind class both in terms of absolute savings (bottom left) and percent
decrease (bottom right)
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Comparing the COE contours for the nominal rating and variable rating cases in Figure 8, we find the
reduced GHG emissions that result from reduced turbine rating lead to reduced slopes in the COE contour
lines with respect to carbon tax (especially at high wind classes).
In addition the net decrease in COE due to optimal rating increases with wind class. Because the wind
turbines have a reduced cost per kilowatt at higher wind classes, the wind turbines can be rated at a lower
value (see above regarding optimal rating relative to the cost of wind capital). Thus there is a greater
benefit for reducing the rating with increased wind class.

Conclusions
Optimizing the wind turbine specific rating jointly with the storage system configuration for a wind/CAES
baseload plant results in a substantially different system. The added fixed capital costs associated with
storage and the ability to transmit more wind energy using lower rated turbines, leads to optimal wind
rating that is substantially lower than for a stand-alone wind farm. This results in a 3 to 8 percent reduction
in overall COE, reduced storage requirements, a greater percentage of wind transmitted directly, and a
lower greenhouse gas emissions rate. This methodology will be especially relevant in cases where storage
capacity is constrained or climate policy is enacted. Future reductions in wind capital cost will magnify the
benefits available from variable rating thus further enhancing wind’s viability in baseload markets in a
carbon constrained world.
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