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The combination of wind energy generation and energy
storage can produce a source of electricity thatis functionally
equivalent to a baseload coal or nuclear power plant. A
model was developed to assess the technical and
environmental performance of baseload wind energy
systems using compressed air energy storage. The analysis
examined several systems that could be operated in the
midwestern United States under a variety of operating
conditions. The systems can produce substantially more
energy than is required from fossil or other primary sources
to construct and operate them. By operation at a capacity
factor of 80%, each evaluated system achieves an
effective primary energy efficiency of at least five times
greater than the most efficient fossil combustion technology,
with greenhouse gas emission rates less than 20% of

the least emitting fossil technology currently available. Life-
cycle emission rates of NOx and SO, are also significantly
lower than fossil-based systems.

Introduction

Baseload power plants generate electricity at nearly constant
power, providing a high capacity factor, output stability, and
reliability. As a result, baseload plants are responsible for
producing a large fraction of the electricity generated in the
United States. Coal, nuclear fuels, and natural gas fuel the
majority of these plants (I). Baseload plants that use these
fuel sources have a number of unfavorable characteristics.
Coal-fired plants deplete fossil fuel resources and produce
greenhouse gases (GHGs), sulfur dioxide, and nitrogen oxides.
Natural gas plants also produce harmful air emissions and
draw on finite natural gas resources. Nuclear plants produce
radioactive waste products and present risk of accidents and
weapons proliferation. These concerns have caused many
to seek alternative power sources that can provide the same
capacity factor, output stability, and reliability of conventional
baseload plants.

Wind energy alone cannot meet these requirements. When
wind energy is combined with energy storage, however, it
becomes a viable alternative, providing a source of power
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that may be functionally equivalent to a conventional
baseload plant. The creation of baseload wind energy systems
using wind generation and storage can increase the economic
penetration of wind energy far beyond the 10—20% levels
commonly quoted (2). In addition, baseload wind energy
systems are easily integrated into power systems with limited
operational flexibility, such as those that lack a significant
amount of fast-responding gas and hydroelectric generation.
These types of power systems are common in the midwestern
United States, an area with excellent wind resources (3).

The declining cost of wind energy has now made baseload
wind energy systems economically feasible, increasing the
possibility of large-scale integration into the United States’
electric power system (2). For this reason, it is important to
examine the environmental impacts of combined wind
generation and energy storage systems. Inclusion of energy
storage with wind energy generation also allows for a more
equitable comparison between intermittent wind generation
and conventional generation technologies.

A realistic assessment of baseload wind systems must
include an economically viable energy storage system as well
as consideration of other effects such as transmission
requirements. This study developed a baseload wind model
using wind turbine, storage, and transmission technologies
that are considered economically viable in the midwestern
United States when deployed on a large scale. The model
uses energy storage to increase the capacity factor of a typical
wind generator (25—45%) to a baseload level (greater than
70%) (4) and increase the output stability and reliability of
wind energy as well. Capacity factor is defined as the average
plant output divided by the maximum possible output over
a period of time, generally one year.

The development of the model was strongly influenced
by the constraints of electricity transmission, which ultimately
establishes the maximum output of the wind system. Since
new transmission development will be required to deliver
wind energy from remote locations in the midwestern United
States to major load centers, a high system capacity factor
is required to maximize the use of these expensive transmis-
sion assets (5). The model was designed to produce an
amount of power that is equal to, but does not exceed, alevel
established by the transmission capacity. The effects of losses
in the transmission system were also considered in the model.

Life cycle analysis tools were applied to examine several
major environmental performance indicators: energy in-
tensity and emission rates of GHGs, sulfur dioxide (SO,), and
nitrogen oxides (NOy).

Modeling Baseload Wind Energy Systems

Several studies of baseload wind energy systems have been
published, primarily to evaluate the economic performance
of such systems (5—7). This study developed a model of a
baseload wind system to perform an energy and environ-
mental performance analysis. The wind energy storage (WES)
model uses a spreadsheet format (Microsoft Excel) and
simulates the hourly performance of a wind farm integrated
with energy storage. On the basis of wind energy data and
input parameters including storage efficiency and capacity,
the WES model calculates the number of wind turbines and
other infrastructure required to deliver performance similar
to traditional baseload sources. The model compares the
wind farm output to the target output on an hourly basis and
attempts to provide constant power output by storing, or
releasing from storage, the appropriate amount of energy.
The objective of the WES model is to maximize the use of
limited, capital-intensive transmission capacity to provide a
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constant amount of baseload power equal to the size of the
transmission system.

Wind-Farm Data. Modeling the performance of a base-
load wind energy system requires wind turbine power output
data that captures the short-term and long-term variations
in wind speed. This study used hourly wind turbine data
from a number of locations to estimate performance over a
range of wind resources. Each case used data taken over one
full year to consider seasonal variations in wind speed.

Hourly power output from existing wind farms and indi-
vidual turbines was used to create five data sets that simulate
the performance of larger wind farms. Three data sets were
derived from hourly power output from existing midwestern
United States wind power plants, provided by the National
Renewable Energy Laboratory (8). Two additional data sets
were derived from existing single wind turbine sites in North
Dakota (9). Data from the single turbines was modified to
consider energy losses that would occur in larger wind farms
from transmission losses and array losses that occur in
turbines situated downwind from neighboring turbines.
Additional details about the creation of hourly power output
data sets are provided in the Supporting Information. The
capacity factor for these existing wind turbine systems ranged
from 33.1 to 37.3%. Since existing wind farms for which long
term data is available use smaller, less efficient turbines than
are currently being deployed, these cases likely represent
the lower limit of system performance for new baseload wind
systems located in the midwestern United States.

It is also desirable to estimate the performance of a large
wind farm using state-of-the-art turbine technology. Since
a full year of hourly output data from very large wind farms
using the latest turbine technology does not yet exist, hourly
power data for this case was simulated. Details regarding the
simulation of the data set are provided in the supplemental
appendix. The net average capacity factor for the simulated
wind turbine array is 46.3%.

This set of six hourly power output data formed the basis
to simulate baseload wind power plants.

Storage System. Many technologies exist that are capable
of storing electrical energy, including pumped hydro storage,
batteries, and hydrogen. Compressed air energy storage
(CAES) is significantly less expensive (by at least 50%) than
other utility scale storage systems and suitable for very large
scale storage of wind energy in the midwestern United States
(10,11). The use of CAES for wind energy storage has been
proposed or is being pursued in two locations in the United
States (12,13).

CAES systems are based on conventional gas turbine
technology and utilize the elastic potential energy of com-
pressed air. Energy is stored by compressing air in an airtight
underground storage cavern. To extract stored energy,
compressed air is drawn from the storage vessel, heated,
and then expanded through a high-pressure turbine, which
captures some of the energy in the compressed air. The air
is then mixed with fuel and combusted, with the exhaust
expanded through a low-pressure gas turbine. The turbines
are connected to an electrical generator. Turbine exhaust
heat and gas burners are used to preheat cavern air entering
the turbines.

CAES can be considered a hybrid generation/storage
system because it requires combustion in the gas turbine.
The storage benefit of precompressed air is the elimination
of the turbine input compressor stage, which uses ap-
proximately 60% of the mechanical energy produced by a
standard combustion turbine. By utilization of precom-
pressed air, CAES effectively “stores” the mechanical energy
that would be required to turn the input compressor and
uses nearly all of the turbine mechanical energy to drive the
electric generator. The performance of CAES for this analysis
is based on a study by Denholm and Kulcinski (14) and
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includes the effect of transmission losses between the wind
farm and the CAES system. For this study, 1 kWh of electricity
generated by the CAES turbine requires 4649 kJ of fuel plus
0.735 kWh of compressor electricity.

A large-scale CAES system requires an underground
storage cavern in a salt dome, aquifer, or other geologic
formation. Prior studies have found suitable geology for CAES
in many parts of the midwestern United States (15). The size
ofthe cavern in this study is measured in terms of the number
of hours the CAES turbine can run at full output. Actual
storage size would be dictated by economic and geological
constraints. The base results reported in this study assume
a CAES system with a total storage time of 24 h at full load,
with the effects of different storage times also considered.

Wind-Farm/Storage System Model. The hourly wind-
farm output was placed into the WES model, which is
designed to produce an output that resembles the nearly
constant output of a baseload coal or nuclear plant. An
overview of the WES system model follows, with a more
detailed description provided in the supplemental appendix.

At each hour, the wind power output is compared to the
constant “target” output power. If the wind power exceeds
the target, energy is placed into storage, and if wind power
is below the target, energy is withdrawn from storage.

Large seasonal variations in wind speedd and limits on
the size of the storage vessel will result in nonconstant output
as well as unusable wind energy generation. This issue is
illustrated in Figure 1, a sample profiles of a 2-week period
for one possible wind—CAES operating scenario.

In this case, the constant target output is set to 900 MW.
Much of the time this goal is met from the combination of
wind energy transmitted directly or wind energy thatis stored.
However, on several occasions, insufficient storage results
in wind energy production that cannot be stored. This
“spilled” energy results in decreased economic and envi-
ronmental performance. The amount of spilled energy can
bereduced by raising the constant target output as illustrated
in Figure 2. In this case, the target output is set to 1100 MW,
which reduces the amount of spilled energy. However, raising
the target output increases the amount of time the system
“underproduces”, which decreases the system capacity
factorr and its economic value to an electric power system.

Since wind energy spill rate (% of total wind energy spilled)
and capacity factor are generally proportional in a baseload
wind system, a real system would need to be optimized con-
sidering geographic and temporal economic conditions.
Figure 3 shows the wind energy spill rate as a function of sys-
tem operating capacity factor for the six evaluated cases using
a storage time of 24 h. The gray lines show performance of
the five cases that use data from existing wind farms. The
dark lines show results from the simulated case. All of the
existing wind farms can achieve capacity factors greater than
70% with spill rates under 10%, while the simulated case can
achieve greater than an 80% capacity factor with a 10% spill
rate. Limits to system capacity factor can be placed in context
of conventional generation. Given the appropriate level of
demand, top performing coal or nuclear plants can achieve
a90—95% capacity factor, while lower values more common
(16).

Thislimitation can be largely mitigated with longer storage
times. Figure 4 illustrates the spill rate as a function of storage
time for different capacity factors using data from the
simulated case. Figure 4 assumes the storage and transmis-
sion system are 100% reliable. With sufficiently long storage
times, a capacity factor of 90% or more can be achieved with
relatively low spill rates. Additional discussion of the effects
of storage time on system operation is provided in the
Supporting Information.

As aresult of these various factors, no single value should
be reported for the operational performance of a baseload
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FIGURE 1. Sample baseload wind generator output (target output = 900 MW).
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FIGURE 2. Sample baseload wind generator output (target output = 1100 MW).
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FIGURE 3. Spill rate vs operating capacity factor for the various baseload wind cases.

wind system. The results of this analysis are provided by a evaluated these plants over a capacity factor range from 50%,
set of curves that represent a likely performance envelope where no energy was spilled, to 90%, where spill rates would
for modern wind energy systems coupled with CAES energy likely be considered uneconomic for many of the cases.
storage over a range of capacity factors. The WES model However, results are generally reported for the baseload

VOL. xx, NO. xx, xxxx / ENVIRON. SCI. & TECHNOL.= C



40%

\‘\\ ——60% Capacity Factor
% \\\ ------- 70% Capacity Factor
e 30% .
= \. 90% CF —— 80% Capacity Factor
= 3
@ : \\\ ----90% Capacity Factor
B 20% 1+ ~
5 80% CF .
10 : el
.g % T~
= 10% 5 T
S S 70% TS

60%"-. CF T—71 __ TTTmeeee
O% ............
0 20 40 60 80

Storage Time (Hours)

FIGURE 4. Wind energy spill rate as a function of storage time for the simulated 1 000-MW baseload wind system.

operating regime, defined as a capacity factor range of 70—
90%.

The six wind farm data sets were used to evaluate the
performance of two types of baseload power plants. The data
sets from the five existing plants were used to analyze
baseload plants of approximately 300 MW, using a 24-h
storage time in each case.

The simulated data set was used to create alarge baseload
plant of about 1 000 MW. This plant could serve a significant
fraction of the baseload energy demand of a large load center.
This plant would likely be coupled to an expensive, very long
distance transmission line which would motivate very high
capacity factors. To enable increased capacity factors with
lower spill rates, the system was evaluated with a 50-h storage
time in addition to the base 24-h storage time.

Transmission Loss Effects. The effects of long-distance
transmission were also considered in the WES model. It is
likely that wind energy will often be transmitted over longer
distances than electricity generated by traditional sources,
and new transmission development will be required to deliver
baseload wind energy to load centers. Both conventional
alternating current (AC) and high voltage direct current
(HVDC) lines may be used to deliver baseload wind energy.
HVDC is economically superior to conventional AC lines
when the transmission distance exceeds a certain threshold,
currently estimated at 500—800 km (17).

To evaluate the effect of transmission losses, two trans-
mission systems are considered. The five smaller 300-MW
systems assume transmission over a 300 km, 345 kV AC
system, while the simulated 1 000-MW case uses a 1 200 km,
+500 kV HVDC system. The transmission loss rate, Lr, is
estimated at 3% for the AC line and 9% for the HVDC line
(18). Losses in the transmission system require an increase
in the system size to produce a desired output. This multiplier
effect can be written as

installed power capacity (MW) =
delivered power capacity (MW)
1-L;

1

This multiplier effect increases both the system size (power)
and the required input energy (such as CAES fuel).

Model Results. The WES model provides a number of
technical performance indicators that may be used to evaluate
each system’s environmental performance. The two most
important factors are the peak power ratio and the system
fuel consumption rate.

The peak power ratio represents the number of units of
wind turbine power capacity required to deliver 1 unit of
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constant power to the transmission network. For a baseload
wind energy system operating at a capacity factor of 100%
with an ideal storage system (100% efficient and unlimited
capacity), the peak power ratio would be the reciprocal of
the wind farm capacity factor. (A wind farm operating at a
capacity factor of 33% would require 3 MW of turbines for
an average output of 1 MW). A wind energy system using a
pure storage system such as pumped hydro would require
a greater peak power ratio to compensate for storage
inefficiencies, which are reflected in a storage energy ratio
(defined as kWhin/kWh,y) greater than 1. Limits to the storage
system capacity will also increase the peak power ratio since
some of the energy generated will be spilled. Using the hybrid
CAES system reduces the peak power ratio since wind energy
generation is supplemented by the electricity effectively
generated by natural gas combustion. The use of CAES
therefore represents a tradeoff between reduced wind turbine
requirements and increased fossil fuel usage.

Figure 5 illustrates the peak power ratio as a function of
system capacity factor for the various cases. The simulated
case shows a much lower peak power ratio than the existing
wind turbines, a result of the substantially increased turbine
capacity factor. The 50-h storage time slightly reduces the
peak power ratio for the simulated case, since reduced spill
energy reduces turbine capacity requirements.

Figure 6 illustrates the system fuel consumption rate, or
heat rate, defined as the CAES fuel energy input per unit of
total system output, excluding transmission effects. For
systems operating at a capacity factor from 70 to 90%, the
heat rate ranges from roughly 680—1 250 kJ/kWh and can be
compared to a traditional fossil plant heat rate, which is
typically 7 000—12 000 kJ/kWh (19). The heatrate is essentially
a function of how much energy must be stored. The system
heat rate, divided by the constant CAES heat rate (4 649 kJ/
kWh) (16) is the fraction of electricity ultimately provided by
the storage system, which ranges from 15 to 27% for the
cases operating in the 70—90% capacity factor range.

The high wind turbine capacity factor in the simulated
case results in a relatively small amount of stored energy at
lower system capacity factors, which explains its lower heat
rate. Lower spill rates tend to increase the system heat rate,
illustrated by the 50-h storage case, where more energy is
placed into storage, resulting in slightly greater fuel use.

Environmental Assessment

Life-cycle analysis methods were used to assess several
indicators of environmental performance of the baseload
wind energy systems. Life-cycle analysis accounts for the
complete environmental impacts of a product over its life,
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FIGURE 5. Peak power ratio vs operating capacity factor for the various baseload wind cases.
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FIGURE 6. System heat rate vs operating capacity factor for the various baseload wind cases.

including manufacturing, operation, and disposal (20). The
analysis performed does not include a comprehensive life-
cycle impact assessment but focuses on several of the most
significant concerns regarding production of electricity from
conventional baseload sources, particularly fossil fuels. The
environmental performance indicators analyzed include
primary energy use and emission rates of GHGs, SO, and
NOx.

Primary Energy Efficiency. Environmental impact is often
proportional to energy use, so a commonly used general
environmental performance indictor is energy intensity, or
primary energy used per unit of product output.

The inverse of energy intensity is commonly used to
express the life-cycle net energy yield, or primary energy
efficiency, of electric power systems

primary energy efficiency (% ) =
electrical energy output (MWh)
primary energy input (MWh)

2)

Ifall the primary energy in eq 2 is derived from fossil thermal
energy, the primary energy efficiency is equivalent to the
life-cycle fossil fuel efficiency, expressed as

fossil fuel efficiency (% ) =
electrical energy output (MWh)

fossil energy input (MWh,)

3)

Life-cycle fossil fuel efficiency is a potentially more useful
comparative metric of environmental impact and energy
resource sustainability. For energy systems in the United

States, the primary energy efficiency is approximately equal
to the fossil fuel efficiency since fossil fuels account for about
85% of the total energy used in the United States (16). This
measure is also appropriate considering a major input into
the wind/CAES system is natural gas fuel.

The primary energy efficiency of a conventional fossil
source is typically less than 50% and is limited by thermal
conversion processes and fuel delivery requirements. For
example, a combined-cycle gas turbine with a plant thermal
efficiency of 50% has a primary energy efficiency of about
42%, mostly due to losses in the fuel delivery system (21).
The net life-cycle energy efficiency of renewable energy
systems may be substantially greater than 100%, since their
primary energy requirements are typically much less than
their production of electrical energy. A renewable energy
system with a primary energy efficiency greater that 100%
(equal to a net energy yield greater than 1) may be referred
to as a renewable breeder.

A renewable energy system could have a primary energy
efficiency of less than 100% and still be superior to a fossil
system in terms of energy resource sustainability. A unit of
natural gas energy that produces 0.42 units of electrical energy
from a combustion system could alternately be used to
constructawind energy system that, over its lifetime, delivers
0.9 units of electrical energy. In this case, the renewable
system produces less energy than is required to construct it,
yet it still produces more than twice the amount of electrical
energy than would be extracted by combustion. This example
illustrates the counterintuitive result that arenewable energy
system that consumes more energy than it produces is not
unreasonable.
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The energy requirements for electricity produced by a
baseload wind system originate from three major sources:
construction and disposal of the various facilities, CAES fuel
consumption, and other system operation and maintenance
(O&M).

The energy related to plant construction and decom-
missioning may be expressed as the total construction-related
primary energy, EEp (kWh,), divided by the lifetime output
of the storage plant E;, (kWh). The life of the plant is assumed
to be 20 years. Energy for CAES fuel is reflected by the effective
fuel consumption rate, or heat rate (HRcf), of the entire system
(typically measured as kJi/kWh, but normalized to (kWh/
kWh,). Other O&M energy requirements are reflected in EE,,
(kWh/kWh,) and include requirements such as transporta-
tion fuel for site personnel, operation of CAES emissions
control equipment, and the construction and installation of
replacement parts.

The total life-cycle primary energy efficiency #, (kJe/kJ)
for the baseload wind system can be expressed as

= ! (4)

EE,
HR g+ EE,, + 5

All energy intensity metrics, including primary energy
efficiency, are only general indicators of environmental
performance. They treat all primary energy uniformly and
do not assign a qualitative or quantitative difference between
various energy sources such as coal and natural gas, which
have substantially different impacts per unit energy con-
sumed. In addition, primary energy efficiency ignores the
energy content of renewable energy sources such as wind.
When used as a comparative metric of environmental impact,
this assumes no opportunity costs or environmental harm
resulting from the extraction of wind energy. Opportunity
costs include the reduced value of the wind energy downwind
from individual turbines, although some of this opportunity
cost is captured in the array losses. Environmental impacts
associated with the extraction of wind energy include
aestheticimpacts, bird kills (22), and possible effects on local
climate (23). Additional, more specific metrics must be used
to compare these and other impacts.

Emissions of GHGs, NOyx, and SO,. The GHGs are a major
concern regarding production of electricity from conventional
baseload sources. While wind turbines produce no GHG
emissions during normal operation, current reliance on fossil
fuels for manufacturing and transportation result in emissions
from turbine construction, installation, and maintenance.
In addition, CAES fuel combustion is a potentially significant
source of GHG emissions.

In addition to CO,, other greenhouse gases such as
methane (CH4) and nitrous oxide (N,O) may be released
during the entire fuel cycle of an electric power system. The
total greenhouse gas emission rate is measured in terms of
the total global warming potential (GWP) of all emitted
greenhouse gases, normalized to carbon dioxide mass
equivalents (24).

The life-cycle GHG emission rate from electricity produced
by the baseload wind/CAES system is calculated in a manner
similar to the life-cycle efficiency. Life-cycle emissions related
to plant construction and decommissioning may be expressed
as the total construction-related emissions, EM (g CO, eq),
divided by the lifetime electrical output of the system, E,,
(kWh). Emissions related to the CAES fuel consumption are
a function of the system fuel consumption rate (HRe) and
the emissions factor for the CAES fuel, EFg, (g CO; eq/k]).
Emissions related to wind and storage plant O&M are given
by EF,, (g CO2 eq/kWh). The complete life-cycle emissions
factor, EF. (g CO; eq/kWh), is then defined as
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EF, = (HR4EF

EM) )

)-+EFW-F(E:

gas
Another concern regarding the production of electricity from
baseload fossil sources is the emission of SO, and NOy.
Emissions of these substances lead to acidification and
production of fine particulates that impair respiratory
function and visibility (25). NOx emissions also can increase
formation of ground level ozone. While SO, is typically
associated with combustion of coal and high-sulfur fuel oil,
NOy is produced by all fossil fuel combustion.

The life cycle emissions rates of SO, and NOx may be
calculated using eq 5, where GHG emission factors are
replaced with those for the desired pollutant.

Analysis of System Components and Operation. A
process-based life-cycle analysis was performed on each
component of the baseload wind energy system to estimate
energy use and resulting emissions from construction and
operation.

The total energy requirements and emissions from the
construction and operation of wind turbines were based on
previous studies of modern, large turbines (26,27). The results
of each study were normalized to derive a total amount of
energy used for the construction and operation of 1 MW of
large wind turbines over a 20-year lifetime. The mean value
of the nine studies used was 9 830 GJ/MW, with alarge spread
from 7 430 to 13 882 GJ/MW. This range of results is due to
a variety of methodological differences between studies as
well as the types of turbines and location of manufacture. A
comprehensive discussion of these issues is provided by
Lenzen and Munksgaard (26). The impact of this range of
turbine energy intensities and emission rates is discussed in
section 5.

Life-cycle energy requirements and emissions related to
CAES are derived from an existing study (14). Upstream
components of natural gas fuel production and delivery and
pipeline construction are included. Production and trans-
mission of natural gas is energy intensive and can result in
considerable emissions of GHGs, SO,, and NOy (21).

In addition to the effects of transmission losses, energy
consumption and emissions associated with construction of
the two transmission systems is considered (18). The as-
sessment for the HVDC line used in the simulated case
includes the AC/DC converter stations. In addition to
emissions from transmission line construction, emissions
from biomass losses in rights-of-way were also considered.
This assessment assumes that 25% of the transmission line
area requires removal of trees, which are assumed to be a
mix of typical midwestern United States species (28). Right-
of-way widths are assumed to be 37 m for the AC system and
50 m for the HVDC system (18), with net carbon emissions
of about 6 kg/m? of transmission line right-of-way.

Results of the individual component analysis are reported
in Table 1. From these data, the environmental performance
of a baseload wind system can be calculated, given the
appropriate sizing and system operation data. Emissions and
energy requirements for reservoir recharging from external
sources during low wind periods are not considered. This is
justified given the relatively high capacity factor of the system,
which is comparable to a conventional baseload plant. The
net emissions reported for most conventional systems include
only emissions during operation. For example, the net
emissions from nuclear and coal-fired power plants do not
include emissions from other sources that replace their
output during refueling or maintenance outages.

Results

Table 2 summarizes the results of the environmental analysis
ofthe baseload wind systems for the likely operating regimes,
defined as operating capacity factors between 70 and 90%.
Also included in the table are results from previous studies



TABLE 1. Environmental Parameters for Baseload Wind System Construction and Operation

primary GHG
energy emissions S0, NOyx
component and description parameters included requirements (CO; eq) emissions  emissions
wind turbine (1 MW of turbine capacity) construction, O&M, 9.83 TJ; 792 tonnes 850 kg 1890 kg
decommissioning
CAES system (1 MW of CAES capacity, construction, nonfuel O&M, 8.22 TJ; 587 tonnes 710 kg 1580 kg
24 h of storage) decommissioning, gas pipeline
AC transmission line (300 MW, 300 km) construction, O&M, biomass losses 413 TJ; 96.2 k 35.5 79.4
tonnes tonnes tonnes
HVDC transmission line (1 GW, 1 200 km) construction, O&M, biomass losses 3 659 TJ; 568.7 k 315.3 704.6
tonnes tonnes tonnes
CAES system fuel combustion combustion of natural gas fuel 4 649 kJ; 234 g 0.001g 0.057 g
(generation of 1 kWh of electricity
from CAES turbine)
natural gas delivery gas production and processing, 518 kJ¢ 51g 0.13g 0.23g

(delivery of natural gas for 1 kWh of

CAES generation) operation

pipeline and compressor

TABLE 2. Life-llilycle Environmental Parameters for Baseload Wind Systems Operating at a 70—90% Capacity Factor Compared to

Other Baseload Generation Technologies

primary energy GHG emission rate S0, emission NOx emission
environmental parameter efficiency (%) (g CO; eq/ kWh) rate (g/kWh) rate (g/kWh)
Baseload Wind Systems
range for 5 existing turbine cases 208-312 69-102 ~0.05 ~0.1
simulated case (24 h storage) 214-336 66-99 ~0.05 ~0.1
simulated case (50 h storage) 203-321 67-104 ~0.05 ~0.1
Other Baseload Energy Systems

wind (no storage, CF range ~25-50%) 1540-4350 5-25 <0.02 <0.1
nuclear fission 25-3572 10-25 <0.05 <0.1
natural gas combined-cycle 40-45 400-500 0.1-0.4 0.2-0.6
coal (typical U.S.) 28-32 900-1100 2-10 2-4
coal (supercritical with SO, and NOx controls) 32-38 850-1000 0.5-1 0.3-2

2Includes energy content of uranium fuel. Values typically exceed 1 500% if fuel content is excluded.
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FIGURE 7. Life-cycle primary energy efficiency vs operating capacity factor for the various baseload wind cases.

of baseload electric power systems including coal, natural
gas combined cycle, nuclear fission, and wind used without
storage (21,26,29,30).

Primary Energy Efficiency. Figure 7 provides the range
of results for the primary energy efficiency analysis of the
various cases. All evaluated cases demonstrate primary energy
efficiencies greater than 100%, which is superior to any fossil-
fuel-based system. In the baseload operating regime, the
least efficient wind/storage system evaluated produces
greater than 4 times more electricity per unit of primary
energy input than a highly efficient combined-cycle gas
turbine.

Figure 8 illustrates the distribution of primary energy
inputs for a delivered unit of electrical energy from the
simulated case, operating at a capacity factor of 80%.
Transmission losses are listed as a separate category, although

the energy associated with these losses is ultimately derived
proportionally from the other sources listed. Taking into
account transmission losses, CAES fuel input represents 85%
of input energy requirements when considering both the
fuel and fuel delivery in this case.

Emissions of GHGs, NOyx, and SO.. Figure 9 provides the
range of greenhouse gas emission rates for the six evaluated
cases. Operating at a capacity factor between 70 and 90%,
the evaluated cases produce a net GHG emission rate of 66—
104 g CO; eq/kWh. This rate is higher than the life-cycle
emission rate of wind energy without storage or nuclear
generated electricity but is substantially lower than any fossil
technology. The GHG emission rate from a baseload wind
plant is about 10% that of typical coal plants, which provide
a large fraction of the baseload electricity in the upper
midwestern United States (I16).

VOL. xx, NO. xx, xxxx / ENVIRON. SCI. & TECHNOL. « G



Fuel
~ Delivery
I 8%  Trans.
_——Losses
i 9%
Wind
Turbines &
— CAES
Fuel | Const.
70% 12%
s Trans.
- System
1%

FIGURE 8. Distribution of energy sources for the simulated 1 000-
MW baseload wind system operating at an 80% capacity factor.

The dominant source of GHG emissions from the wind/
CAES system is natural gas combustion, as illustrated in Figure
10, the distribution of GHG emissions from the simulated
operating at an 80% capacity factor. As can be expected, the
distribution of sources is similar to Figure 8, since there is
a general relationship between energy use and GHG emis-
sions. The large share from transmission construction is
largely due to biomass losses. Methane leaks result in a higher
contribution of GHG emissions from natural gas transmis-
sion, due in part to the high GWP of CH, (21 times that of
COy).

Life-cycle production of SO, and NOy from the baseload
wind system is a small fraction of those from fossil-based
systems. About 60—70% of the SO, emissions are from the
production and transmission of natural gas, with most of the
remainder from upstream manufacturing processes. Simi-
larly, a large fraction (around 50%) of NOx emissions are
from natural gas production and transmission. NOx emissions
from CAES combustion produces only about 20% of the life-
cycle NOx emissions, in part due to the use of selective
catalytic reduction of NOy in the CAES turbines.

Discussion

The creation of baseload wind energy systems utilizing energy
storage will be necessary for wind energy to capture a large
share of the electrical energy supply in the United States.
CAES is capable of providing large scale, economic energy
storage for wind energy in the midwestern United States.
The combination of wind, storage, and transmission produces
a baseload energy system that provides an alternative to
conventional baseload power, currently dominated by fossil
and nuclear systems.

Increasing the capacity factor of wind energy systems to
baseload performance through the use of CAES results in a
substantial decrease in their environmental performance,
asillustrated in Figures 7 and 9. As the system capacity factor
is increased, the natural gas consumption rate increases, as
aresult of the increased level of storage utilization. This results
in lower primary energy efficiency, and a higher air emission
rate, particularly of greenhouse gases. The increased spill
rate at higher capacity factor also decreases the environ-
mental performance, although this impact is small. Despite
this decrease in environmental performance, high system
capacity factors are generally desirable from a system
perspective. As the capacity factor of the wind system is
increased, the system will likely displace a larger amount of
fossil generated electricity, which provides greater overall
environmental benefits, as the life-cycle emissions rate and
fuel efficiency of a very high capacity factor wind system are
significantly better than any fossil generator.

Figures 8 and 10 shows that system fossil fuel efficiency
and GHG emissions are relatively insensitive to the param-
eters related to system construction and O&M. The wide
range of energy intensities for turbine manufacturing has
little impact on the efficiency of the entire system, particularly
when operating at higher capacity factors. For the simulated
case operating in baseload regime, the maximum change in
primary energy efficiency due to variation in turbine manu-
facturing energy is less than 4%. GHG emissions are similarly
insensitive to construction energy intensity. A 50% reduction
in GHG intensity for all system construction, transportation,
and maintenance results in a maximum life-cycle GHG
emission reduction of about 13% for plants operating in the
baseload regime. The combustion of natural gas establishes
the lower limit for GHG emissions from a baseload wind
system, and if all upstream energy from construction and
operation were derived from emission-free sources, the net
emissions from the baseload wind system would approach
alower limit of approximately 49—89 g CO, eq/kWh resulting
from CAES combustion.

Cleaner fuel mixes could reduce the life-cycle emission
rates of SO, and NOxthat result from upstream manufacturing
by up to about 40%.The lower limit for SO, and NOx emissions
are based on the production and use of natural gas fuel.
Further reductions in emissions of SO, and NOx are de-
pendent on reduction of emissions in upstream gas process-
ing.

Beyond a cleaner production fuel mix, additional increases
in environmental performance would require a change in
the storage system, such as an increase in the CAES turbine
efficiency. Use of a storage system that does not require fossil
fuels could dramatically decrease the primary energy use
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FIGURE 9. System GHG emission rate vs operating capacity factor for the various baseload wind cases.

H = ENVIRON. SCI. & TECHNOL. / VOL. xx, NO. xx, XXxx



Fuel
-~ Delivery
0,
1Ze Trans.
_~Losses
' 9%
Wind
Fuel | Turbines &
57% —— CAES
Const.
Trans. 15%
——— System
7%

FIGURE 10. Distribution of GHG emissions sources for the simulated
1 000-MW baseload wind system operating at an 80% capacity
factor.

and air emissions. An alternative, fossil-independent wind/
CAES system could burn renewably generated hydrogen,
although this is probably uneconomic based on the current
cost of electrolytic hydrogen (31). Biofuels are another
alternative to natural gas for the CAES system, if CAES remains
economically superior to advanced batteries or other forms
of electrical energy storage.

Additional considerations remain for a more compre-
hensive evaluation of the environmental impacts of baseload
wind systems. In addition to aesthetic concerns and other
wind turbine specific issues, more analysis is needed to
examine the system-wide interaction between wind turbine
generation, energy storage, and conventional generation. A
baseload wind system integrated into a larger utility system
will interact with conventional thermal generation in a
manner that may alter the overall environmental performance
of the individual generation components. A system-wide
analysis of a utility system incorporating both thermal
generation and baseload wind generation would provide
additional insight into the potential emission reductions and
other environmental benefits of deploying wind generation
with energy storage.
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resource, operation of the energy storage system, and the
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This material is available free of charge via the Internet at
http://pubs.acs.org.
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