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Executive Summary
As renewable electricity becomes a larger portion of the electricity generation mix, new
strategies will be required to accommodate fluctuations in energy generation from these
sources. One of the primary strategies proposed for integrating large amounts of
renewable energy is using energy storage to absorb excess electricity-generating capacity
during times of low demand and/or high rates of generation by renewable sources and
then reconverting this stored energy into electricity during periods of high demand and/or
low renewable generation.
Various energy storage technologies have been developed or proposed. The goal of this
analysis was to develop a cost survey of the most-promising and/or mature energy
storage technologies and compare them with several configurations employing hydrogen
as the energy carrier. A simple energy arbitrage scenario was developed for a mid-sized
energy storage system consisting of a 300-MWh nominal storage capacity that is charged
during off-peak hours (18 hours per day on weekdays and all day on weekends) and
discharged at a rate of 50 MW for 6 peak hours on weekdays.
For all the hydrogen cases, off-peak and/or excess renewable electricity is used to
electrolyze water to produce hydrogen, which is stored in compressed gas tanks or
underground geologic formations. The hydrogen is reconverted into electricity using a
polymer electrolyte membrane (PEM) fuel cell or hydrogen expansion combustion
turbine. The hydrogen storage scenarios are compared with the use of several battery
systems (nickel cadmium, sodium sulfur, and vanadium redox), pumped hydro, and
compressed air energy storage (CAES).
All the energy storage systems are evaluated for the same energy arbitrage scenario using
consistent financial and operational assumptions. Costs and performance parameters for
the technologies were gathered from literature sources and, in the case of the hydrogen
expansion combustion turbine, Aspen Plus modeling. Producing excess hydrogen for use
in vehicles or backup power is also evaluated. Two production levels are analyzed: 1,400
kg/day (roughly equivalent to the U.S. Department of Energy's standard model for smallscale distributed hydrogen production) and 12,000 kg/day. As for the purely energy
arbitrage scenarios, it is assumed that hydrogen would be produced with offpeak/renewable electricity. Cost results for the analysis are presented in terms of the
annualized (“levelized” 1) cost for producing the energy output from the storage system:
electricity fed back onto the grid during peak hours ($/kWh) and, in the case of producing
excess hydrogen for vehicles, hydrogen ($/kg).
Figure ES - 1 summarizes the comparison of levelized cost of delivered electricity for
hydrogen (green bars) and competing technologies (blue bars). For each technology,
high-cost, mid-range, and low-cost cases were analyzed, and sensitivity analyses were
1

The levelized cost is the total annualized cost of the initial capital investment, interest, replacement costs,
disposal and/or salvage value, and variable and fixed operating costs over the lifespan of the facility
divided by the total yearly energy output from the system.
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performed to generate a range of possible costs for each case. In Figure ES - 1, the
bottom of the bars represents the low end of the range for the low-cost cases, and the top
of the bars represents the high end of the range for the high-cost cases. The numerals
shown are the nominal values of the mid-range cases; these mid-range values do not
represent a statistical determination of most-probable costs.
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The range of costs for each system reflects the range found in the literature and estimates
of potential cost reductions as technologies develop. The hydrogen fuel cell scenario cost
range reflects the comparative immaturity of fuel cell technologies for this application. It
is anticipated that costs for fuel cells will decrease as the technology matures. Hydrogen
combustion turbines could prove to be viable for energy storage applications and could
provide additional flexibility to utilities through co-firing of mixtures of natural gas and
hydrogen. Hydrogen technologies are competitive with battery systems for this
application and could be a viable alternative to pumped hydro and CAES at sites where
those technologies are not feasible.

Figure ES - 1. Ranges of levelized cost of output electricity for electricity storage systems

Using hydrogen for energy storage provides unique opportunities for integration between
the transportation and power sectors. An analysis was performed to evaluate the potential
cost implications of producing excess hydrogen for vehicles in addition to what is needed
for the electricity storage scenario. Producing a small amount of excess hydrogen (five
280-kg tanker-truck loads or 1,400 kg per day) for the vehicle market was evaluated by

iv

adding a hydrogen load to the mid-range energy storage case with aboveground storage
of hydrogen. Producing this small amount of excess hydrogen reduces the overall
levelized cost of energy for this scenario by about 6% compared with the purely energy
arbitrage scenario. 2 The excess hydrogen is produced for $4.69/kg. Excess hydrogen
produced in this way is still not competitive with hydrogen produced in a dedicated,
distributed electrolysis process with the same daily output of hydrogen ($4.00/kg
untaxed). However, for producing larger volumes of excess hydrogen to feed into a
hydrogen pipeline, the scenario with energy storage plus excess hydrogen could be
competitive with a dedicated hydrogen production facility. The energy storage plus
excess hydrogen scenario produces 500 kg/hour (12,000 kg/day) of excess hydrogen for
$3.33/kg (untaxed). A dedicated, centralized, 500-kg/hour electrolysis facility produces
hydrogen for $6.86/kg (untaxed).

2

The levelized cost of energy includes electricity fed to the grid plus hydrogen for vehicles but not
hydrogen used as an intermediate energy storage medium. See
http://homerenergy.com/documents/MicropowerSystemModelingWithHOMER.pdf for a detailed
explanation of the cost calculations.
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1 Introduction
This report presents the results of an analysis evaluating the economic viability of
hydrogen for medium- to large-scale electrical energy storage applications compared with
three other storage technologies.
•
•
•

Batteries
Pumped hydro
Compressed air energy storage (CAES)

2 Analysis Methodology
Potentially viable hydrogen production and storage scenarios were developed, and a
lifecycle economic analysis was performed to determine the levelized cost of delivering
energy for these scenarios. The results were benchmarked against the three competing
technologies on an “apples to apples” basis. Sensitivity analyses were performed for three
cost cases for each technology.
2.1 Scenario Definitions
An energy arbitrage scenario was developed to simulate the storage and dispatch back to
the grid of electricity at favorable cost, supply, and demand conditions. Additional
scenarios were developed to simulate the production of excess hydrogen along with the
energy storage and dispatch functions.
2.1.1 Energy Arbitrage Scenario
Although each utility service area is unique, analysis of a utility’s hour-by-hour marginal
costs generally shows that a percentage of electricity demand is met at very low cost—
typically $0.02–$0.03 per kWh or less—using baseload-generation units. Above that, the
marginal production cost from peak-generation units increases to $0.04–$0.10 or more
per kWh (Ramsden et al. 2008). Systems that store electricity during low-demand/cost
periods and supply it during high-demand/cost periods displace this higher-marginal-cost
peaking power. A study by Sioshansi et al. (2008) for the PJM system 3 showed that, for
small energy storage devices for which the electricity produced for energy storage does
not affect grid electricity prices, more than 50% of the total capturable arbitrage value of
the system is obtained during the first four hours of discharge. With longer-term storage
allowing inter-day arbitrage and weekend charging, eight hours of storage captures about
85% of the potential value. Six hours of discharge was selected for this study.
An energy arbitrage scenario matching the scenario in Ramsden et al. (2008) was used in
this study in which grid electricity from renewable or other sources is stored when
electricity demand and cost are low and/or when renewable sources must be used in the
absence of equivalent demand. The stored energy is converted back to electricity and
dispatched to the grid during periods of peak electricity demand and cost. The scenario
3

PJM Interconnection is a regional transmission organization that coordinates the movement of wholesale
electricity in all or parts of 13 states and the District of Columbia (see www.pjm.com).
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corresponds to the bulk energy storage application definition used by Schoenung and
Hassenzahl (2003). Table 1 lists key parameters of this scenario.
The primary figure of merit for this scenario is levelized cost of delivered electricity
(LCOE), defined as the total annualized cost of the storage system divided by the annual
energy output from the system. In the case of the purely energy arbitrage scenario, the
output energy is the yearly total of electricity fed onto the grid during peak hours on
weekdays. For the scenarios including production of excess hydrogen for the vehicle
market, the output energy for the system is the yearly electricity production plus the
yearly production of hydrogen used for vehicles. The annualized costs include the initial
capital investment, replacement costs, end-of-life costs or credits, and fixed and variable
operating costs summed over the lifetime of the facility and divided by the facility
lifespan. The storage system might also meet requirements for spinning reserve and other
services, but no value is assigned to these services because of the wide variety of factors
affecting the value of these services for a particular utility and the variations in
requirements for different utilities. Off-peak electricity costs used in this study do not
include transmission and distribution charges. The analysis also does not include
consideration of business taxes.
Table 1. Key Parameters of Energy Arbitrage Scenario
Energy storage system capacity
Plant life
Interest rate on debt
Debt financing
Off-peak/renewable electricity
cost
Natural gas cost (CAES system)
1

50 MW for 6 peak hours each weekday (300 MWh/day)1
40 years2
10%3
100%3
$0.025–$0.06/kWh; $0.038/kWh is used as the baseline
renewable/off-peak electricity price for this study4
$7/MMBtu

The remaining 18 hours per day on weekdays and all day on weekends are assumed to be off-peak hours when the
system can be charged.
2
Some equipment is replaced at more frequent intervals.
3
100% debt financing and 10% interest rate is equivalent to the H2A model standard assumption of 100% equity financing
and 10% IRR.
4
$0.038/kWh is the value used for wind-generated electricity in Ramsden et al. (2008) and is consistent with current
estimates for wind-generated electricity costs. $0.06/kWh represents a conservative cost for electricity from renewable
sources. $0.025/kWh represents very-low-cost, off-peak electricity for sensitivity analyses.

2.1.2 Excess Hydrogen for the Vehicle Market
Using hydrogen for large-scale energy storage could also provide an economical source
of hydrogen for fuel cell vehicles. Two basic scenarios for production of excess hydrogen
for vehicles were evaluated. In both scenarios, the energy storage scenario remains
unchanged, but additional hydrogen is produced for use in vehicles.
In the first scenario, it is assumed there would be demand for five 280-kg (1,400-kg/day)
gaseous tankers of hydrogen per day from the storage system. This scenario produces
511,000 kg of hydrogen per year for vehicle use, which is roughly equivalent to the
output from one forecourt hydrogen station and about 12% of the hydrogen produced for
the energy storage scenario. 4 It is assumed that the electrolyzer system would be sized
4

Current Forecourt Hydrogen Production from Grid Electrolysis (1,500 kg per day) version 2.1.2
(www.hydrogen.energy.gov/h2a_prod_studies.html).
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slightly larger but would operate on the same schedule as the energy storage scenarios to
take advantage of low electricity prices and provide additional load during times of low
electricity demand. It is assumed that the hydrogen would be stored in aboveground steel
tanks that could be loaded onto a trailer.
The second scenario is similar to the first in that the electrolyzer system is sized to
accommodate production of additional hydrogen during off-peak hours. However, in this
scenario, approximately the same amount of hydrogen is produced for vehicles on a
yearly basis as is produced to fuel the fuel cell for peak electricity production. This
scenario assumes that 500 kg/hour of hydrogen flows into a pipeline at all times.
Geologic storage and pipeline transport of the hydrogen is assumed. Costs were
developed for production and storage of the hydrogen for both scenarios. Costs for
transport of the hydrogen to refueling stations were not considered.
2.2 HOMER Model
The facility lifecycle economic analyses were performed using HOMER, the National
Renewable Energy Laboratory's distributed-generation economic model. 5 System
components, available energy resources, and loads were modeled hour by hour for a
single year with energy flows and costs held constant over a given hour. HOMER
requires inputs such as subsystem component options and performance, capital and
replacement costs, fuel and electricity costs, and resource availability. It uses these inputs
to simulate different system configurations and generate a list of feasible configurations
sorted by net present cost (NPC). HOMER also reports the cost of energy produced for
each feasible system configuration, reported on a $/kWh basis. Because the energy
storage systems modeled in this study always produce the same amount of electricity, the
system configuration with the lowest NPC is also the configuration with the lowest cost
of electricity. As such, the system configuration with the lowest cost of energy is also the
most economic solution.
HOMER defines LCOE as the average cost per kWh of useful electrical energy (and
hydrogen if produced as a product rather than as a storage medium) produced by the
system. To calculate the LCOE, HOMER divides the annualized cost of producing
electricity and/or hydrogen (the total annualized cost minus the cost of serving the
thermal load) by the total useful electric and hydrogen energy production. For the energy
arbitrage system modeled in this study, the cost of electricity is simply the total
annualized cost of the system ($/yr) divided by the total primary AC load served
(kWh/yr). Details on the calculations can be found in Lambert et al. (2006).
2.3 Cost and Sensitivity Analyses
The energy arbitrage scenario was analyzed for four energy storage technologies and
three cost values:
•
•
•
•
5

Hydrogen (fuel cell production of electricity and hydrogen combustion turbine)
Batteries (vanadium redox, nickel cadmium, and sodium sulfur)
Pumped hydro
CAES

HOMER: https://analysis.nrel.gov/homer.
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High cost. These cost and efficiency values represent a conservative estimate for current
technologies. In most cases, the values were derived from studies that compiled costs
from actual installations. In many cases, these costs represent first-generation
installations and conservative estimates of costs for installations that could be built at the
time the referenced study was developed.
Mid-range cost. These values were derived from estimated technology improvement,
size scale-up, and bulk manufacturing cost reductions projected to be available in the near
future (3 to 5 years).
Low cost. These values were derived assuming optimal or “fully mature” technologies
and many large-scale installations. In some cases, they were derived from existing
studies, and in some cases they were based on percentage reductions in cost that are
consistent with projections for similar technologies.
Pumped hydro is the most mature technology considered in this analysis. Pumped hydro
systems of varying sizes, including very large installations up to nearly 3,000 MW, have
been installed throughout the world. The remaining technologies included in this analysis
are much less established. Although CAES involves well-established commercial
technologies (compressors and gas turbines), and many designs and projects have been
proposed, only two facilities have been built. Battery systems are also commercially
available but have not been implemented extensively for bulk energy storage.
Electrolyzers and hydrogen fuel cells are also commercially available but have never
been combined for bulk energy storage applications. The timeframe for achieving the
low-cost case may be much greater for the fuel cell systems than for more established
technologies.
Costs for energy storage systems depend on the power (kW) and energy (kWh) capacity
of the systems in addition to fixed costs that are independent of system size (EPRI 2007).
Costs that depend on system power capacity include the power conditioning system
(PCS), cell stack for fuel cells and flow batteries, and pumping or compression
equipment for pumped hydro and CAES systems. Costs that depend on energy storage
capacity include battery capital costs, some balance of plant (BoP), and electrolyte and
electrolyte storage systems for vanadium redox batteries. Fixed costs include, for
example, control systems, construction management, and permitting. The total capital
cost for the system can be described by the following equation (EPRI 2007):
Capital Cost = (power capacity × $/kW) + (duration × $/kWh) + fixed cost Eq. 1
Although this equation generally holds, capital cost components are represented
differently in different references used in this analysis. To maintain consistency and
allow for comparisons between different sources, values in this report are presented using
the breakdown shown in Equation 1. These may differ from the presentation in the
original source. Cost values in tables presenting an overview of sources and background

4

information are shown in their original units. All values used in the cost modeling for this
study were escalated to $2008 using the GDP Implicit Deflator Price Index. 6
The storage system must be sized to account for energy losses during the electricity
conversion and storage processes as well as equipment mechanical or voltage limitations
that prevent the system from being discharged fully during operation (Schoenung and
Hassenzahl 2003). Cost modeling must account for the oversizing of the system needed
to provide the required delivered electricity. Voltage/capacity limitations are especially
important for sizing of battery systems. The HOMER battery model accounts for these
limitations based on default or user-input battery profiles. Cost information is typically
presented based on the net power capacity per discharge cycle and net power output of
the plant. Therefore, all capacity-related costs ($/kWh) are based on 300 MWh (50 MW ×
6 hours), and all power-related costs ($/kW) are based on 50-MW net power output for
the plant.
Lifecycle costs for each of the technology cases were calculated using HOMER. Results
are presented for initial capital investment and system NPC, including operating costs.
Low-cost, mid-range, and high-cost cases were developed for each technology.
Sensitivity analyses were performed for each of the three cost cases for all the
technologies. Sensitivity analyses include initial capital costs, cost of electricity for
charging the system, and fixed operating costs. Additional sensitivity analyses were
performed for the cavern/tank/reservoir costs for CAES, fuel cell, and pumped hydro
systems and the CAES system cost sensitivity to the price of natural gas fuel for the
combustion turbine. Table 2 lists the sensitivity values used in the analysis.
Table 2. Values for Energy Storage Technology Sensitivity Analyses
Value
Initial capital

± 20 %

Fixed operating cost

± 20 %

Off-peak electricity cost

$0.025,
$0.038,
and $0.06
per kWh

Cavern/reservoir cost

± 50 %

Vanadium redox
electrolyte

± 50 %

Notes
Battery systems, electrolyzer/fuel cell
systems, hydrogen aboveground tanks,
compressors, and pumps
The price of off-peak electricity varies
significantly with location and local utility
rate structures. The price of off-peak
electricity may vary from $0.02/kWh to
$0.14/kWh (EPRI 2006).
Sensitivity values were varied over a
wider range owing to higher variability in
costs due to location constraints.
Sensitivity values were varied over a
wider range owing to high volatility in
vanadium prices.

6

GDP Implicit Price Deflator (Index, 2000 = 100), available from Short Term Energy Outlook, Table 9a,
August 12, 2008, www.eia.doe.gov/emeu/steo/pub/contents.html.
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3 Energy Storage Technologies and Costs
The energy storage technologies analyzed in this study range in maturity from novel
concepts to commercial systems used for decades. Current cost and performance
information was combined with projections of future technological development to model
each technology and cost case.
3.1 Hydrogen Systems
The energy arbitrage scenario was analyzed for three hydrogen cases. In each case, an
electrolyzer system converts electricity into hydrogen (by electrolyzing water), which is
stored in either steel tanks or geologic caverns for later conversion back into electricity.
In the first two cases, a fuel cell system converts the hydrogen into electricity (Figure 1).
In the third case, the hydrogen fuels an expansion/combustion turbine system.

Electricity

Electrolyzer

Hydrogen
Storage

Fuel Cell

Figure 1. Hydrogen electrical energy storage and dispatch scenario

Ramsden et al. (2008) evaluated use of a hydrogen internal combustion engine (ICE) for
production of electricity from the storage system. They found that the low roundtrip
efficiency of between 21% and 36% for the ICE cases compared with 36% to 50%
roundtrip efficiency for the fuel cell cases did not compensate for the potentially lower
cost of the ICE. The initial capital cost of the ICE system was, in fact, higher than the
initial capital costs for the comparable fuel cell scenario that was also based on steel tank
(aboveground) storage. The capital cost for the hydrogen ICE was only slightly less than
the cost for the fuel cell: $720/kW ($2005) for the ICE versus $740/kW ($2005) for the
fuel cell for the near-term case. The low efficiency of the hydrogen ICE required both
increased hydrogen storage capacity and a larger electrolyzer system, which increased the
overall cost. Therefore, a fuel cell was used for electricity generation from the storage
system in most cases evaluated in this study. However, the use of hydrogen in place of
natural gas as the fuel for the combustion turbine in a compressed air/compressed
hydrogen comparison was analyzed (see Section 3.1.3).
In summary, the three hydrogen energy arbitrage scenarios are as follows:

6

•

Case 1—Compressed hydrogen stored aboveground in steel tanks and polymer
electrolyte membrane (PEM, also called proton exchange membrane) fuel cell for
conversion of the stored hydrogen energy into electricity.

•

Case 2—Compressed hydrogen stored underground (i.e., geologic storage) in salt
caverns and PEM fuel cell for conversion of the stored hydrogen energy into
electricity.

•

Case 3—Compressed hydrogen stored underground (i.e., geologic storage) in salt
caverns and hydrogen combustion turbine for conversion of hydrogen energy into
electricity.

The use of hydrogen for energy storage provides unique opportunities for integration
between the transportation and power sectors. Additional analyses were performed to
evaluate the potential cost implications of producing excess hydrogen for use in vehicles,
in addition to what is needed for the electricity storage scenario. See Section 2.1.2 for a
description of these scenarios.
Geologic Storage
In general, geologic hydrogen storage is anticipated to be considerably cheaper than
storing hydrogen in steel tanks. However, development of geologic storage reservoirs is
highly dependant on the characteristics of the geologic formation. EPRI-DOE (2003) cost
estimates for developing underground storage facilities for CAES systems range from
$0.10/kWh ($2003) for porous rock formations to $30/kWh ($2003) for excavation of
hard-rock formations. The storage volume required for a hydrogen-based system would
be orders of magnitude less than the volume required for an equivalent-energy-capacity
CAES reservoir because of the higher caloric value of the hydrogen. Crotogino and
Huebner (2008) estimated the energy density for a typical CAES system at 2.4 kWh/m3;
for a comparable hydrogen reservoir, they estimated 170 kWh/m3. Table 3 shows the
range of costs for geologic storage cavern development for CAES and hydrogen
assuming the energy density values given by Crotogino and Huebner. Geologic storage
costs for hydrogen developed for the H2A Delivery Components Model (Argonne
National Laboratory 2009/2009a) are shown for comparison. That analysis is based on a
natural gas storage facility in Saltville Virginia. 7 The values given in the H2A Delivery
Components Model are used for the geologic storage costs in this report. The current cost
estimate for storage of hydrogen in aboveground tanks is $623/kg or ~$19/kWh
(Ramsden et al. 2008).

7

Spectra Energy, Saltville Gas Storage:
www.spectraenergy.com/what_we_do/businesses/us/assets/saltville.
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Table 3. Costs of Geologic Storage Cavern Development for CAES and Hydrogen
Formation Type

1

Solution-mined salt caverns2
Dry-mined salt caverns2
Rock caverns created by
excavating comparatively
impervious rock formations2
Naturally occurring porous
rock formations (e.g.,
sandstone and fissured
limestone) from depleted gas
or oilfields2
Abandoned limestone or coal
mines2
Geologic storage of
hydrogen3

Air $/kWh
($2003)

Air $/kWh
($2008)

Air $/m3
($2008)

Hydrogen
$/kWh1

1.00
10.00

1.20
11.50

2.88
27.60

0.02
0.16

30.00

35.00

84.00

0.49

0.10

0.12

0.29

0.002

10.00

11.50

27.60

0.16

N/A

N/A

N/A

0.30

3

Hydrogen storage cavern development cost is calculated assuming the same $/m as for CAES cavern development and
energy density from Crotogino and Huebner (2008).
Source: EPRI (2003) and Crotogino and Huebner (2008).
3
Equation from H2A Delivery Scenario Analysis Model Version 2.02, for 41,000-kg usable storage capacity,
www.hydrogen.energy.gov/h2a_delivery.html.
2

Hydrogen storage in geologic formations would have considerable advantages over
comparable air storage. However, systems using geologic storage can be more difficult to
site compared with steel tank systems. Hydrogen is currently stored in solution-mined
salt domes in the U.S. Gulf Coast. Figure 2 shows the location of known U.S. salt
deposits. A major advantage of solution-mined salt caverns is that they can be developed
to any size, allowing use of minimal volumes of cushion gas (the gas required to maintain
the minimum pressure in the cavern) even for very small installations such as the one
envisioned in this study.

8

Figure 2. Known U.S. salt deposits (Casey 2009)

Potential issues involved with geologic storage of hydrogen include salt flow over time
(shrinkage of approximately 0.25% per year), subsidence, and deformation/breakage of
the shaft causing equipment damage (Casey 2009). Alternatives include hydrogen
storage, as liquid or as high-pressure gas, in buried tanks, or in hard-rock formations
using a water curtain to contain the hydrogen (IKA 2009). Hydrogen stored in caverns
may also require purification before it can be used in PEM fuel cells (in stationary or
vehicle applications).
Additional types of geologic formations may be suitable for hydrogen storage. The U.S.
Department of Energy (DOE) Fuel Cell Technologies Program has investigated the
potential for hydrogen storage in geologic formations and identified areas for further
research (Borns and Lord 2008). In general, caverns, whether natural or mined, must
provide containment of the gas. In excavated caverns, this can be accomplished by lining
the cavern with steel or using hydraulic pressure in the surrounding rock. In addition to
salt caverns, depleted gas reservoirs and aquifers were identified as probable candidates
for underground storage of hydrogen. Figure 3 and Figure 4 show locations of depleted
gas reservoirs and aquifers in the United States. Further research is needed to ensure
hydrogen containment and purity, including investigation of hydrogen mobility in
different rock types, hydrogen embrittlement, gas mixing, and the effect of hydrogen on
rock properties.
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Figure 3. Location of major oil and gas fields in the United States (Borns and Lord 2008)

Figure 4. Location of sedimentary basins in the United States (Borns and Lord 2008)

3.1.1 Hydrogen Fuel Cell System Description
Stationary PEM fuel cells were selected for the energy arbitrage scenario examined in
this study (Figure 5). PEM fuel cells may be more appropriate for the study application
because of their low operating temperature and ability to cycle on and off more readily
than fuel cells that operate at higher temperatures. However, the scenario envisioned here
would require much larger fuel cells than are currently available. A literature search was
performed to identify cost and efficiency trends for PEM fuel cells. Values used in this
analysis were derived primarily from the references shown in Table 4.
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Figure 5. Schematic of a PEM fuel cell (DOE 2009)
Table 4. References Used to Define PEM Cost and Efficiency Values

1

High Cost
Lipman et al. (2004)
LoganEnergy (2008)1
LoganEnergy (2007)1
Oak Ridge (2008)

Mid-range
Stone (2005)
DOE (2007)

Low Cost
Lipman et al. (2004)
DOE (2007)

Plug Power 5-kW PEM fuel cell for backup power, bottled hydrogen supply

Figure 6 illustrates the spread in costs for existing stationary PEM fuel cell installations at
military bases and stationary PEM fuel cell cost estimates for mass-produced fuel cells
(Dhathathreyan and Rajalakshmi 2007, Stone 2005, Lipman et al. 2004). The year is the
installation year for the fuel cells installed at military bases and the year referenced in the
studies. These costs are presented to illustrate the range in values for cost estimates and
actual costs for installations of varying size and purpose. The fuel cells installed at the
military bases were very small (5-kW) systems. No attempt was made to convert the
dollars to a reference year.
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Figure 6. Existing PEM fuel cell costs and estimates for mass production (MP) of PEM fuel cells

Table 5 lists the specifications for the PEM fuel cell used in this analysis. Currenttimeframe costs presented for the PEM fuel cells are for the fuel cell stack and auxiliary
BoP equipment taken from actual installations. Costs for a reformer/shift reactor are not
included in these costs. PCS components for the electrolyzer and fuel cell are assumed to
be included in the costs for these systems.
The efficiency values for the PEM fuel cell system are derived from DOE’s Multi-Year
Research, Development, and Demonstration Plan (MYPP) status and target values for
stationary and transportation PEM fuel cell power systems (DOE 2007). The high-cost
and mid-range cases are based on large (250 kW and larger) stationary fuel cells. The
low-cost case assumes somewhat smaller (80–100 kW) fuel cells typically used in
automotive applications. For assessing progress against target values, the MYPP defines
electrical efficiency for stationary PEM fuel cell systems as “the ratio of DC output
energy to the LHV [lower heating value] of the input fuel (natural gas or LPG [liquefied
petroleum gas]) average value at rated power over life of power plant.” The MYPP
definition assumes that stationary hydrogen fuel cells will be integrated with a fuel
reformer, which converts natural gas into a hydrogen-rich feed stream for the fuel cell.
For the analysis of hydrogen energy storage scenarios, however, hydrogen is produced by
an electrolyzer rather than by natural gas reforming. Therefore, efficiency values for the
fuel cell without the reformer are used here. The MYPP shows an overall system
efficiency (including the reformer) of 32% in 2005 with a target of 40% in 2011.
Assuming an overall system efficiency of 40% and a reformer efficiency of 85% (Stevens
and Lightner 2003) gives a fuel cell subsystem efficiency of 47%. The low-cost case
efficiency value is based on DOE targets for automotive PEM fuel cells operating at 25%
of rated power (DOE 2007).
For the purpose of this analysis, it was assumed that the electrolyzer and fuel subsystem
costs include power conversion and BoP costs. Fuel cell costs are based on the references
12

listed in Table 4. DOE estimates of current costs and near-term targets ($2,500/kW and
$750/kW, respectively, in $2005) for stationary PEM fuel cells are comparable to the
high-cost and mid-range cases (DOE 2007). The value of $434/kW for the low-cost case
is consistent with projected values for stationary fuel cells (Lipman et al. 2004) as well as
DOE automotive fuel cell cost targets adjusted to account for low-power operation and
increased BoP costs associated with the larger number of fuel cells required. Durability is
assumed consistent with projections for stationary fuel cells.
Table 5. Components for Analysis of PEM Fuel Cell
High-Cost Case
Values

Mid-Range
Case Values

Low-Cost Case
Values

$3,000/kW

$813/kW

$434/kW

13 yr1/30% of
initial capital
cost

15 yr/30% of
initial capital
cost

26 yr1/30% of
initial capital
cost

O&M costs

$50/kW-yr2

$27/kW-yr

$20/kW-yr2

Fuel cell life

13 yr (20,000hour operation)

15 yr (24,000hour operation)

26 yr (40,000hour operation)

47%

53%3

58%4

System
Component
Fuel cell system
installed capital
cost ($2008)
Stack replacement
frequency/cost

Fuel cell system
efficiency (LHV)
1

DOE (2007), Chapter 3.4; 20,000 hours for stationary PEM reformate system fuel cells 5–250 kW has been
demonstrated. The goal for 2011 is, “By 2011, develop a distributed generation PEM fuel cell system operating
on natural gas or LPG that achieves 40% electrical efficiency and 40,000 hours durability at $750/kW.”
Validated by 2014. Twenty thousand hours (13 years) was used for the high-cost value, and 40,000 hours (26
years) was used for the low-cost value.
2
Values are from Lipman et al. (2004).
3
Current technology value for stack efficiency is approximately 55% (O’Hayre et al. 2006). Value is mid-way
between the high and low estimates.
4
Assumed stack efficiency of 60% (MYPP 2010 target for direct hydrogen fuel cells for transportation) with 2%
conversion losses for integrated system.

Table 6 shows electrolyzer and storage system efficiency and costs. The electrolyzer
system is based on the H2A central electrolysis cost analysis models. 8 The system
modeled is a standalone, grid-powered electrolyzer system based on the Hydro bipolar
alkaline electrolyzer (Atmospheric Type No. 5040 - 5150 Amp DC). Each electrolyzer is
capable of producing 1,049 kg/day of hydrogen. The electrolyzer units use process water
for electrolysis and cooling water for cooling. Potassium hydroxide (KOH) is needed for
the electrolyte in the system. The system includes the following equipment: transformer,
thyristor, electrolyzer unit, lye tank, feed water demineralizer, hydrogen scrubber, gas
holder, two compressor units, deoxidizer, and twin tower dryer.

8

Current Central Hydrogen Production from Grid Electrolysis version 2.1.1 and Future Central Hydrogen
Production from Grid Electrolysis version 2.1.1 (www.hydrogen.energy.gov/h2a_prod_studies.html).
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Table 6. Hydrogen fuel cell system efficiency and cost

1

Electrolyzer system efficiency
(LHV/HHV)
Electrolyzer capital cost ($2008)
Steel tank storage compressor
electricity use (kWh/kg H2)1
Steel tank storage capital cost
($2008)2,3
Geologic storage compressor
electricity use (kWh/kg H2)4
Geologic storage capital cost
($2008)5,6

High-Cost
Values

Mid-Range
Values

Low-Cost
Values

62% / 73%

68.5% / 81%

73.5% / 87%

$830/kW

$450/kW

$340/kW

4

4

4

$51.2 million

$29.8 million

$16.9 million

2.2

2.2

2.2

$4.75 million

$4.48 million

$4.44 million

Hydrogen compression for tube trucks (05D_H2A_Delivery_Scenario_Analysis_Model_Version_2.02.xls).
Capital cost includes tanks, compressor, and BoP.
Hydrogen compressed to 2,500 psi.
4
Hydrogen compression for bulk storage (05D_H2A_Delivery_Scenario_Analysis_Model_Version_2.02.xls).
5
Hydrogen compressed to 1,800 psi.
6
Cavern and compressor.
2
3

3.1.2 Hydrogen Fuel Cell System Cost Results
Figure 7 presents the NPC values for the hydrogen fuel cell energy arbitrage scenario
with geologic hydrogen storage. For all the fuel cell cases, purchase of off-peak
electricity constitutes a significant fraction of the overall cost. This is due to the low
overall roundtrip efficiency of the systems. The roundtrip LHV efficiencies are 28%,
35%, and 41% for the high-cost, mid-range, and low-cost cases, respectively.
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Capital
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O&M

$250,000,000

Electricity

$200,000,000
$150,000,000
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Total system

Fixed O&M
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Electricity

Total system

Fixed O&M

Hydrogen Tank

Electrolyzer
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Electricity

Total system

Fixed O&M

Hydrogen Tank

Electrolyzer

Fuel Cell

$0

Electricity

Net Present Cost

$300,000,000

Low-Cost Case

Figure 7. Hydrogen fuel cell energy arbitrage scenario with geologic storage NPC

14

An additional case was run using the DOE cost target value of $45/kW for automotive
PEM fuel cells, which is almost ten times lower than the $434/kW for the PEM fuel cells
in the low-cost case (DOE 2007). The automotive fuel cell was assumed to have a 5,000hour life, about one quarter to one eighth of the expected operating life for stationary
PEM fuel cells. The total system NPC for the automotive fuel cell case is approximately
$116 million, giving an LCOE of about $0.15/kWh. This compares with a NPC of $134
million and LCOE of about $0.18/kWh for the stationary fuel cell with geologic
hydrogen storage low-cost case. The high replacement frequency for the automotive fuel
cell reduces the advantage of the lower capital cost.
Figure 8 presents the NPC for the hydrogen fuel cell energy arbitrage scenario using
aboveground steel tank storage for the hydrogen. As for the geologic storage fuel cell
cases, purchase of off-peak electricity constitutes a significant fraction of the overall cost.
The roundtrip LHV efficiencies are 27%, 34%, and 39% for the high-cost, mid-range,
and low-cost cases, respectively.
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$350,000,000

O&M

$300,000,000

Electricity

$250,000,000
$200,000,000
$150,000,000
$100,000,000
$50,000,000
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Mid-Range Case

Total system

Fixed O&M

Hydrogen Tank

Electrolyzer

Fuel Cell

Electricity

Total system

Fixed O&M

Hydrogen Tank

Electrolyzer

Fuel Cell

Electricity

Total system

Fixed O&M

Hydrogen Tank

Electrolyzer

Fuel Cell

Electricity

$0

Low-Cost Case

Figure 8. Hydrogen fuel cell energy arbitrage scenario with aboveground storage NPC

Figure 9 and Figure 10 present the sensitivities for the hydrogen fuel cell energy arbitrage
scenarios. For the fuel cell cases, the electrolyzer efficiency baseline value was varied for
the three cost cases (see Table 6). These same values were used in the sensitivity
analysis, resulting in “one-tailed” sensitivities for the low- and high-cost cases. In the
mid-range and low-cost geologic storage cases, the electrolyzer efficiency is the second
most important cost driver after off-peak electricity price. The overall cost impact of
varying the geologic storage cost by ± 50% has a negligible effect on the overall cost of
delivered energy for the geologic storage cases because of the very high energy density of
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hydrogen. Using aboveground storage rather than geologic storage adds between 6% and
18% to the cost of delivered energy.
LOW-COST CASE

$0.18

Electricity price
Fuel cell capital cost
Electrolyzer efficiency
Fixed O&M
Geologic storage capital cost
Electrolyzer capital cost
MID-RANGE CASE

$0.24

Electricity price
Fuel cell capital cost
Electrolyzer efficiency
Fixed O&M
Geologic storage capital cost
Electrolyzer capital cost
HIGH-COST CASE

$0.50

Electricity price
Fuel cell capital cost
Electrolyzer efficiency
Fixed O&M
Geologic storage capital cost
Electrolyzer capital cost

0.14

0.18

0.22

0.26

0.3

0.34

0.38

0.42

0.46

0.5

0.54

0.58

Cost of Energy ($/kWh)

Nominal cost values shown may not line up precisely with x-axis values due to rounding.

Figure 9. Cost sensitivity for hydrogen fuel cell scenario with geologic hydrogen storage
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Nominal cost values shown may not line up precisely with x-axis values due to rounding.

Figure 10. Cost sensitivity for hydrogen fuel cell scenario with steel tank hydrogen storage
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3.1.3 Hydrogen Expansion Combustion Turbine System Description
Several companies are developing hydrogen combustion turbines. Toshiba is developing
a hydrogen combustion turbine that generates steam from hydrogen and oxygen to run a
steam turbine for electricity under the Japanese World Energy Network (WE-NET)
research program. Pilavachi et al. (2009) list the efficiency for a hydrogen combustion
turbine in the 70% range (LHV). The technology involves a combustion chamber in
which hydrogen and oxygen combine to produce steam, which is then used to drive a
turbine. In the energy storage scenario envisioned for this study, pure oxygen is collected
from the electrolyzer and used for co-firing with the hydrogen in the plant. Costs for the
hydrogen turbine using the efficiency stated in Pilavachi et al. (2009) represent the lowcost case. Collection, compression, and storage of the oxygen are assumed to be included
in the costs. In 2005, General Electric and Siemens were awarded DOE research grants
for hydrogen gas turbine development as part of advanced hydrogen turbine research for
use in integrated gasification combined cycle (IGCC) plants (DOE-FE 2005).
Costs shown in Table 7 were collected for gas turbine power plants that are part of a
larger system. Costs include equipment, installation, auxiliaries, and BoP. Costs for
hydrogen gas turbines are generally seen in the context of IGCC or biomass IGCC plants.
Table 7. Costs for Conventional and Hydrogen-Fueled Gas Turbine Plants
Source

Year

Raw data

Converted
$2008/kW

Afgan and
Carvalho (2004)

2004

750 €/kW

$1,044

Phadke et al.
(2008)

2008

$758/kW

$758

Siemens (2007)

2008

< $,1000

$1,000

Pilavachi et al.
(2009)

2008

680 €/kW

$1,001

Notes
From Onanda.com historical data,
using average Euro:USD for 2004 =
1.244; based on simple natural gas
turbine plant
Compares several coal cycles; this is
plant for IGCC gas turbine.
"Power block (equipment +
construction): 2 hydrogen-fueled gas
turbines, 2 heat recovery steam
generators, 1 steam turbine, 3
generators, and all associated
auxiliaries/controls/BoP equipment"
From Onanda.com historical data,
using average Euro:USD for 2008 =
1.47; costs includes total power plant
costs - equipment and installation

A hydrogen expansion combustion turbine was substituted for the PEM fuel cell in two
cases, one using geologic storage and one using aboveground tank storage. Costs for the
electrolyzer, compressor, and storage system are the same as for the mid-range cost fuel
cell cases. Aspen modeling was performed to derive the energy balance information for
the hydrogen combustion turbine cases. A process flow diagram for the geologic storage
case is shown in Figure 11. Hydrogen is compressed to a maximum cavern pressure of
1,262 psia using a four-stage compressor with intercoolers.
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For the power generation system, hydrogen from the storage system is preheated with
combustion exhaust prior to the expander stage. Compression requires approximately
0.76 kWh/kg of hydrogen. Approximately 0.83 kWh/kg is recovered from the preheated
hydrogen in the expander. For the cost analysis, it is assumed that additional electricity is
purchased for compression and that compression energy is recovered. The combustion
turbine efficiency values given in Table 8 include additional energy recovered from
expansion. Combustion air is fed to the turbine at a stoichiometric ratio of 3.7. The high
airflow provides cooling, which reduces nitrogen oxides (NOx) emissions (Dennis 2008a,
Dennis 2008b, Juste 2006). NOx emissions could be reduced further using a catalytic
process.
Approximately 58% of the turbine output power is consumed for compression of the air
for the modeled combustion turbine. The energy efficiency of the combustion turbine
modeled in Aspen was used for the high-cost case. Plant cost values from Phadke et al.
(2008) were used for the low-cost case. Cost values for the analysis of the hydrogen
combustion turbine are given in Table 8.
Table 8. Components for Analysis of Hydrogen Combustion Turbine
High-Cost Values
(aboveground
storage)

Mid-Range Values
(geologic storage)

Low-Cost Values
(geologic storage)

$1,000/kW

$1,000/kW

$760/kW

20 years / 100% of
initial capital cost

20 years / 100% of
initial capital cost

20 years / 100% of
initial capital cost

Turbine O&M costs

$0.008/kW-yr

$0.008/kW-yr

$0.006/kW-yr

Combustion turbine
efficiency2

42%

70%

70%

System Component1
Expansion combustion
turbine
Replacement
frequency/cost

1

Pilavachi et al. (2009). Costs are presented in Euros. Values are assumed to be in €2009. A conversion rate of $1.47/€
was assumed.
2
Pilavachi et al. (2009).

3.1.4 Hydrogen Expansion Combustion Turbine System Cost Results
Figure 12 presents the NPC for the hydrogen expansion combustion turbine energy
arbitrage scenario using aboveground steel tank storage for the high-cost case and
geologic storage for the mid-range and low-cost cases. The roundtrip (AC-to-AC)
efficiency for the low-cost and mid-range cases is 48% (LHV). The roundtrip efficiency
for the high-cost case is 29% (LHV).
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Figure 11. Process flow diagram for hydrogen combustion turbine system
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Figure 12. NPC values for the hydrogen turbine cases

Figure 13 shows the sensitivity of the LCOE to variations in cost and efficiency values
for the hydrogen turbine cases. In all cases, off-peak electricity price is the primary cost
sensitivity value owing to the low roundtrip efficiency of the system.
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Figure 13. Sensitivity analysis for substitution of a hydrogen expansion combustion or
steam turbine for the PEM fuel cell
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3.1.5 Excess Hydrogen for the Vehicle Market System Description and
Costs
Two scenarios for production of excess hydrogen were evaluated. The mid-range cost
cases (aboveground and geologic storage) for the hydrogen energy arbitrage scenario
were used as the base case for the analysis of excess hydrogen production.
In the first scenario, it was assumed that demand exists for five gaseous tankers (280 kg
per tanker) of excess hydrogen per day. The system was optimized for the hydrogen tank
size and electrolyzer system size to meet both the fuel cell demand for hydrogen and
supply the gaseous tanker trucks using off-peak electricity (i.e., the electrolyzer is
operated for 18 off-peak hours on weekdays and 48 hours over each weekend). It was
assumed that the tankers would be filled approximately every two hours. The NPC for the
tanker truck excess hydrogen case is presented in Figure 14.
$250,000,000

Capital

Net Present Cost

$200,000,000

Replacement
O&M

$150,000,000

Electricity

$100,000,000

$50,000,000

Total system

Fixed O&M

Electrolyzer

Fuel Cell

Hydrogen Tank

Mid-Range Above Ground Case with 5
Tankers Excess Hydrogen per Day

Electricity

Total system

Fixed O&M

Hydrogen Tank

Electrolyzer

Fuel Cell

Electricity

$0

Mid-Range Above Ground Case
without Excess Hydrogen

Figure 14. NPC comparison for five tanker trucks of excess hydrogen per day

The untaxed levelized cost of hydrogen for this scenario is $4.69/kg. This cost compares
to a value of $4.98/kg for hydrogen in the equivalent energy arbitrage scenario. For
reference, the current forecourt hydrogen production H2A electrolysis case using the
same electricity price ($0.038/kWh) and production level (1,400 kg/day) produces
hydrogen at an untaxed levelized cost of $4.00/kg for the production process and
$5.05/kg at the dispenser. 9
A similar comparison was done assuming that hydrogen would be stored in a geologic
formation and that excess hydrogen would be fed into a pipeline at the rate of 500
kg/hour (12,000 kg/day). The pipeline demand for hydrogen in this case is approximately
9

Current Forecourt Hydrogen Production from Grid Electrolysis (1,500 kg per day) version 2.1.2, 100%
debt financing, 0% IRR, 0% inflation, 0% taxes, www.hydrogen.energy.gov/h2a_prod_studies.html.
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equal to the demand for hydrogen for the energy arbitrage scenario. As for the tanker
case, it was assumed that the electrolyzer would be operated only during off-peak hours.
The NPC for the pipeline excess hydrogen case is presented in Figure 15.
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Figure 15. NPC comparison for 500 kg/hour excess hydrogen

The levelized cost of hydrogen for this scenario is $3.33/kg. This cost compares to a
value of $4.21 for hydrogen in the equivalent energy arbitrage scenario. For reference,
the current central hydrogen production H2A electrolysis case using the same electricity
price ($0.038/kWh) and production level (12,000 kg/day) results in an untaxed hydrogen
levelized cost of $6.86. 10
Sensitivity analyses for the two excess hydrogen cases are presented in Figure 16 and
Figure 17. The price of off-peak electricity is the predominant cost driver for the cost of
delivered energy in both the excess hydrogen cases. Reducing the price of off-peak
electricity from $0.038/kWh to $0.025/kWh reduces the cost of delivered energy by 14%
for the five-tanker-per-day excess hydrogen scenario and 13% for the equivalent energy
arbitrage scenario (mid-range case with tank storage). The cost of energy is reduced by
19% for the 500 kg/hour case. In contrast, the cost of energy is reduced by 15% for the
mid-range geologic storage fuel cell energy arbitrage case. The increased sensitivity of
the excess hydrogen cases to the price of off-peak electricity is due to the increased
impact of the electrolyzer operating parameters on the overall cost of energy.

10

Current Central Hydrogen Production from Grid Electrolysis version 2.1.1, 100% debt financing, 0%
IRR, 0% inflation, 0% taxes, www.hydrogen.energy.gov/h2a_prod_studies.html.
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Figure 16. Sensitivity analysis for five tankers per day of excess hydrogen production
$0.37
Electricity price

Electrolyzer efficiency

Fuel Cell capital cost

Geologic Storage capital cost

Fixed O&M

Electrolyzer capital cost

0.29

0.32

0.35

0.38

0.41

0.44

0.47

0.5

Cost of Energy ($/kWh)

The nominal cost value shown does not line up precisely with the x-axis value due to rounding.

Figure 17. Sensitivity analysis for 500 kg/hour excess hydrogen production
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3.2 Batteries
Lead-acid batteries have been used for large-scale energy storage for more than a century,
and bulk energy storage systems employing other battery technologies are now being
built (Schoenung and Hassenzahl 2003). A nickel-cadmium, ½-hour, 26-MW system has
been installed in Fairbanks, Alaska. High-temperature sodium sulfur batteries have been
installed for bulk energy storage applications in Japan and the United States. Vanadium
redox batteries are a newer technology with demonstrated systems up to 1.5 MWh and
power ratings up to 1.5 MW.
Costs used in this analysis are primarily derived from two reports by Schoenung
(Schoenung and Hassenzahl 2003, Schoenung and Eyer 2008) and two Electric Power
Research Institute (EPRI) publications (EPRI-DOE 2003, EPRI 2007). The EPRI reports
provide information about the costs included in BoP estimates for batteries. It was
assumed that these costs are common to all battery energy storage systems unless
otherwise noted. EPRI estimates BoP at $100/kW for commercial but not fully integrated
systems and $50/kW for fully integrated systems (EPRI-DOE 2003). The EPRI
commercial but not fully integrated estimate was used for the mid-range cases. BoP items
include the following:
•
•
•
•
•
•
•

Project engineering
Construction management
Grid connection (transformers, breakers/switches, extension of power lines)
connection at 13.8 KV
Land
Access
Procurement
Permitting

In the EPRI-DOE (2003) report, the battery cost includes an environmentally controlled
building, if needed, at $100/ft2 + 20% add-on for a multi-story building. This accounts for
roughly $70/kWh or $17/kW (EPRI-DOE 2003). For the Schoenung studies, building
costs are included in the BoP. BoP costs are presented in $/kWh or $/kW depending on
the source of the estimate. Following are descriptions of vanadium redox, nickel
cadmium, and sodium sulfur batteries.
3.2.1 Vanadium Redox Batteries
Vanadium redox (reduction-oxidation) batteries, a type of flow battery, are based on the
transfer of electrons between forms of vanadium. The power and storage capacity can be
specified separately for the particular application. The size of the electrolyte tanks
describes the nominal storage capacity, and the size of the cell converter rates the power
level capability. Currently, the major suppliers of vanadium redox batteries are Prudent
Energy, which purchased VRB Power Systems Inc. in early 2009, and Sumitomo Electric
Industries of Japan. There are three somewhat newer companies in the field as well:
Cellennium Company, Ltd., V-Fuel Pty Ltd., and Funktionswerkstoffe Forschungs &
Entwicklungs GmbH (FWG). The information for vanadium redox batteries has been
taken primarily from reports from Sandia National Laboratories (Schoenung and Eyer
24

2008, Schoenung and Hassenzahl 2003) and EPRI (EPRI 2007, EPRI-DOE 2003).
Demonstrated installations range in size from 3 MW for 1.5 seconds of storage to 500
kW for up to 10 hours of storage. Typical power ranges are 100 kW to 3 MW, and
storage capacity is typically less than 3 MWh (EPRI-DOE 2003). Cost values for the
various systems are presented in Table 9.
The electrolyte of vanadium redox batteries exhibits little signs of degradation, and the
reports suggest that it will not need replacement during the life of the plant. Lifetimes of
the electrolyte solution are predicted to be greater than 50 years, at which time the
electrolyte can be reused or the more precious vanadium extracted. The capacity of the
electrolyte is approximately 20–30 Wh/L (EPRI 2007). If the long-term cost of vanadium
pentoxide stabilizes around $4.00–$5.00/lb, it should not become an economic hindrance,
but it does constitute approximately 35% of the capital cost of a plant. Prices between
2001 and 2007 have ranged from $1.50–$26.00/lb but are expected to stabilize around
$4.00–$5.00/lb (EPRI 2007). Figure 18 illustrates the recent volatility in vanadium
prices. The price of the vanadium pentoxide electrolyte for vanadium redox batteries is
expected to track vanadium prices.

Figure 18. Vanadium prices 1996–2005 (Metalprices.com 2009)

Capital cost for the electrolyte and electrolyte storage tank are included in energy
capacity ($/kWh) costs in Table 9. Power-related costs ($/kW) for vanadium redox
batteries include the cell stack and PCS.
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Table 9. Literature Values for Vanadium Redox Battery Costs
Source of
Estimate
Schoenung and
Hassenzahl
(2003)1
Schoenung and
Eyer (2008)2
EPRI-DOE
(2003)3
EPRI (2007)4
(current 2007$)
EPRI (2007)5
(future 2013$)
EPRI (2006)
EPRI (2003)
[DR/peak
shaving
1MW/4MWh]
(prototype/first/
nth)
EPRI (2003)
[spinning
reserve
10MW/20MWh]
(prototype/first/
nth)
EPRI (2003)
[windfarm
stabilization/
dispatch
10MW/80MWh]
(prototype/first/
nth)

Power
Related
Costs ($/kW)

Energy
Capacity
Related Cost
($/kWh)

BoP
Cost
($/kW)

Replacement
Cost
($/kWh) /
Frequency

Fixed O&M
($/kW-yr) /
Fixed Costs

175

600

30
($/kWh)

600/10 yr

20

175

350

30
($/kWh)

350/10 yr

20

397

213

100

50% mature
price/10 yr

54.8

1,800

300

500

300 ($/kW)

54.8/250,000

750

210

500

300 ($/kW)

54.8/280,000

*

300–6506

*

*

*

2,260/700/
500

550/230/150

*

*

12/4/2

2,150/608/
426

1,050/410/
250

*

*

1.2/0.4/0.2

2,150/608/
426

300/140/100

*

*

1.2/0.4/0.2

* Not available/not applicable
1
The application referenced in the study is for a 2.5-MW, 10-MWh facility for Boulder City, UT.
2
Schoenung and Eyer (2008) use adjusted costs for the battery with respect to the previous study by Schoenung and
Hassenzahl (2003). Therefore, replacement and other costs are provided per the previous study.
3
The application referenced in the study requires that the system provide 10-hour load shifting of stored energy from
periods of low value to periods of high value. The reference duty cycle for analysis is scheduled 10 hours, 1 event per
day, 250 events per year.
4
“Capital Cost = $2,300 x (kW rating) + $300 x (kWh rating) + $250,000 (2007 dollars). This equation produces figures
within about 5% of the cost figure estimated through the use of the more sophisticated cost model built for this analysis,
for systems with power capacities ranging from 200 kW to 10 MW, and with durations from 2 hours to 16 hours.”
5
“Capital Cost = $1,250 x (kW rating) + $210 x (kWh rating) + $280,000 (2013 dollars). This equation produces figures
within about 5% of the cost figure estimated through the use of the more sophisticated cost model built for this analysis,
for systems with power capacities ranging from 200 kW to 10 MW, and with durations from 2 hours to 16 hours.”
6
VRB Power Systems Inc. was purchased by Prudent Energy in 2009 (www.pdenergy.com). Lower value is projected cost
for trial plants 0.25 MW/2 MWh.
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3.2.2 Nickel Cadmium Batteries
Nickel cadmium is one of five nickel-based battery types and the most common nickel
electrode battery in the utility industry (EPRI-DOE 2003). There are several commercial
suppliers of nickel cadmium, including Alcad, Hoppecke Batterien GmbH, Marathon
Power Technologies Company, Saft, and Varta. Information regarding the nickel
cadmium batteries comes primarily from Schoenung and Eyer (2008), EPRI (2006),
Schoenung and Hassenzahl (2003), and EPRI-DOE (2003). The most significant
demonstrated utility-scale project is a 13-MWh (26 MW at 30 min.) system outside
Fairbanks, Alaska, composed of 13,760 Saft batteries. Nickel cadmium batteries have
generally good energy density, more tolerance to abuse, and longer lifetimes than leadacid batteries; Table 10 lists advantages and disadvantages. Nickel cadmium batteries
require enclosure in a temperature-controlled building. Building costs are included in the
battery costs for the EPRI studies and in the BoP costs for the Schoenung studies. Cost
values for the nickel cadmium batteries are presented in Table 11.
Table 10. Advantages and disadvantages of nickel cadmium batteries
Advantages
• Durability, long operational life: for sintered
plate NiCd life = 3,500 cycles @ 80% depth
of discharge = 13 years @ 260 cycles/year1
• Lower maintenance cost than lead-acid
batteries: sealed batteries require cleaning,
vented batteries require adding water several
times per year to counter losses from
electrolysis and evaporation2
o Visual inspection for damage,
leakage, etc.
o Cleaning
o Measuring voltage, resistance,
specific gravity
o Water replacement
o Measuring resistance between
terminals
o Retorquing terminal connections
o Checking accuracy of DC voltage,
DC current, temperature sensors
o Fixed O&M labor = $50/hr,
$900/module per year, includes
property taxes and insurance at
2% of initial capital cost

Disadvantages
• High variability with temperature: batteries
must be cooled; assume 20% battery-life
reduction for every 10°C operating
temperature rise
• Poor charge retention (2%–5% per month at
room temperature, vs. lead acid ~1% per
month), highest immediately after charging,
higher at higher temperature, mitigated by:
o Regular cleaning to avoid
deposition of KOH (current path
between electrodes)
o Charging cold, slight warming
before discharge to maximize
capacity (highest cold) and
discharge voltage (highest at high
temperatures)
• Low power density
• Gas evolution during operation – H2 and O2
evolved from electrolysis of electrolyte during
charging; for vented systems, H2 monitors are
needed
• Higher cost than lead-acid batteries
• Use of toxic metal cadmium: no exposure
during operation, most recycled

1

Values of 10, 13, and 15 years were used in sensitivity cases.
Vented system assumed.

2
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Table 11. Literature Values for Nickel Cadmium Battery Costs
Source of
Estimate
Schoenung and
Hassenzahl
(2003) (bulk
storage)
($2003)
Schoenung and
Hassenzahl
(2003) (Alaska
plant) ($2003)2
Schoenung and
Hassenzahl
(2003)
(distributed
generation)
($2003)
Schoenung and
Eyer (2008)
(bulk storage)
($2003)
EPRI-DOE
(2003)4 ($2003)
EPRI-DOE
(2003) range6
($2003)
EPRI (2006)

Power
Related
Costs (PCS)
($/kW)

Energy Capacity
Related Costs
(Battery) ($/kWh)

BoP
($/kWh)

Replacement
($/kWh) /
Frequency

Fixed O&M
($/kW-yr)

125

6001

150

600/10 yr

5

250

1,3603

150

*

5

175

600

50

600/10 yr

25

125

600

150

600/10 yr

5

150

1,197

$100/kW

Variable5

26.5

144–153

1,197–1,424

$100/kW

Variable5

15.1–26.5

*

500–6007

*

*

*

* Not available/not applicable
1
Manufacturer predicted cost. Demonstrated plant was ~$900/kWh.
2
Schoenung and Hassenzahl (2003) actual costs for 13 MWh (1/2 hour, 26 MW) plant near Fairbanks Alaska.
3
Schoenung and Hassenzahl (2003); $900/kWh for batteries + $460/kWh for other facilities (e.g., transmission lines) not
included in BoP.
4
The application referenced requires that the system continuously detect and mitigate infrequent SPQ events lasting to 5
seconds. In addition, the system will provide load-shifting services at 1.8 MWac for 3 hours per day for 60 days per year.
The regular deep-cycling of this application requires use of a sintered-plate nickel cadmium cell. The lifetime of this
system would be affected by both calendar life and cycle life; the system can be expected to last 10 years. Disposal costs
of NPV $1.4/kW would also be incurred.
5
Nickel cadmium lifetimes are dependent on depth of discharge and number of cycles, typically in the 10–15 year range
for light-cycling applications. The replacement cost will go along the lines of the original cost.
6
Systems from 2.5 to 5 MWac.
7
“NiCd estimated OEM battery costs.”

3.2.3 Sodium Sulfur Batteries
Currently, the only supplier of sodium sulfur batteries is NGK Insulators, Ltd. of Japan.
Originally developed for electric vehicles, more recently the Tokyo Electric Power
Company (TEPCO) has developed several utility-scale projects with NGK. The
demonstration projects range from 500 kW to 6 MW in scale, including two 48-MWh
plants. Information has been collected from Schoenung and Hassenzahl (2003) and EPRIDOE (2003). Cost values for sodium sulfur batteries are presented in Table 12.
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Table 12. Literature Values for Sodium Sulfur Battery Costs
Source of
Estimate
Schoenung and
Hassenzahl (2003)
(bulk storage)
Schoenung and
Hassenzahl (2003)
(distributed
generation)
EPRI-DOE (2003)2
EPRI-DOE (2003)
range4
EPRI (2006)

Power
Related Cost
(PCS) ($/kW)

Energy
Capacity
Related Cost
(Battery)
($/kWh)

BoP
($/kWh)

Replacement
($/kWh)

Fixed O&M
($/kW-yr)

150

250

50

230 (10-yr
life)1

20

150

250

0

230 (10-yr
life)1

20

204

196

$100/kW

Variable3

51.2

$100/kW

Variable

3

*

*

202–289
*

196–508
250–400

5

19.2–51.2
*

* Not available/not applicable
1
Estimate based on 250 six-hour cycles per year.
2
This application requires that the system provide 10-hour load shifting, regulation control, and spinning reserve functions
on a scheduled basis using a Type II PCS (i.e., prompt PCS response is not required and no PCS standby losses occur).
Two hundred fifty-eight (258) NAS E50 Modules capable of discharging at a pulse factor of 1 (i.e., 50 kW per module) for
up to 8.6 hours equipped with a programmable PCS will provide load shifting for 10 hours per day at 10 MWac for 250
days per year. The projected battery life for this application is 15 years because cycle life (as measured by the cumulative
cycle fraction of 89% at 90% DOD) exceeds shelf life.
3
Replacement for applications of 20 years based on mature prices.
NAS Module
2006 Prices, K$
Mature Prices, K$
E50
$75
$55
G50
$68
$50
PQ50
$75
$55
4
Range from 10 to 100 MWac.
5
NGK Web site projected cost for trial plants 6 MW/48 MWh and 1 MW/8 MWh (EPRI 2006).

3.2.4 Net Present Costs and Sensitivity Analyses for Battery Systems
The HOMER model treats a variety of batteries, including a vanadium redox flow
battery, and allows the user to define the characteristics for new batteries. In general, the
batteries included in HOMER are for small-scale distributed energy storage applications.
New batteries were defined for the nickel cadmium and sodium sulfur batteries included
in this analysis. The characteristics of these batteries were developed based on the values
presented in EPRI-DOE (2003). The vanadium redox battery included in HOMER was
modified for the analysis. Batteries are assumed to have DC input and output. Therefore,
an AC/DC converter was added to the HOMER system configuration. The inverter and
rectifier efficiencies were assumed to be 95% (or ~90% roundtrip) for all the battery
cases. Costs for the converter are derived from the PCS costs given in the literature.
Table 13 presents the high-cost, mid-range, and low-cost values used in HOMER for the
battery systems. All the costs were developed for the six-hour, 50-MW energy storage
scenario.
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Table 13. HOMER Model Cost Input Values for Battery Energy Storage Systems ($2008)

Nickel Cadmium
High-Cost Case1
Mid-Range Case2
Low-Cost Case4
Sodium Sulfur
High-Cost Case5
Mid-Range Case6
Low-Cost Case
Vanadium Redox7
High-Cost Case8
Mid-Range Case9
Low-Cost Case9
1

Energy
Capacity
Related Cost
(Battery)
($/kWh)

Power
Related Cost
(PCS) ($/kW)

BoP ($/kWh)

Fixed O&M
($/kW-y)

1,570
1,380
690

2882
1503
144

173
115 ($/kW)
173

5.8
31
5.8

288
226
30% reduction
from mid-range
case2

173
235

58
115 ($/kW)

23
59

173

58

59

300
210

1,800
750
30%
reduction
from midrange case

500 ($/kW)
500 ($/kW)

54.8
54.8

500 ($/kW)

54.8

210

Schoenung and Hassenzahl (2003). Actual costs for Fairbanks Alaska facility.
EPRI-DOE (2003).
PCS cost is derived from equation in EPRI-DOE (2003) for a programmed response PCS without VAR support; $/kW
($2003) = 11,500 * Vmin-0.59 where Vmin is the minimum discharge voltage (maximum current).
4
Schoenung and Eyer (2008).
5
Schoenung and Hassenzahl (2003), Schoenung and Eyer (2008). Replacement costs at $230/kWh.
6
Values from EPRI-DOE (2003), NKG Insulators Ltd, E50 peak shaving battery (50-kW modules).
7
Electrolyte costs are not expected to decrease in the future due to the cost of vanadium. Electrolyte makes up about 30%
of the capital cost of the system. However, future improvements in the system are expected to result in some cost
reduction. Electrolyte costs decrease from $256/kWh to $151/kWh for the future case.
8
EPRI (2007) “present day” costs. Replacement cost for cell stack only at “future” cost.
9
EPRI (2007) “future” costs. Replacement cost for cell stack only at “future” cost.
2
3

Net present costs for the nickel cadmium battery systems are presented in Figure 19. Both
the cost for electricity to charge the batteries and the battery initial capital costs decrease
because of the increased efficiency of the batteries for the lower-cost cases. For the highcost, mid-range, and low-cost cases, the battery DC roundtrip efficiencies are 60%, 65%,
and 70%, respectively (EPRI-DOE 2003). The AC-to-AC roundtrip efficiencies are 54%,
59%, and 63%, respectively. Replacement costs are higher for the mid-range case
because of differing assumptions in the reference studies.
Figure 20 presents the NPC for the sodium sulfur battery systems. For the high-cost case,
the battery DC roundtrip efficiency is 78% (Schoenung and Hassenzahl 2003, Schoenung
and Eyer 2008). The battery DC roundtrip efficiency for the mid-range and low-cost
cases is 85% (EPRI-DOE 2003).The system AC-to-AC roundtrip efficiencies are 71% for
the high-cost case and 77% for the mid-range and low-cost cases. Replacement costs are
higher for the high-cost case because of differing assumptions in the reference studies.
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$1,100,000,000

Salvage
Capital
Replacement
O&M
Electricity

Net Present Cost

$900,000,000

$700,000,000

$500,000,000

$300,000,000

High-Cost Case

Mid-Range Case

Total system

Fixed operating costs

Converter

Battery

Electricity

Total system

Fixed operating costs

Converter

Battery

Electricity

Total system

Fixed operating costs

Converter

Battery

-$100,000,000

Electricity

$100,000,000

Low-Cost Case

Figure 19. NPC for nickel cadmium battery systems

$280,000,000

Salvage
Capital

$230,000,000

Net Present Cost

Replacement
O&M

$180,000,000

Electricity

$130,000,000

$80,000,000

High-Cost Case

Mid-Range Case

Total system

Fixed operating
costs

Converter

Battery

Electricity

Total system

Fixed operating
costs

Converter

Battery

Electricity

Total system

Fixed operating
costs

Converter

Battery

-$20,000,000

Electricity

$30,000,000

Low-Cost Case

Figure 20. NPC for sodium sulfur battery systems

Figure 21 presents the NPC for the vanadium redox battery systems. The DC roundtrip
efficiency is assumed to be 80% for all cases (EPRI 2007). The AC-to-AC efficiency is
72%. Capital costs for the vanadium redox battery system are a higher percentage of the
total cost than for the sodium sulfur battery system. However, because the electrolyte
makes up a large fraction of the initial capital cost and does not have to be replaced, the
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replacement costs for the vanadium redox system are slightly lower than for the sodium
sulfur battery system and are a smaller percentage of the overall cost.
$280,000,000

Salvage
Capital

$230,000,000

Replacement

Net Present Cost

O&M
Electricity

$180,000,000

$130,000,000

$80,000,000

High-Cost Case

Mid-Range Case

Total system

Fixed operating costs

Converter

Battery

Electricity

Total system

Fixed operating costs

Converter

Battery

Electricity

Total system

Fixed operating costs

Converter

Battery

-$20,000,000

Electricity

$30,000,000

Low-Cost Case

Figure 21. NPC for vanadium redox battery systems

Figure 22, Figure 23, and Figure 24 show the sensitivities of the various battery systems
to variation in capital and operating costs. In most cases, the systems were most sensitive
to uncertainty in capital costs with the price of off-peak electricity as the second most
influential factor.
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LOW-COST CASE

$0.54

Battery capital cost
Electricity price
Fixed O&M

MID-RANGE CASE

$0.83

Battery capital cost
Electricity price
Fixed O&M

HIGH-COST CASE

$0.89

Battery capital cost
Electricity price
Fixed O&M
0.44

0.52

0.6

0.68

0.76

0.84

0.92

1

1.08

1.16

Cost of Energy ($/kWh)

Nominal cost values shown may not line up precisely with x-axis values due to rounding.

Figure 22. Sensitivity analysis for nickel cadmium battery systems
LOW-COST CASE

$0.24

Battery capital cost
Electricity price
Fixed O&M

$0.25

MID-RANGE CASE
Battery capital cost
Electricity price
Fixed O&M

$0.28

HIGH-COST CASE
Battery capital cost
Electricity price
Fixed O&M
0.2

0.22

0.24

0.26

0.28

0.3

Cost of Energy ($/kWh)

Nominal cost values shown may not line up precisely with x-axis values due to rounding.

Figure 23. Sensitivity analysis for sodium sulfur battery systems
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0.32

LOW-COST CASE

$0.27

Electrolyte capital cost
Cell stack capital cost
Electricity price
Fixed O&M

$0.28

MID-RANGE CASE
Electrolyte capital cost
Cell stack capital cost
Electricity price
Fixed O&M

$0.39

HIGH-COST CASE
Electrolyte capital cost
Cell stack capital cost
Electricity price
Fixed O&M
0.21

0.23

0.25

0.27

0.29

0.31

0.33

0.35

0.37

0.39

0.41

0.43

0.45

Cost of Energy ($/kWh)

Nominal cost values shown may not line up precisely with x-axis values due to rounding.

Figure 24. Sensitivity analysis for vanadium redox battery systems

3.3 Pumped Hydro
Pumped hydro is a mature technology. The first plant built in the United States in 1928–
1929 featured two 3-MW reversible turbines. Today, U.S. pumped hydro capacity is
about 19,000 MW (Schoenung and Hassenzahl 2003). Costs, drawn from Schoenung and
Hassenzahl (2003), are presented in Table 14.
Table 14. Literature Values for Pumped Hydro Costs
Source of Estimate
Schoenung and
Hassenzahl (2003)

Power Related
Cost
(Reversible
Turbine) ($/kW)
1,000 (constant
speed) / 1,050
(variable speed)

Energy Capacity
Related Cost
(Storage
System) ($/kWh)

BoP
($/kWh)

Fixed O&M ($/kWyr)

10

4

2.5

The Electricity Storage Association has collected information on existing pumped hydro
facilities that are larger than 1,000 MW in power capacity. Table 15, reproduced from the
Electricity Storage Association Web site, lists information for the facilities, including
total capital costs for several. The most recent U.S. plant is the Bad Creek South Carolina
pumped hydro plant, which was operational in 1991. The total cost per kW for that plant,
escalated to 2008 dollars, was used for the low-cost case for the analysis. The value for
fixed operating costs and roundtrip efficiency were taken from Schoenung and
Hassenzahl (2003) for a variable-speed turbine.
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Pumped hydro requires terrain with enough elevation change to allow for power
generation from potential energy. Schoenung and Hassenzahl (2003) showed that a large
volume of water is required. Approximately 400 m3 of water is required per meter of
reservoir height per kWh generated; for example, for a reservoir elevated 100 m above
the turbine, 4 m3 of water are required for each kWh generated. The environmental
impact associated with developing reservoirs large enough to generate power may
preclude new projects.
Table 15. Capacity and Cost Information for 1,000-MW and Larger Pumped Hydro
Installations Worldwide (Electricity Storage Association 2009)

3.3.1 Net Present Costs and Sensitivity Analyses for Pumped Hydro
Systems
Values used in the analysis for pumped hydro system costs are shown in Table 16. The
pumped hydro turbine is assumed to last the entire life of the storage system (Schoenung
and Hassenzahl 2003).
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Table 16. Pumped Hydro Storage System Costs ($2008)

High-cost case
Mid-range case
Low-cost case

Storage System
Including PCS
$12/kWh + $1,209/kW
$12/kWh + $1,151/kW
$12/kWh + $888/kW

BoP ($/kWh)

Fixed O&M ($/kW-y)

5
5
0

2.9
2.9
2.9

Net present cost values and sensitivity analysis results are presented in Figure 25 and
Figure 26. For pumped hydro systems, there are essentially no replacement costs. Routine
maintenance of the turbines and reservoir are included in fixed operating and
maintenance (O&M) costs. O&M costs for pumped hydro are on the order of 1/10th the
fixed O&M costs for the mid-range fuel cell systems and 1/10th to 1/20th of the cost for
battery systems. Because of the high roundtrip efficiency of pumped hydro systems (75%
to 78%), capital costs are a more significant cost driver than for the hydrogen systems.
$120,000,000

$100,000,000

Capital

O&M
Electricity

$60,000,000

$40,000,000

$20,000,000

High-Cost Case

Mid-Range Case

Figure 25. NPC for pumped hydro systems
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Low-Cost Case

Total system

Fixed operating
costs

Reservoir and
Power Generation

Electricity

Total system

Fixed operating
costs

Reservoir and
Power Generation

Electricity

Total system

Fixed operating
costs

Reservoir and
Power Generation

$0

Electricity

Net Present Cost

Replacement
$80,000,000

LOW-COST CASE

$0.11

Electricity price
Reservoir capital cost
Fixed O&M

MID-RANGE CASE

$0.13

Electricity price
Reservoir capital cost
Fixed O&M

HIGH-COST CASE

$0.14

Electricity price
Reservoir capital cost
Fixed O&M
0.09

0.1

0.11

0.12

0.13

0.14

0.15

0.16

0.17

Cost of Energy ($/kWh)

Nominal cost values shown may not line up precisely with x-axis values due to rounding.

Figure 26. Pumped hydro LCOE sensitivity analysis

3.4 Compressed Air Energy Storage
Compressed air energy storage for large applications uses a compressor during off-peak
times to compress air into underground caverns, generally salt mines, aquifers, etc., and
then run a high-temperature combustion turbine during peak hours. This makes the
combustion turbine more efficient during peak hours because it is not running a
compressor as well. In a typical combustion turbine system, 55% to 70% of the expander
power is used to drive the compressor (EPRI-DOE 2003).
Natural gas and oil companies have used underground storage for 80 years, and
approximately 80% of the United States has suitable geography for gas storage. Multiple
CAES concepts have been developed to cover a range of utility-scale needs (EPRI-DOE
2003), but there are only two major existing CAES installations: in Huntorf, Germany,
built in the 1970s, and McIntosh, Alabama, built in the 1990s. Plants, built and proposed,
range in size from 110 to 2,700 MW. For distributed applications, underground storage
might be replaced with steel tank storage options. However, there are no demonstrated
surface CAES plants.
The primary components of the CAES system are a compressor with intercooling to
compress the air to a pressure of approximately 1,000 psi (EPRI-DOE 2003) for storage
in a geologic formation 1,500 to 2,500 feet below the surface. Pressure within the storage
cavern drops to about 650 psi during discharge. During the discharge cycle, air extracted
from the cavern is either heated by exhaust from the combustion turbine in a recuperator
or directly fed with fuel (typically natural gas) into a combination of high- and lowpressure expanders and combustors. The recuperator reduces fuel consumption in the
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expander/generator train by about 25%. The heat rate, defined as Btus fuel used per kWh
net electricity output, is about 4,100 Btu/kWh for the McIntosh plant. Because additional
energy is derived from the fuel, a CAES plant provides 25% to 60% more electricity
during the power-generation cycle than is used for compression of the air during off-peak
hours (EPRI-DOE 2003). Figure 27 presents a schematic of a CAES plant with a
recuperator similar to the design of the McIntosh plant (Greenblatt et al. 2004).

Figure 27. Schematic of CAES plant including heat recuperation (Greenblatt et al. 2004)

The Alabama plant was designed and constructed in three years; smaller plants might be
completed within a year (EPRI-DOE 2003).
Cost information for CAES systems, presented in Table 17, was collected from several
sources:
•
•
•
•
•
•
•

Schoenung and Eyer (2008)
Nakhamkin (2007)
van der Linden (2006)
EPRI-DOE (2004)
Schoenung and Hassenzahl (2003)
EPRI-DOE (2003)
EPRI (2003)
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Table 17. Literature Values for CAES Costs
Source of Estimate
Schoenung and
Hassenzahl (2003) (bulk
storage)
Schoenung and
Hassenzahl (2003)
(distributed
generation/surface)
Schoenung and Eyer
(2008) (distributed
generation/surface)
EPRI-DOE (2003) (range
2002$)1
EPRI-DOE (2003) (salt
mine 300 MWac)
EPRI-DOE (2003) (surface
10 MWac)
Van der Linden (2006)
EPRI (2003) (salt/
porous/hard rock/surface)
EPRI-DOE (2004)
(salt/surface)4
Nakhamkin (2007) (72 MW
adiabatic CAES)

Power
Related Cost
(PCS) ($/kW)

Energy Capacity
Related Cost
(Storage
System) ($/kWh)

BoP ($/kWh)

Fixed O&M
($/kW-yr)

425

3

50

2.5

550

120

50

10

550

120

50

*

400–450

*

*

*

270

12

$170/kW

13

40

$160/kW

19–24.6

*

*

*

350 (all)

1/0.10/30/30

*

6

300

1.755/40

$ 210/
$200/kW

(23.6–24.6)/
(27–32.6)

1,700

*

*

66

270
500–600

3

* Not available/not applicable
1
Plants: 290 MW/10 hr, 110 MW/26 hr, 2,700 MW/30 hr (never completed), 540 MW/NA (canceled).
2
“The reference energy storage capacity for large CAES technologies is 10 hours. A representative price for CAES
systems over the range of 8 to 20 hours of storage can be obtained by applying increments/decrements at the rate of
$1/kWh.”
3
100–300 MW.
4
This is an update to the EPRI-DOE (2003) handbook.
5
"The reference energy storage capacity for large CAES technologies is 10 hours. A representative price for CAES
systems over the range of 8 to 40 hours storage can be obtained by applying increments/decrements at the rate of
$1.75/kWh."
6
Value from EPRI (2003).

3.4.1 Net Present Costs and Sensitivity Analyses for Compressed Air
Energy Storage Systems
Values used in the analysis for CAES system costs are shown in Table 18. A simple
CAES plant design without heat recuperation was assumed for the high-cost case. A heat
rate of 6,000 Btu/kWh was assumed for this plant. A heat rate of 4,000 Btu/kWh, similar
to the McIntosh plant, was assumed for the mid-range case, and a value of 3,800
Btu/kWh, for an advanced design, was assumed for the low-cost case (Nakhamkin et al.
2007). An energy ratio of 0.7 was assumed in all cases. The compressor and combustion
turbine systems were assumed to have a 10-year life. The compressor was assumed to
have an efficiency of 95%.
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Table 18. CAES Storage System Costs ($2008)

High-cost
case
Mid-range
case
Low-cost
case

Storage System
Including PCS
$3.45/kWh +
$490/kW
$34.54/kWh +
$403/kW
$1.15/kWh +
$403/kW

BoP
($/kWh)

Fixed O&M
($/kW-y)

Natural Gas Heat
Rate (Btu/kWh)

58

2.9

6,000

0

6.9

4,000

0

6.9

3,800

Net present cost values and sensitivity analysis results are presented in Figure 28 and
Figure 29. For the CAES system, the compressed air provides 70% of the output energy
while the natural gas supplies the remainder. In this respect, CAES is a hybrid between
an energy storage system and a generator. The large proportion of NPC associated with
fuel (55%) results from this dual function. Off-peak electricity price and natural gas price
are the primary cost drivers for sensitivity analysis. In the mid-range case, it was assumed
that the cavern would be mined from hard rock (see Table 3 and Table 17), resulting in
the high cavern development cost sensitivity for that scenario. For the purpose of this
study, AC-to-AC roundtrip efficiency for the CAES system is defined as the total
electricity output divided by the total energy input (electricity plus natural gas). The ACto-AC roundtrip efficiencies for the three scenarios are 41%, 53%, and 55% for the highcost, mid-range, and low-cost cases, respectively.
An additional scenario was evaluated using cost and efficiency values for an adiabatic
CAES system proposed by Nakhamkin (2007). This system has a roundtrip efficiency of
75%, which is higher than the other CAES systems analyzed. However, the high capital
cost associated with addition of the heat storage system resulted in a higher NPC: $140
million compared with $99 million for the high-cost case. The LCOE was $0.18/kWh for
the adiabatic CAES system compared with $0.13/kWh for the high-cost case.
$95,000,000

Salvage
Capital
Replacement

$55,000,000

O&M
Natural Gas
Electricity

$35,000,000

$15,000,000

Figure 28. NPC for CAES systems
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Low-Cost Case

Total system

Other

Cavern

Combustion turbine

Mid-Range Case

Compressor

Total system

Other

Cavern

Compressor

Combustion turbine

High-Cost Case

Total system

Other

Cavern

Combustion turbine

-$5,000,000

Compressor

Net Present Cost

$75,000,000

LOW-COST CASE

$0.08

Electricity price
Natural gas price
Compressor/combustion turbine capital cost
Fixed O&M
Cavern capital cost

MID-RANGE CASE

$0.10

Electricity price
Natural gas price
Compressor/combustion turbine capital cost
Fixed O&M
Cavern capital cost

HIGH-COST CASE

$0.13

Electricity price
Natural gas price
Compressor/combustion turbine capital cost
Fixed O&M
Cavern capital cost

0.06

0.07

0.08

0.09

0.1

0.11

0.12

0.13

0.14

0.15

Cost of Energy ($/kWh)

Nominal cost values shown may not line up precisely with x-axis values due to rounding.

Figure 29. Sensitivity analysis for CAES systems

4 Conclusions
The results of this study enable comparison of the cost of hydrogen and several
competing technologies for energy storage, including the cost of producing excess
hydrogen for use in vehicles. Each technology also has various non-economic benefits
and drawbacks.
4.1 Energy Arbitrage Benchmarking Cost Analysis
Hydrogen for energy storage is potentially cost competitive with battery systems but not
competitive with pumped hydro or CAES systems for the scenarios evaluated here.
Figure 30 summarizes the comparison of levelized (annualized total capital and
operating) cost of delivered electricity for hydrogen (green bars) and competing
technologies (blue bars). The bottom of the bars represents the low end of the range for
the low-cost cases, and the top of the bars represents the high end of the range for the
high-cost cases. The numerals shown are the nominal values of the mid-range cases;
these mid-range values do not represent a statistical determination of most-probable
costs.
The cost range for each system reflects the cost ranges found in the literature and
estimates of potential cost reductions as technologies develop. The fuel cell scenario cost
range reflects the comparative immaturity of fuel cell technologies for this application. It
is anticipated that costs for fuel cells will decrease as the technology matures and is
implemented in more applications. Hydrogen combustion turbines could prove to be
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viable for energy storage applications and have the potential for providing additional
flexibility to utilities through co-firing of mixtures of natural gas and hydrogen. The fuel
cell systems have a relatively large range: from $0.18/kWh to $0.50/kWh for the low and
high base cases (without sensitivities), respectively. The difference is primarily due to the
potential for significant cost reductions for fuel cells in the near future. The battery
systems are expected to decrease in cost as the technologies become better established.
However, it is unlikely that a nickel cadmium system would be economical for the
scenario evaluated here.

Figure 30. Ranges of LCOE for electricity storage systems

The roundtrip AC-to-AC efficiency varies between the technologies evaluated and has an
effect on the economics for each system. Systems with lower roundtrip efficiency require
larger storage volumes to accommodate the increased fuel requirements for reconversion
back into electricity and larger equipment (more fuel cells for example) to meet the same
requirement for output electricity. Low roundtrip efficiency also increases the amount
paid for purchase of off-peak electricity over the lifetime of the facility. Figure 31 plots
the percentage of NPC attributed to purchase of off-peak electricity (and natural gas in
the CAES system) and the storage system roundtrip efficiency. All efficiencies for the
hydrogen systems are presented as LHV. The solid line on the figure is a linear fit of the
data and indicates that, in general, the proportion of the facility’s NPC resulting from
purchase of off-peak electricity decreases with increasing system efficiency. Table 19
lists the roundtrip efficiencies for the storage systems analyzed. The efficiency values
presented are those used for the mid-range case for all technologies.
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Percent of NPC Attributed to Purchase
of Off-Peak Electricity

60.0%
CAES

50.0%
40.0%
30.0%

FC/geologic
storage

H2 comb. turbine
FC/aboveground
storage

VR battery

20.0%

NaS battery

10.0%
0.0%
0.0%

Pumped hydro

NiCd battery

20.0%

40.0%

60.0%

80.0%

100.0%

Storage System Round-Trip Efficiency

Figure 31. Off-peak electricity percentage of NPC versus system roundtrip efficiency
Table 19. Roundtrip (AC-to-AC) Efficiencies for Storage Systems in This Study
System (Mid-Range Case @
$0.038/kWh)
Fuel cell/aboveground storage
Fuel cell/geologic storage
Hydrogen expansion/combustion
turbine
CAES1
Nickel cadmium battery
Sodium sulfur battery
Vanadium redox battery
Pumped hydro
1

Roundtrip
Efficiency (%)
34 (LHV)
35 (LHV)
48 (LHV)
53
59
77
72
75

AC-to-AC roundtrip efficiency for the CAES system is defined as the total electricity output divided
by the total energy input (electricity plus natural gas).

The storage system’s sensitivity to the cost of input electricity is also influenced by the
system roundtrip efficiency. Figure 32 plots the electricity price sensitivity (% change in
LCOE per $0.01 change in off-peak electricity price) and storage system efficiencies.
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Electricity Price Sensitivity (% change in
LCE/c)

14.00%
12.00%

FC/geologic
H2 Comb turbine

10.00%

FC aboveground

Pumped hydro

8.00%
CAES
6.00%
VR battery
4.00%
NiCd battery

2.00%
0.00%
0.0%

NaS battery

10.0%

20.0%

30.0%

40.0%

50.0%

60.0%

70.0%

80.0%

90.0%

Storage System Round-Trip Efficiency

Figure 32. Electricity price sensitivity (% change in LCOE per $0.01 change in off-peak
electricity price)

For the fuel cell–based electricity storage systems, the roundtrip efficiency is influenced
by both the electrolyzer and fuel cell efficiencies. However, the fuel cell efficiency has a
greater impact on the overall LCOE. For the aboveground storage system, the fuel cell
efficiency has approximately twice the impact on overall cost as the electrolyzer
efficiency: 0.54% change in LCOE per percent change in fuel cell efficiency versus
0.23% change in LCOE per percent change in electrolyzer efficiency. The difference is
due to the fuel cell’s position as the last step in the process chain. Inefficiencies in the
fuel cell operation are projected through all of the process stages, whereas inefficiencies
in the electrolyzer only affect the costs for the electrolyzer and sensitivity to input
electricity price.
4.2 Excess Hydrogen Production for Vehicles
Production of a small amount of excess hydrogen for the vehicle market reduces the
overall cost of energy for the scenario by about 6% (hydrogen cost decreases from
$4.98/kg to $4.69/kg), but excess hydrogen produced in this way is still not competitive
with hydrogen produced in a distributed, dedicated electrolysis process ($3.44/kg).
However, for production of larger volumes of hydrogen, the energy storage process is
competitive with a dedicated facility. Excess hydrogen is produced in the energy storage
scenario for $3.33/kg versus $6.86/kg (untaxed) for a dedicated electrolysis facility at the
same production level.
4.3 Non-Economic Benefits and Drawbacks
Many of the benefits and drawbacks listed for each technology in Table 20 have
economic impacts. However, these impacts may be difficult to quantify, especially for
generic analyses. They are listed here to indicate other considerations that may become
important for specific projects.
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Efficiency losses in the storage system have an environmental impact because of the net
additional electricity that must be generated. If the electricity used to charge the system is
from a renewable source, efficiency losses have the effect of reducing the amount of
traditionally generated electricity that can be displaced. If the electricity used to charge
the system is from non-renewable sources, additional generation is required to
compensate for the storage system efficiency losses. The negative emissions impact of
the storage system could be partially offset by allowing more efficient operation of
traditional power generation systems. Coal-fired power plants usually have lower
efficiency (and higher emissions per kWh generated) at lower operating levels. Charging
storage systems during periods of low demand could allow these generators to operate at
higher production levels and thus reduce their per-kWh emissions.
4.4 Future Analysis Work
The use of hydrogen for energy storage provides unique opportunities for integration
between the transportation and power sectors. In regions of high electricity transmission
congestion or remote locations currently without transmission lines, transport of
hydrogen may prove more economical than expansion of the electric grid. High
penetration of renewable electricity generation will also present challenges for grid
management. Electricity storage has been investigated as a strategy for integrating large
amounts of renewable electricity onto the grid (Denholm and Margolis 2006). Combining
energy storage and hydrogen production could provide additional economic and
environmental advantages that were not explored in this report.
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Table 20. Non-Economic Benefits and Drawbacks of Energy Storage Technologies

•
•
Hydrogen

•
•
Batteries
•
•
•
Pumped
Hydro

•
CAES

System Operation
Benefits
Drawbacks
Modular (can size electrolyzer
• Low electrolysis/FC round trip (ACseparately from FC or turbine
to-AC) efficiency (34%–35%)
• Low roundtrip efficiency when
to produce extra hydrogen)
Very high energy density for
hydrogen used in a combustion
compressed hydrogen (~100
turbine (~48%)
times the energy density for
• Hydrogen storage in geologic
compressed air at 120 bar ∆P,
formations other than salt caverns
IGCC gas turbine)
may not be feasible
System can be fully discharged • Electrolyzers and fuel cells require
at all current levels
cooling
• Voltage-to-current relationship limits
Modular system allows
amount of energy that can be
replacement of individual
extracted, especially at high current
batteries and addition of
• Some battery systems require
storage capacity
Mid-range to high roundtrip
climate controlled building
efficiency (65%–75%)
Well established and simple
• Large water reservoir/suitable
technology
reservoir location required
High roundtrip efficiency (70%– • Requires mountainous terrain or
80%)
other method for producing potential
energy
• Water loss due to evaporation and
seepage ~6.9 gal/kWh for
conventional hydroelectric power
• Extremely low energy density (0.7
kWh/m3)
Proposed advanced designs
• Low roundtrip efficiency (54%) with
store heat from compression
waste heat from combustion used to
giving a predicted efficiency of
heat expanding air—42% without
70%—comparable to pumped
• Very low storage energy density (2.4
hydro
kWh/m3)
• Must be located near suitable
geologic caverns

Environmental
Benefits
Drawbacks
• Catalyst can be
• Environmental impacts of
reclaimed at end of life
mining and manufacturing of
catalyst
• Low roundtrip efficiency
increases emissions impact of
energy conversion losses

• High roundtrip efficiency
reduces emissions
impact of energy
conversion losses

• Toxic and hazardous materials

• No toxic or hazardous
materials

• Large water losses due to
evaporation, especially in dry
climates
• Habitat loss due to reservoir
flooding
• Stream flow and fish migration
disruption if associated with
conventional hydroelectric
power generation
• Approximately 1/3 of output
energy is derived from natural
gas feed to combustion
turbines resulting in additional
greenhouse gas emissions

Hydrogen references: Crotogino and Huebner (2008), Denholm and Kulcinski (2004). Batteries: EPRI-DOE (2003). Pumped hydro: Denholm and Kulcinski (2004), Gleick (1994).
CAES: Crotogino and Huebner (2008).
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