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AA-CAES Pilot Plant
▪ Built by ALACAES in decommissioned tunnel 
▪ Experiments with sensible and sensible/latent heat storage: 
‣ Capacity of sensible heat storage (SHS): 12 MWh 
‣ Capacity of latent heat storage (LHS): 171 kWh 

▪ World firsts: 
‣ First AA-CAES pilot plant (no turbine) 
‣ First AA-CAES pilot plant with rock cavern (mostly unlined) 
‣ First pilot-scale experiments with combined SHS/LHS
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AA-CAES Pilot Plant: Cavern
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AA-CAES Pilot Plant: LHS
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AA-CAES Pilot Plant: SHS
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AA-CAES Pilot Plant: Efficiency

Table 3: TES and plant cycle e�ciencies of pilot-plant configuration, computed

from experimentally measured mass flow rates and temperatures and assuming

an airtight cavern.

Run Cycle ⌘TES ⌘plant,est

1

A1 90.3% 73.8%

A2 83.0% 68.4%

A3 76.1% 62.7%

2

A1 87.6% 70.2%

A2 82.3% 66.2%

B1 89.1% 69.6%

B2 86.7% 69.7%

C1 84.2% 70.4%

C2 84.1% 70.2%

C3 77.7% 65.2%

30

▪ Efficiency estimated for case 
of sensible TES only 

▪ Assumptions: 
‣ Turbine modeled 
‣ ηs,comp = ηs,turb = 0.85 
‣ ηmot = ηgen = 0.97 

▪ Efficiency w/o TES: up to 
79.8%

Geissbühler et al., Pilot-scale demonstration of advanced adiabatic compressed air energy storage, Part 1: 
Plant description and tests with sensible thermal-energy storage, in preparation
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Concluding Remarks & Outlook
▪ AA-CAES pilot plant demonstrated technical feasibility: 
‣ Mostly unlined cavern 
‣ Combined sensible/latent TES at temperatures up to 560°C 
‣ TES located inside cavern to simplify construction/reduce cost 
‣ Estimated plant efficiencies of 65-70% based on experimental data 

▪ Focus shifting toward techno-economic analysis of 
industrial-scale plant: 
‣ Optimal plant configuration (power and capacity) 
‣ Optimal plant site in Switzerland (cavern, grid connection)
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Concluding Remarks & Outlook
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AA-CAES Pilot Plant: LHS
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AA-CAES Pilot Plant: LHS
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Economic and Environmental Aspects

inputs and considering the differences in energy quality between
natural gas and electricity, analysts report net electrical storage
efficiencies between 66 and 71%.30,38 NaS and ow battery effi-
ciencies are lower than other electrochemical technologies due to
parasitic energy losses associated with thermal management and
pumps.23

For nearly all electrochemical storage technologies, cycle life
depends on the operating temperature and the depth of
discharge. This is due to the kinetic behavior of chemical
reactions. Rydh and Sanden 2005 (ref. 29) provides a table that
shows cycle-life ranges for three different depths of discharge:
33%, 80% and 100%. Linden, 2010 (ref. 23) describes in detail
the relationship between kinetics and cycle life for electro-
chemical storage technologies. Here, we assume the optimum
operating temperature and select the depth of discharge and
coupled cycle life that minimizes the levelized energy
consumption (italic font in Table 1).

We calculate a levelized embodied energy for storage tech-
nologies as follows:

LEembodied ¼ 3gate
tdayT

l

! "
1

D

1

h
(1)

where tday is the number of days operating per year (365), and T is
the levelization period in years. We assume EES technologies are
replaced entirely and that recycling is not signicant due to rapid
deployment and scale up. Recycling would likely reduce the 3gate
preferentially for technologies with shorter cycle life, but this
effect was not quantied here. PbA's low 3gatemight be attributed
to extensive present day recycling of automotive batteries.39 The
normalization factor incorporating cycle life is roundedup to the
next integer. Similar to levelized cost of electricity (LCOE)
studies, we select a levelization period of 30 years.40

The solid lines in Fig. 1B, correspond to storage technologies
and show the LEembodied (x-axis) required to build and maintain
storage capacity (y-axis). The horizontal red lines indicate the
world energy storage capacity reference of 4 to 12 hours of
average power demand. Once a line has entered into the shaded
regions the storage capacity as indicated by the y-axis will
require 1% and 3% of today's global primary energy production
to manufacture and maintain storage devices assuming a 30
years levelization period. Electrochemical storage technologies
require 10 to 100 times more embodied energy for a given
energy capacity than geological storage technologies.

2.3 Energy stored on invested

The levelized embodied energy calculation is useful for esti-
mating the energy required to build grid-scale storage, but it
suffers from biases introduced by assuming a levelization
period and operational hours per year or a capacity factor.
Motivated by energy returned on invested (EROI) analysis,41 we
present a new formula that avoids these biases: energy stored on
invested (ESOI). ESOI is the ratio of electrical energy stored over
the lifetime of a storage device to the amount of primary
embodied energy required to build the device:

ESOI ¼ Energy stored

Embodied energy
¼ ðcapacityÞlhD

ðcapacityÞ3gate
¼ lhD

3gate
(2)

where D, the depth-of-discharge, modulates the energy stored.
Fig. 2 shows the ESOI for load-balancing storage technologies. It
contrasts with the static cradle-to-gate energy costs shown in
Fig. 1A. Over their entire life, electrochemical storage technol-
ogies only store 2–10 times the amount of energy that was
required to build them.

2.4 Material resource requirements

In addition to energy costs, storage technologies require mate-
rial resources. Several prior studies have estimated the material
requirements for energy storage.12–14 The principal contribution
of this study is quantifying the energetic requirements of energy
storage. Materials are a second physical cost and we conducted
our own analysis in order to discuss the implications these
material requirements have on the time required to scale energy
storage for load-balancing renewable resources in future energy
systems.

Consider the elemental constituents of storage technologies.
Fig. 3A–C show how global annual production, price and
specic embodied energy vary with the mass fraction of
elements in the Earth's lithosphere.§ The top plot shows the
total mass of elements produced annually worldwide in metric

Fig. 2 A bar plot showing ESOI, the ratio of total electrical energy stored over
the life of a storage technology to its embodied primary energy. Higher values are
less energy intensive.

§ Lithospheric abundance data obtained via ref. 42. Geochemistry and fossil fuel
consumption segregate Co, S and V as outliers. Cobalt naturally exists in mineral
compounds usually extracted as co-products of nickel and copper mining.33

Isolating pure cobalt from various mineral ores is an expensive process. Today
sulfur is obtained as an undesired by-product of oil and gas rening. Currently,
sulfur is in oversupply which leads to stockpiling and a suppressed market
price.33 The available supply of vanadium is uncertain because, presently,
vanadium is primarily recovered as a by-product or co-product of mining and
coal, crude oil, and tar sand rening.33 Vanadium is a unique case: it is
obtained as a waste material from smelters and oil reneries. LCA analysis for
vanadium varies signicantly from 43 MJ to 3711 MJ per kg depending on
whether vanadium is consider a primary product or a by-product.32,36

1086 | Energy Environ. Sci., 2013, 6, 1083–1092 This journal is ª The Royal Society of Chemistry 2013
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within a given scenario except for diabatic CAES which is
modeled separately (because it consumes fuel during the dis-
charging phase). Charge and discharge rates of BES are assumed
to be equal.

We consider four scenarios for emissions intensity of the
grid; business as usual (BAU) and caps of 300, 150, and
0 kgCO2e per MW h. Note that these values, even BAU (this scenario
leads to an emissions intensity of B448 kgCO2e per MW h)
represent sharp emissions reductions compared to the existing
grids, mainly because coal is not included in our model. For
instance, the average carbon intensity of the entire USA grid and
the global average in 2010 were 503 and 536 kgCO2 per MW h.26

Table 2 summarizes various inputs of our model. Roundtrip
efficiency of storage is set at 75%, an average value based on
BES technologies in Table 1. The price of gas is fixed at $5 per GJ
(sensitivity analysis is provided in the ESI†). Operational consid-
erations such as minimum up and down times, ramp rates, and
part-load performance are not included in the model. We use a
GHG intensity of 66 kgCO2e per GJ (low heating value)6 for gas to
account for upstream emissions in addition to combustion emis-
sions, which leads to a GHG intensity of 647 and 442 kgCO2e per
MW h for the modeled SCGT and CCGT plants.

Our cost estimates for gas turbines and wind farms are based
on values reported by the US Department of Energy (DoE),27 US
Energy Information Administration (EIA),28 National Renewable
Energy Laboratory (NREL),29 and Lazard Ltd.30 We use a value
of $9000 per kW for DZC. Each specific DZC technology will

face some geographical constraints (e.g. CSP requires high solar
irradiance or CCS needs a suitable geologic formation). DZC,
however, represents the least capital-intensive, dispatchable
technology—whether CSP, nuclear, CCS, biomass or geothermal—
that can be utilized in a given location. Our judgment is that
9000 $ per kW is mostly likely an overestimate of this best-case
DZC cost (see ESI† for our rationale and the sensitivity analysis
on DZC cost).

Finally, our analysis treats the electricity grid in isolation
from the other parts of the economy, most importantly trans-
portation sector. It is reasonable to envision both a low-carbon
power and transportation sector under economy-wide GHG
emissions constraints in future. Storage of electricity in the
form of low-carbon fuels to power the transportation and
electricity generation fleet is a scenario that our analysis does
not cover. Storage of electricity as a fuel (i.e. electrofuels and
hydrogen) is more technically and economically likely than
storage of electricity itself over long time scales (e.g. seasonal
battery storage). Other low-carbon fuels (e.g. biofuels) can also
fuel the power sector, which is not considered in our model.

3. Results and discussions
3.1 Cost of electricity

In our BAU scenario, wind and DZC are not economically viable
and gas turbines and storage supply the electric load. CCGT
dominates the electricity supply because of the high operating
and fuel costs of SCGT compared to CCGT (see Table 2). Even
without an emissions constraint, cheap BES reduces the need
for peaking plants (SCGT) by increasing utilization of CCGT
and thus lowering the cost of electricity. Emissions intensity,
however, is insensitive to the storage cost because BES supplies
at most 3% of the annual load. CCGT supplies almost all (497%)
of total electricity. Note that the 15 minute resolution may slightly
overestimate the share of CCGT as it understates the advantage
SCGT should get from its faster ramp rate.

Our central research question is how the capital cost of
storage impacts the overall cost of electricity supply under tight
carbon constrains. Fig. 2 illustrates LCOE at various emission
caps over a wide range of XE and XP. The most general result
is that energy capital cost (XE) has a stronger influence on
LCOE than does power cost (XP) under all emission scenarios.
Comparing Fig. 1 and 2, we can see that the existing mechanical
BES systems are more likely to cost effectively curb emissions

Table 2 Technical and economic inputs of the model in the base case

Parameter Value Notes

CapEx of wind, SCGT, CCGT, DZC 2000, 800, 1100, and 9000 $ per kW Wind and gas turbine data are based on ref. 27–30.
FOM and VOM of DZC are based on nuclear and CSP28,30FOM of wind, SCGT, CCGT, DZC 35, 10, 12, and 100 $ per kW per year

VOM of wind, SCGT, CCGT, DZC 0, 10, 3, and 0 $ per MW h
Heat rate of SCGT, CCGT, and CAES 9.8, 6.7, and 4.2 GJ per MW h
Work ratio of CAES 0.75 CAES data are based on Table 1
Storage efficiency 75% An average based on Table 1
Price of gas 5 $ per GJ Based on lower heating value
Blended cost of capital 10% Equivalent to a discount rate of B8% for 20 years
XP and XE of BES 100–2000 $ per kW and 5–700 $ per kW h Range used in simulation that cover 320 points in XP, XE space

Fig. 1 Mapping of selected BES technologies on the XE and XP plane. Each
box represents a BES technology and its location corresponds to the ranges
shown in bold in Table 1 for XE and XP. Estimates for the storage efficiency
(Z), heat rate (HR), and work ratio (WR) are included. WR quantifies electricity
used by the CAES plant per unit of electrical energy generated. Regions 1
and 2 represent mechanical and electrochemical technologies, respectively.
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Figure 7.2: LCOES for 1 MW (left) and 100 MW (right) storage system with variations of 
technological factors including cost, efficiency and lifetime, with electricity price of 0.10 
EUR/kWh. 

 

Figure 7.3: LCOES for 1 MW (left) and 100 MW (right) storage system with electricity price 
range variation (0-0.15 €/kWh). 
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Figure 7.5: Life Cycle GHG Emissions considering the variation of lifetime and efficiency for 
1 MW (top) and 100 MW (bottom) systems with electricity being stored from Swiss supply 
mix 
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Figure 7.5: Life Cycle GHG Emissions considering the variation of lifetime and efficiency for 
1 MW (top) and 100 MW (bottom) systems with electricity being stored from Swiss supply 
mix 


