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Abstract The development of new technologies for large-
scale electricity storage is a key element in future flexible
electricity transmission systems. Electricity storage in adiabat-
ic compressed air energy storage (A-CAES) power plants of-
fers the prospect of making a substantial contribution to reach
this goal. This concept allows efficient, local zero-emission
electricity storage on the basis of compressed air in under-
ground caverns. The compression and expansion of air in
turbomachinery help to balance power generation peaks that
are not demand-driven on the one hand and consumption-
induced load peaks on the other. For further improvements
in cost efficiencies and flexibility, system modifications are
necessary. Therefore, a novel concept regarding the integra-
tion of an electrical heating component is investigated. This
modification allows increased power plant flexibilities and
decreasing component sizes due to the generated high temper-
ature heat with simultaneously decreasing total round trip ef-
ficiencies. For an exemplarily A-CAES case simulation stud-
ies regarding the electrical heating power and thermal energy
storage sizes were conducted to identify the potentials in cost
reduction of the central power plant components and the loss
in round trip efficiency.

1 Introduction

The proportion of electrical energy generated from wind and
other renewable sources is set to rise significantly in many

countries. Whilst it is reasonable to assume a steady evolution
in wind turbine capacity, efficiency and reliability, the major
obstacles to utilising a high proportion of wind energy lie in its
intermittent nature, and its integration into the grid.

The discrepancy in load and generation require a
flexibilisation of the electrical energy system that can be
achieved using energy storage systems (ESS) [1]. Different
technology options are available and well suited for individual
tasks due to their storage characteristics, see Fig. 1. Today,
high storage capacities and system power respectively are
provided by pumped storage power plants (PSPP). This tech-
nology is particularly an adequate solution for the large-scale
integration of wind energy due to their excellent characteris-
tics for balancing by both extracting from, and supplying elec-
trical energy to the grid. Unfortunately, the capacity of
pumped storage power plants is constrained by geography,
and in most developed countries there is only limited prospect
for further development.

An alternative option with large capacities is given by
Compressed Air Energy Storages (CAES) [3–6]. In 1978, a
first compressed air energy storage (CAES) plant of 290 MW
capacity was built at Huntorf in Germany [7]. In 1991 another
110 MW plant was built in McIntosh, Alabama [8]. Both
plants are still in operation today. In periods of low grid load
they store electrical energy from base-load power plants or
wind farms by means of compressed air. In this process elec-
trically powered turbo-compressors fill underground caverns
with compressed atmospheric air. At times of peak load, com-
pressed air is drawn from the cavern, then heated and expand-
ed in a modified gas turbine driving a generator.

The storage efficiency of the diabatic CAES plants is re-
duced by cooling of the air before it enters the cavern, and by
reheating the air prior to burning it with the fuel. Because of
this, an adiabatic CAES seeks to overcome these drawbacks,
representing a locally emission-free and pure storage
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technology. Furthermore, adiabatic compressed air energy
storages (A-CAES) already obtain efficiency at 70% [9] and
can therefore already compete with PPSPs.

The basic idea of the A-CAES concept is to use heat stor-
ages as a central element of the plant. This allows supplying
the heat needed for the expansion process from the otherwise
rejected compression heat and thus to avoid a gas combustor.
During the charge period the heat is extracted from the air
stream and stored. When energy is required by the grid, the
compressed air and heat energy is recombined and expanded
through an air turbine. Various designs for configuring the
compression train have been proposed, including using a se-
ries of compression stages to reduce the work of compression
[10–13].

The Thermal Energy Storages (TES) are a central element
in the design of the power plant and its performance is of
decisive importance for the level of efficiency of the overall
process. In principle all heat storage technologies that allow
minimal losses (in terms of exergy) during heat transmission
come into consideration [14]. Since, however, the tempera-
tures at the hot and cold ends of the store are largely deter-
mined by the overall process, stores based on sensible media
can meet the requirements efficiently. Alternative TES con-
cepts based on phase change materials were investigated by
[15] to reduce the amount of entropy generated from the heat
exchange process, leading to an improved overall efficiency
of the system.

In order to improve the performance of CAES, different
system extensions are investigated to utilize the waste heat
carried in turbine exhaust during discharge [16] or to allow
cooling, heating and electrical generation [17]. An alternative

concept based on a conventional A-CAES is focused in this
work. Here, system modifications regarding the integration of
an electrical heating component are investigated. This novel
concept allows decreasing component sizes due to the gener-
ated high temperature heat and increased power plant flexibil-
ities with minimal intervention in the power plant
configuration.

2 A-CAES system modification

To improve the performance and cost efficiency of the adia-
batic compressed air energy storage, system modifications of
the overall process are investigated. Central idea behind the
system modification includes the integration of an electrical
heating option to allowmore flexibility during charging and to
decrease component sizes due to the generation of high tem-
perature heat.

A promising A-CAES power plant is based on a two-stage
system with one thermal energy storage systems in the low-
pressure (LP) and one in the high pressure range (HP). For
both TES systems sensible storage options are used: a regen-
erator concept with packed beds for the LP-TES and a 2-tank
concept with mineral oil for the HP-TES. Based on this orig-
inal A-CAES system, modifications are investigated regard-
ing an additional electrical heating component in the low pres-
sure area. Figure 2 illustrates the original system and the mod-
ification (electrical heating component) with idealized speci-
fications (negligence of pressure drops, temperature losses
and component efficiencies). Here, electrical heating

Fig. 1 Classification of Energy
Storage Systems [2]
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temperatures of 500 °C during charging operation are as-
sumed exemplarily.

During the charging phase adiabatic compressed (2) and
electrical heated ambient air (3) passes the LP-TES, where
thermal energy is transferred isobaric from the heat transfer
fluid to the heat storage system (4). In the second stage the
pressurized air is compressed to high pressures (5), cooled
down - through transferring heat to the HP-TES system (6) -
and stored in an underground cavern. Inside the charging pro-
cedure safety coolers are integrated after each thermal energy
storage system to fulfil the inlet conditions of the HP-
compressor and the cavern. During the discharging phase
the cold pressurized air is heated up through the thermal en-
ergy storage systems and expanded in the turbines.

As seen in Fig. 2 (right) with simplified assumptions, the
electrical heating option enables higher storage densities for
the LP-TES (3) – thus smaller storage sizes - by increased
enthalpy differences, but simultaneously decreasing overall
efficiencies due to increasing waste heat temperatures at the
outlet of the LP-turbine (7). Additionally, assuming a fix outlet
power during discharging, lower mass flow rates are neces-
sary with increasing electrical heating, thus decreasing cavern
and turbomachine sizes. This exemplarily illustrated behav-
iour under idealized specifications show the potential of elec-
trical heating options to improve the cost efficiency and
performance.

For the concept under investigation, the integration of the
heating component is located in the LP and not in the HP area.

The major advantage, aside from constructive reasons, is ther-
modynamically based due to the cyclic operation. Assuming
the electrical heating component in the HP area, high temper-
ature heat will be generated during charging and stored in the
HP-TES. During discharging the heat will be transferred to the
cold pressurized air from the cavern, expands through the HP-
Turbine and enters the LP-TES. With increasing electrical
heating the HP-Turbine outlet temperature and LP-TES inlet
temperature respectively increases, which lead to two signifi-
cant drawbacks for the overall system: a reduced utilization of
the LP-TES and simultaneously increasing cooling loss
through the intercooler. Under extreme conditions - up a dis-
tinct amount of heating power - the cold and the hot end of the
LP-TES achieve equal inlet temperatures and thus no heat will
be stored there. Due to this fact and under a cyclic point of
view only electrical heating components in the LP area will be
investigated.

3 Modelling

For simulation studies of the modified A-CAES concepts, a
detailed formulation of the heat storage options is necessary,
especially regarding the temporal and spatial characteristics of
the LP-TES option based on packed beds. An adequate model
for such a regenerator-type solid media heat storage must be
used and will be explained in the following. In contrast, the 2-
tank HP-TES option is mainly determined by the efficiency of

Fig. 2 FunctionDiagram of the original andmodified (electrical heating component in the LP range) two-stage A-CAES (left) and schematic illustration
of the storage cycle (right)
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the heat exchanger with negligible temporal effects.
Therefore, the well-known NTU-models can be used, whereat
the mass balance of the transported mineral oil between the
two containments must be regarded.

With specifying the pressure ratios and isentropic changes
in state - in consideration of isentropic coefficients - the
outlet temperatures of the turbomachines are calculated.
Isothermal conditions, defined by the specified after cooler
outlet temperature, are assumed for the cavern. The electrical
heating option is modelled in a simple way by assuming an
ideal transformation of electrical (PHeating) to thermal power
(Q̇th ), which results in a temperature difference (ΔTF) for a
given mass flow rate (ṁF ) and specific heat capacity (cP,F)
of the fluid (F).

PHeating ¼ Q˙ th ¼ m˙ F ⋅ cP;F ⋅ΔT F ð1Þ

A detailed formulation of the electrical heating component
is not focused in this work. However, for large-scale applica-
tions two promising power to heat technologies are available:
inductive and conductive procedures [18, 19]. Both are used
in steel industries, where comparable heating powers to the
modified A-CAES concept are needed. Technology depen-
dent effects and efficiencies are not considered in this work,
but must be regarded in further investigations.

3.1 LP-TES: solid media

The thermal model considers the packed bed as heterogeneous
porous continuum and provides the temporal and spatial tem-
perature variations of the particles [20]. A well justified sim-
plification is the neglection of radial gradients across the flow
direction. The resulting one dimensional heat balances for the
fluid and solid phase in time t and space z can be written as.

Fluid

ερFcF
∂T F

∂t
þ w

∂T F

∂z

� �
¼ λF;z;eff

∂2T F

∂z2

þ kaP TS−T Fð Þ ð2Þ

Solid

1−εð ÞρScS
∂TS

∂t
¼ λS;z;eff

∂2TS

∂z2

þ kaP T F−TSð Þ−kWaW TS−T0ð Þ ð3Þ

where TF and TS are the heat transfer fluid and solid medium
temperature, w the fluid velocity, ε the void fraction, aP and
aW the volume specific heat transfer surface for the particle
inventory and the surrounding containment walls respectively,
defined by the particle diameter dP and the containment

diameter D. The total heat transfer coefficient k for
regenerator-type solid media heat storages regarding the ther-
mal resistance of the particles is defined by [21, 22] and the
heat transfer coefficient is given by [23].

Thermal losses are regarded through the insulation by kW
and radiation effects between the packed bed and the
distributer wall are implemented in the solid boundary condi-
tions. Effective heat conduction coefficients for the fluid
λF,z,eff and solid phase λS,z,eff are defined by [24, 25] as well
as temperature dependent material properties for the investi-
gated ceramic particles. Real gas model by Lemmon is used to
describe the air properties.

The partial differential equations in (2) and (3) are solved
numerically by using a central and a backward finite-
difference-method in space for the solid and for the fluid phase
respectively. Subsequently, the resulting set of ordinary differ-
ential equations is solved in time with a commercial simula-
tion tool (Matlab). The chosen solver type (ode15s) allows
high accuracy, a variable time step size and is well suited for
stiff equation systems.

3.2 HP-TES: 2-tank

The thermal behaviour of the 2-tank storage system is mainly
determined by the efficiency of the heat exchanger during
transferring heat from the pressurized hot air to the cold min-
eral oil in charging operation, respectively from the hot min-
eral oil to the cold pressurized air in discharge operation. With
acceptable simplifications - constant material properties, neg-
ligence of thermal loss due to moderate temperatures (see
Fig. 3, right) and thermal inertia effects inside the heat ex-
changer during cyclic operation changeover - analytical
NTU-models can be used [26, 27]. Therefore, two input pa-
rameter are needed: the values of dimensionless temperature
change P1 and P2 and the ratios of heat capacity flows R1 and
R2, where index 1 represents the air and index 2 the mineral

Fig. 3 Spatial solid media temperature profiles at the end of charging and
discharging for the LP-TES in the thermal cyclic equilibrium for three
different bed heights
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oil. Considering the cyclic operation, two sets of Pi and Ri for
charging and discharging are required.

Due to the condition of a constant cold (T2,cold) and hot
temperature (T2,hot) in the 2-tank storage system over the ther-
mal cycles, two additional equations are given by:

Tin
2;charge ¼ Tout

2;discharge ¼ T2;cold ð4Þ
Tout
2;charge ¼ Tin

2;discharge ¼ T2;hot ð5Þ

Assuming further an idealized heat exchanger in counter
flow with a ratio of heat capacity flow equal one (R1 = R2 = 1)
and equal charging-discharging durations, thus equal values
of dimensionless temperature change for charging and
discharging (Pcharge = Pdischarge = P), the cold an hot temper-
ature of the 2-tank storage system aswell as the size of the heat
exchanger (NTU) can be calculated through:

T2;hot ¼
Tin
1;charge þ Tin

1;discharge⋅ 1−Pð Þ
2−P

ð6Þ

T2;cold ¼ T2;hot−P⋅ T2;hot−Tin
1;discharge

� �
ð7Þ

NTU ¼ P
1−P

ð8Þ

Additionally, in consideration of the mass balance, the ratio
of heat capacity flow during charging and discharging opera-
tion must be equal (Rcharge = Rdischarge).

With this set of equations and assumptions, the outlet tem-
peratures of the mineral oil as well as of the pressurized air and
the size of the heat transfer exchanger are determined by a
given value P and the air inlet temperatures Tin

1;charge and

Tin
1;discharge resulting from the cyclic system operation.

4 Results

The aim of the system modifications are to identify suitable
combinations of heat storage sizes and electrical heating pow-
ers to allow a reduction of component sizes (TES,
turbomachines, cavern) with passable lost in the overall sys-
tem efficiency. Therefore, the thermal equations described in
chapter 3 are solved numerically. Inside the unsteady calcula-
tion procedure, an iterative adaption of the temporal
discharging mass flow rate and the constant charging mass
flow rate are performed to achieve constant turbine outlet
powers and to fulfil the criterion of balanced air mass inside

the cavern. Additionally several cyclic operation runs must be
simulated to obtain the thermal cyclic equilibrium inside the
LP-TES resulting in temporal constant thermal outlet
characteristics.

To identify suitable design modifications, a set of charac-
teristic boundary conditions for a large scale A-CAES power
plant must be defined firstly (Table 1).

Here, pressure drops for the TES, the heat exchangers and
the piping are neglected, but regarded for the cavern (2 bar
assumed). The outlet temperatures of the integrated safety
coolers (4 and 6 in Fig. 2) are set to a value of 40 °C.

Additional further parameters regarding the central compo-
nents are defined. Here, isentropic coefficients for the
turbomachines are set to a value of 0.86 and the inlet temper-
ature of the ambient air is defined by 10 °C. Ceramic material
properties are assumed for the packed bed in the LP-TES with
particle diameters of 0.03 m, a void fraction of 40% and a bed
diameter of 10 m. The Insulation thickness of the surrounding
containment walls is defined by a value of 0.5 m with a heat
conductivity of 0.5 W/mK. Emission coefficients regarding
the thermal radiation loss between the packed bed and the
distributor walls are set to a value of 0.7. Finally, the dimen-
sionless temperature change P for the 2-tank HP-TES is given
to a value of 0.85.

Following, simulation results are presented relating to var-
iation studies of the LP-TES height and the electrical heating
power (2–3 in Fig. 2). Therefore, a constant and fix
discharging electrical output power of 65 MWel is assumed
with charging and discharging durations of each 6 h respec-
tively and a stand still period after discharging of 12 h to fulfil
a daily cycle.

4.1 Variation studies without electrical heating

First simulation results in Figs. 3 and 4 for the thermal cyclic
equilibrium without electrical heating during charging opera-
tion are presented. Central effects on spatial and temporal
characteristics for different packed bed heights and the speci-
fied condition of constant outlet power are explained.

Regarding the influence of the packed bed height (H) of the
LP-TES, solid media spatial temperature profiles TS at the end
of charging and discharging are shown in Fig. 3.

The results illustrated in a normalized bed height (z/H)
depict an increased LP-TES utilization with decreasing bed
sizes, thus an increased storage density. As a consequence,
the hot and cold ends at the top and the bottom of the LP-
TES see higher temperature changes, accordingly a lower

Table 1 Boundary conditions for
turbomachines (Fig. 2) LP-Comp. Press. (1–2) HP-Comp. Press. (4–5) LP-Turb. Press. (3–7) HP-Turb. Press. (5–4)

1–10 bar 10 - (60➔75) bar 10–1 bar (71➔56) - 10 bar
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uniformity in the outlet temperatures. The results show a sig-
nificant potential to decrease storage masses with comparable
amounts of stored thermal energy up to a distinct limit mainly
determined by the temperature spreads at the hot end of the
bed and the condition of constant outlet power.

This context is shown in Fig. 4 by illustration the temporal
temperature characteristics during discharging at the outlet of
the LP-TES (TF,LP-TES,out), at the outlet of the low-pressure
turbine (TF,LP-Turbine,out) as well as the corresponding
discharging mass flow rate (mpF,dis).

As seen in Fig. 4 (top), decreasing storage heights lead to
the mentioned increased temperature spread at the end of
discharging. For a bed height of 55m outlet fluid temperatures
at the end of discharging of 250 °C are calculated, whereas for
a bed height of 38 m a higher temperature drop at 200 °C is
achieved. Analogical, this context is visible at the outlet of the
LP-turbine (Fig. 4, middle) after expansion, where 10 °C at the
end of discharging are reached in case of 38 m bed height.
Fulfilling the condition of constant outlet power during
discharging, the temperature drop at the LP-turbine must be
balanced through a temporal increasingmass flow rate (Fig. 4,
bottom).

The results in Fig. 4 show the restrictions regarding the
reduction of the bed height. With further decreasing the stor-
age heights, LP-turbine outlet temperatures less than 0 °C will
be reached and an increased mass flow rate at the end of
discharging is necessary. Both effects lead to significant risks

in the LP-turbine operation and thus in a limitation of the bed
heights. To overcome these restrictions, simulation results
with electrical heating will be presented in the following.

In contrast to the LP-TES with variation studies regarding
the bed height, fixed thermal boundary conditions and speci-
fications are defined for the 2-tank HP-TES with mineral oil.
Therefore, storage masses of 1580 t are neededwith negligible
impacts through the varying temporal averaged discharging
flow rates (see Fig. 4 bottom).

4.2 Variation studies with electrical heating

To allow further reductions of the LP-TES heights as well as
the component sizes of the HP-TES, turbomachines and cav-
ern, simulation results with electrical heating during charging
are shown. As illustrated in Fig. 2 (right), an additional elec-
trical heating during charging operation opens up the potential
to decrease component sizes by generation of high tempera-
ture heat, but lead simultaneously to decreasing overall effi-
ciencies (ηtot) due to increased waste heat.

This effect is illustrated in Fig. 5 with variations of heating
temperatures between 350 °C and 550 °C and bed heights.
The results for the pure adiabatic condition with zero electrical
heating (blue line) was explained in chapter 4.1.

With increasing electrical heating and decreasing bed
heights, the overall efficiency decreases. For the variation case
without electrical heating overall efficiencies of about 72% are
achieved, whereas the lower limit in bed height is determined
through the increased temperature spread at the hot end of the
LP-TES (see Fig. 4). Comparable results are visible for cases
with electrical heating. Here, significant lower bed heights up
to 28 m compared to the pure adiabatic cases (PHeat = 0) are
possible due to higher thermal storage densities, but at the
same time a decrease in the overall efficiency up to 62%.

Beside the potential to reduce TES dimensions, the gener-
ated high temperature heat leads to a decrease of the compres-
sors and cavern size. To illustrate this behaviour (Fig. 6), the

Fig. 4 Temporal characteristics during discharging: LP-TES fluid outlet
temperature (top), LP-turbine outlet temperature (middle) and mass flow
rate (bottom)

Fig. 5 Total round trip efficiency versus feasible LP-TES bed heights for
different electrical heating temperatures and powers
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results are presented in the loss of the overall efficiencyΔηloss
in relation to the electrical heating power PHeat and the relative
reduction of component sizes related to a reference case with-
out electrical heating (index 0). The value HLP,min represents
the lowest feasible LP-TES dimension, where LP-turbine out-
let temperatures of 10 °C are achieved (compare Fig. 4
middle).

The results of the relative LP-TES size HLP,min/HLP,min,0

show a reduction of up to 26% by a simultaneously decrease
in the overall efficiency of 10% related to the reference case,
whereas heating powers of 32.5MWare necessary (see results
in Fig. 5). Aside from this effect, a reduction of the HP-TES
mineral oil storage mass mS,HP, the cavern size VCavern and the
compressor power PCompr. of about 19% is achieved. Here, for
the maximum electrical heating power of 32.5 MW the HP-
TES storage mass is reduced to 1280 t compared to the non-
heated case with 1580 t.

This behaviour is caused by the higher LP-TES thermal
storage densities through the electrical heating option and thus
lower discharging mass flow rates to generate the defined
outlet power of 65MWel. As a result, smaller HP-TES dimen-
sions, compressor powers as well as lower cavern volumes are
required and lead besides the reduced LP-TES size to a sig-
nificant potential in cost reduction.

5 Conclusions

The grid-compatible expansion of renewable, fluctuating en-
ergy sources makes it necessary to provide sufficient electric-
ity storage capacity. Adiabatic compressed air energy storage
power plants are a promising option here with high expansion
potential.

For further improvements in cost efficiency and
flexibilisation, a novel system modification in a 2-stage
CAES power plant through the integration of an electrical

heating component in the low pressure area is investigated.
The results confirm a significant potential to decrease the cen-
tral component sizes of the heat storages, the compressors and
cavern due to the generated high temperature heat by simul-
taneously decreased total round trip efficiencies. Exemplarily,
the results for the investigated power plant case with
discharging capacities of 390 MWhel show with a moderate
reduction of the total round trip efficiencies related to the pure
adiabatic operation without electrical heating, a potential to
decrease component sizes up to 10%. Besides significant im-
proved cost efficiency, an increased flexibility can be achieved
through the electrical heating option by the fast generation and
storage of the high temperature heat. Thus additionally mar-
kets will be opened and an increased economic efficiency for
this technology is achieved.

In further works, the identification and development of the
electrical heating component with heating powers in a range
between 5 MWel to 20 MWel are necessary. Promising indus-
trial power to heat technologies are available (inductive and
conductive procedures), but must be adapted for CAES appli-
cations. One adequate solution includes an inductive heating
of metallic rods, in which the heat is transferred to the passing
air in direct contact. This option allows a contactless electric
heating procedure with high charging powers up to high tem-
perature ranges. For this purpose, simulation models are for-
mulated regarding geometric aspects and material characteris-
tics to identify high efficient and flexible designs.

Fig. 6 Electrical heating powers and relative reduction of component
sizes related to the reference case versus loss in round trip efficiency
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