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a b s t r a c t

The key feature of Adiabatic Compressed Air Energy Storage (A-CAES) is the reuse of the heat generated
from the air compression process at the stage of air expansion. This increases the complexity of the whole
system since the heat exchange and thermal storage units must have the capacities and performance to
match the air compression/expansion units. Thus it raises a strong demand in the whole system mod-
elling and simulation tool for A-CAES system optimisation. The paper presents a newwhole systemmath-
ematical model for A-CAES with simulation implementation and the model is developed with
consideration of lowing capital cost of the system. The paper then focuses on the study of system effi-
ciency improvement strategies via parametric analysis and system structure optimisation. The paper
investigates how the system efficiency is affected by the system component performance and parame-
ters. From the study, the key parameters are identified, which give dominant influences in improving
the system efficiency. The study is extended onto optimal system configuration and the recommenda-
tions are made for achieving higher efficiency, which provides a useful guidance for A-CAES system
design.
� 2015 The Authors. Published by Elsevier Ltd. This is an openaccess article under the CCBY license (http://

creativecommons.org/licenses/by/4.0/).
1. Introduction

Power network reliability is facing a great challenge in coping
with the rapid increase of intermittent renewable energy integra-
tion. To address the challenge, various solutions are studied,
among which Electrical Energy Storage (EES) has been recognized
as one of the enabling technologies in supporting the current and
future grid operation [1–3]. Various EES technologies with a
comprehensive characteristic matrix can offer technical and eco-
nomic benefits from generation, transmission and distribution to
demand side management [4]. Among all EES technologies, Com-
pressed Air Energy Storage (CAES) shows its distinguished merits,
such as large-scale, low cost, long lifetime and the established
operation experience [4,5]. CAES is considered as one of the cheap-
est EES technologies in terms of capital cost ($/kW h) and mainte-
nance cost ($/kW-year) [4–6]. CAES works in the process as: the
ambient air is compressed via compressors into one or more stor-
age reservoir(s) during the periods of low electricity demand (off-
peak) and the energy is stored in the form of high pressure com-
pressed air in the reservoir(s); during the periods of high electricity
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Fig. 1. Comparison of various EES technologies in cycle efficiencies [4].
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demand (on-peak), the stored compressed air is released, heated
by a heat source from the combustion of fossil fuels or other meth-
ods, and then the energy in compressed air (or post-combustion
gas) is captured by turbines/expanders to generate electricity.

The major concern in deployment of CAES is its relatively low
cycle efficiency compared with other EES technologies as shown
in Fig. 1 [4,6,7]. There are two large-scale CAES plants in commer-
cial operation worldwide, which are Huntorf CAES plant in Ger-
many built in 1978 and McIntosh CAES plant in US built in 1991;
both CAES plants burn gas as the heat source; the former has cycle
efficiency around 42% and the latter is with around 53% cycle effi-
ciency (Fig. 1) [4,8,9]. To improve CAES efficiency and avoid using
fossil fuels, the Adiabatic CAES (A-CAES) system concept was pro-
posed [8,10–13]. A-CAES combined with Thermal Energy Storage
(TES) is to extract heat from the stage of air compression and store
it in an adiabatic reservoir. The heat is then reused for the air
expansion and electricity generation process. Fig. 2 illustrates a
schematic layout for a typical A-CAES system, which is composed
of: (i) a reversible motor/generator unit with clutch mechanisms
to engage either with compressors or expanders; (ii) a multi-
stage air compression unit operating with a group of Heat
Exchangers (HEXs) to capture the heat produced; (iii) a multi-
stage air expansion unit with another group of HEXs to heat the
compressed air in the expansion stage; (iv) ‘‘hot” and ‘‘cold” ther-
mal storage reservoirs working with the two groups of HEXs to
form the TES cycle; (v) underground cavern(s) or aboveground
tank(s) for storing compressed air; (vi) a power conditioning sys-
tem for ensuring optimal generation of the electricity to match
the requirements of the external power network; and (vii) a con-
trol system for coordinative operation of the whole system.

With the strategy of re-using the heat energy generated from air
compression, A-CAES has a great potential to achieve a higher cycle
efficiency compared to conventional CAES [4,10,14,15]. Currently,
there mainly are two technology trends reported: A-CAES with
high temperature TES and A-CAES with low temperature TES
[10,12,16,14,15,17–20]. The research and development in this area
has been very active in recent years. Pickard et al. presented an ini-
tial energy and exergy analysis of an ideal A-CAES system [21].
Zhang et al. studied the effect of TES on A-CAES system efficiency
and the influences of temperature and pressure variations on the
utilization of thermal energy from TES [22]. A hybrid EES system
consisting of A-CAES and flywheel energy storage for wind power
applications was proposed by Zhao et al. [16]. Following a thermo-
dynamic analysis of A-CAES with artificial reservoirs, Grazzini and
Milazzo designed a set of criteria for the A-CAES system with
particular attention to HEXs [14]. Hartmann et al. contributed a
simulation study of cycle efficiency on A-CAES systems, which
shows the efficiency of a polytropic configuration is about 60%
and the efficiency of an ideal isentropic configuration is about
70% [15]. Wolf and Budt recently proposed a low-temperature A-
CAES design concept with the cycle efficiency in the range of 52–
60%, and a brief economic analysis was also given in [17]. It is
found that a number of A-CAES demonstration plants or facilities
are under development or in early stage experiment around the
world. A planned but currently paused large-scale A-CAES plant –
ADELE in Germany was designed to have a capacity of 90 MW
and 360 MW h with the target of �70% cycle efficiency [4,10]. A
1.5 MW A-CAES demonstration facility located near Beijing, China,
was recently built by the Institute of Engineering Thermophysics,
Chinese Academy of Sciences, and its initial experimental tests
are on-going [23]. LightSail Energy Ltd in US is developing the A-
CAES system via using reversible reciprocating piston machines
[24].

This paper examines the potential of system efficiency improve-
ment for adopting low temperature TES in A-CAES. The main con-
tributions of the paper are: (1) it presents a set of mathematical
models of the system components and develops a whole system
model of A-CAES with low temperature TES integration; (2) with
the study of the Huntorf CAES plant, the range of a set of system
parameters are identified to give the initial condition parameters
in A-CAES system simulation study, which also provides a useful
guideline for other researchers in selecting initial condition param-
eters; (3) with the simulation study using the whole systemmodel,
the optimal strategies for system efficiency improvements are
investigated via a parametric study with sensitivity analysis of
component parameters/performance indexes; and (4) following
the achievements from the above study, the various system config-
urations aiming for system efficiency improvement are designed
and discussed, and the recommendations are made.
2. Mathematical modelling of A-CAES systems

This section begins with the description of the system govern-
ing equations. Then the mathematical modelling to A-CAES system
components is presented. The ideal air is assumed to be used in the
whole modelling process.
2.1. Governing equations of modelling of A-CAES systems

In modelling all the system components, it is necessary to
ensure the balance of the mass and energy flow in and out the



Fig. 2. Schematic diagram of an A-CAES plant/facility.
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components. The following equations are the fundamental govern-
ing equations to modelling the whole system.

The rate of mass change to species j in a standard component
which uses fluid as its working medium can be described [25,26],

dmj

dt
¼ _min;j � _mout;j þ Nj ð1Þ

where _min;j and _mout;j stand for the mass flow rates of species j at the
all inlets and outlets respectively; Nj represents the net production

rate of species j by the chemical reaction(s); dmj

dt is also named the
mass accumulation of species j. When there is no chemical reaction
inside this component, Nj equals to zero [25,26].

When there is a steady flow of fluid in and out of a thermody-
namic system (or component), from the first law of thermodynam-
ics, the equation can be derived as ([26]),

_min hin þ C2
in

2
þ Zing

 !
þ _Q þ _W ¼ _mout hout þ C2

out

2
þ Zoutg

 !
ð2Þ

where the subscripts ‘‘in” and ‘‘out” represent the system inlet and

outlet respectively; _Q is the rate of change of heat transferred; _W is
the rate of change in energy transfer because of work done; h stands
for the specific enthalpy of unit mass of the fluid; Z is the height
above a datum level; Zg is the potential energy of unit mass of

the fluid; C is the fluid velocity; C2

2 is the kinetic energy of unit mass
of the fluid. In theoretical calculation, it is normally assumed that
Zin ¼ Zout.

2.2. Modelling of compressors

From Fig. 2, the multi-stage air compression unit is formed by a
group of Low Pressure (LP) and High Pressure (HP) compressors.
Based on the mass balance of the compression process, the input
mass flow rate of the compressors equals to the corresponding out-
put mass flow rate at its steady state. Based on the properties of
incoming flow and a given outlet pressure, the isentropic compres-
sion approach has been adopted to calculate the ideal mechanical
power consumption. Then an isentropic efficiency has been consid-
ered in the modelling to calibrate the ideal mechanical power to be
close to the practical working conditions. The isentropic efficiency
(gs) is defined by,

gs ¼
hout;s � hin

hout � hin
ð3Þ
where hout;s is the specific enthalpy of working medium at the outlet
in the ideal isentropic change of state, while hout is the specific
enthalpy at the outlet in the actual change of state. hin is the specific
enthalpy at the inlet.

The ideal mechanical power consumption ( _Wc;s) for compress-
ing the fluid can be calculated by ([16,26]),

_Wc;s ¼ _mcDhin!out;s ¼ _mc

Z Tc;out;s

Tc;in

CpdT ð4Þ

where _mc is the mass flow rate of the compressor; Cp is the specific
heat capacity at a constant pressure to the fluid working medium;
Tc;in and Tc;out;s represent the compressor inlet temperature and
the compressor outlet temperature in the ideal isentropic change
of state; Dhin!out;s is the ideal enthalpy change from the inlet to
the outlet of the compressor in the ideal isentropic change of state.
If this enthalpy change is calculated as a function of pressure ratio,
from the ideal gas law (Pvc ¼ const: and Pv ¼ RT) and the isentropic
compression characteristics, Eq. (5) can be derived ([15,26]),

Dhin!out;s ¼ c
c� 1

RT in
Pc;out;s

Pc;in

� �c�1
c

� 1

" #
ð5Þ

where R is the universal gas constant; c is specific heat ratio; Pc;in

and Pc;out;s represent the compressor inlet pressure and the com-
pressor outlet pressure in the ideal isentropic change of state.

From the energy balance Eq. (2) and assuming
_Q ¼ 0; Zin ¼ Zout; Cin ¼ Cout ([26]), Eq. (4) can be simplified to the
following equation in terms of compressing the air if the process
in each compressor is considered over a limited temperature
change (DT � 473 K) and the dry air is used ([14,26–29]),

_Wc;s ¼ _mcðhout;s � hinÞ ð6Þ
From Eqs. (3) and (6), the actual power consumed by the com-

pressor can be calculated by,

_Wc ¼ _mcðhout;s � hinÞ=gs;c ð7Þ
where gs;c is the isentropic efficiency to the compressor. Thus, the
total actual mechanical power consumption used by compressors is,

_Wc;total ¼
Xc;num
jc¼1

_Wc;jc ð8Þ

where _Wc;jc stands for the actual power consumption by compres-
sor jc; c;num is the number of the compressors. Applying the
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isentropic compression concept, the temperature at the compressor
outlet can be calculated by ([14,26,29]),

Tc;out � Tc;in 1þ Pc;out

Pc;in

� � c�1
cð Þ

� 1

" #,
gs;c

( )
ð9Þ

where Pc;out represent the compressor outlet pressure.

2.3. Modelling of compressed air storage reservoirs

To the compressed air storage process, the inner wall of the air
storage reservoir(s) has been chosen as the controlled volume
boundary for thermodynamic process analysis. It is assumed that
there is no air leakage through the wall, and the air storage process
is considered to have a constant volume in this paper. Considering
the engineering feasibility and the capital cost, the compressed air
storage reservoir(s) is set to be non-adiabatic.

The mass balance to the air storage reservoir(s) is,

dqst

dt
¼ _min;st=V st ¼ _qin;stAin;stCin;st=V st air compression process

� _mout;st=V st ¼� _qout;stAout;stCout;st=V st air expansion process

�
ð10Þ

where qst is the density of air inside the storage reservoir(s); V st is
the controlled volume of the storage reservoir(s); the subscripts ‘‘in,
st” and ‘‘out, st” represent the incoming and the outgoing air flows
of the storage reservoir(s); A is the cross sectional area of the flow
pipe; C is the air flow velocity.

From the first law of thermodynamics and Eq. (2), the following
equation holds:

dðmuÞ
dt

¼ _minhin � _mouthout þ _Q þ _W ð11Þ

where dðmuÞ
dt is the rate of increase in internal energy of the air inside

the storage cavern. For the energy balance of compressed air storage
reservoir, _W ¼ 0. Thus Eq. (11) can be decreased as ([27,28]),

dðmuÞ
dt

¼ _min;sthin;st � _mout;sthout;st � 1stAwall;stðTst � Twall;stÞ ð12Þ

where 1st is the heat transfer coefficient between the stored air and
the reservoir wall; Awall;st is the area of heat transfer between the
reservoir wall and the stored air; Tst and Twall;st are the air temper-
ature inside the reservoir and the cavern wall temperature. From
the definition of enthalpy, we can have ([26,27]),

dðmuÞ
dt

¼ d½mðh� PV=mÞ�
dt

¼ dðmhÞ
dt

� _PV � P _V ð13Þ

As the air storage is considered as a constant volume process,
_V st ¼ 0. From Eqs. (12) and (13), the following equation to the air
storage reservoir can be derived,

dðmsthstÞ
dt

¼ _PstV st þ _min;sthin;st � _mout;sthout;st � 1stAwall;stðTst � Twall;stÞ
ð14Þ

Expanding the enthalpy to show its relationship with the con-
centration of air, the following equation can be obtained
([27,30,31]),

dðmsthstÞ
dt

¼ dð½Xair�V stĥstÞ
dt

¼ ½ _Xair�V stĥst þ _V st½Xair�ĥst þ nstCp;air;mol
_Tst ð15Þ

where the subscript ‘‘st” stands for the storage reservoir; ½Xair� is the
molar volumetric concentration of air; n is the number of moles of

air; ĥ is the specific enthalpy of air on a molar basis; Cp;air;mol is the
specific heat of air on a molar basis. From Eqs. (14) and (15),
considering _V st ¼ 0, the change rate of the air pressure in the stor-
age reservoir can be derived as,

_Pst ¼ ½ _Xair�ĥst þ 1
V st

ðnstCp;air;mol
_Tst � _min;sthin;st þ _mout;sthout;stÞ

þ 1stAwall;st

V st
ðTst � Twall;stÞ ð16Þ

In Eq. (16), the values of the heat transfer coefficient (1st) and
the area of heat transfer (Awall;st) are difficult to estimate [28]. If
considering combining them together, the effective heat transfer

coefficient can be defined as sst;eff ¼ 1stAwall;st
Vst

. From the ideal gas

law and _V st ¼ 0, the rate of change of air temperature in the storage
reservoir can be obtained,

_Tst ¼ 1
mstR

ðMair
_PstV st � _mstPstTstÞ ð17Þ

where Mair stands for the molar mass of air.
Considering the processes of air compression and air expansion

happening at different time periods, the mass balance related to
the incoming and the outgoing air flows of the storage reservoir
(s) need to be considered,

_min;sttcharging ¼ _mout;sttdischarging ð18Þ
where tcharging and tdischarging stand for the charging time of A-CAES
(i.e., the time of air compression) and the discharging time of A-
CAES (i.e., the time of air expansion). The charging–discharging time
ratio equals to tcharging=tdischarging.

2.4. Modelling of turbines

Multi-stage air expansion unit in an A-CAES system consists of a
group of HP and LP turbines (Fig. 2) and there is no fossil fuel com-
bustion in the A-CAES air expansion process. With pressure
decreasing of the incoming flow, the turbines release the com-
pressed air energy to produce mechanical power. For the isentropic
expansion method, with a given outlet pressure, the turbine mod-
ule determines the thermodynamic state of the outgoing flow and
the produced power. Similar to modelling of compressor, the tur-
bine isentropic efficiency is also considered. For mass balance,
the input mass flow rate of each turbine equals to the correspond-
ing output mass flow rate, i.e., _mt;in ¼ _mt;out.

The ideal mechanical power produced ( _Wt;s), the actual

mechanical power produced ( _Wt) and the total actual power pro-
duced ( _Wt;total) are described below,

_Wt;s ¼ _mtðhin � hout;sÞ ð19Þ

_Wt ¼ gs;t _mtðhin � hout;sÞ ð20Þ

_Wt;total ¼
Xt;num
jt¼1

_Wt;jt ð21Þ

where gs;t is the isentropic efficiency of the turbine; _mt is the mass

change rate inside the turbine, _mt ¼ _mt;in ¼ _mt;out; _Wt;jt is the actual
produced mechanical power by Turbine jt . t;num is the number of
the turbines.

2.5. Modelling of thermal energy storage process

The TES mainly including HEXs and heat storage reservoirs is a
key section to an A-CAES system. Effective TES design and manage-
ment can improve the whole system performance especially to
enhance the thermal energy recovery and in turn to increase the
whole system cycle efficiency. The heat transfer area in the design
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of HEX should be adequately sized to ensure optimal heat energy
extraction during air compression and maximum heat energy
recovery during air expansion. With low temperature TES, water
in liquid phase is chosen as the working medium in the TES for
heat transfer, because of its high specific heat capacity bringing
the ability of storing more heat energy within a low temperature
range. In addition, the pressure drop caused by the HEXs need to
be considered.

Considering lowing capital and maintenance costs, the ‘‘hot”
heat storage reservoir is designed to be adiabatic while the ‘‘cold”
heat storage reservoir is set to be non-adiabatic (Fig. 2). It is
assumed that, the water state changes inside the two TES storage
reservoirs are no any leakage; the temperature of the ‘‘cold” heat
storage reservoir equals to the temperature of environment at
the static state. The mass balance to the water streams of the
two TES storage reservoirs is described by,

_min;hot;totaltcharging ¼ _min;cold;totaltdischarging ð22Þ
where _min;hot;total and _min;cold;total stand for the total coming mass flow
rates to the ‘‘hot” heat storage reservoir during the charging time
and to the ‘‘cold” heat storage reservoir during the discharging time
respectively.

The counter flow design has been chosen for the HEXs to gain
optimised heat transfer between the streams of compressed air
and water, because of its high capability to transfer the heat energy
compared to the parallel flow design. To modelling of the heat
transfer and the two media state change inside the HEXs, the Num-
ber of Transfer Units method has been used, which is described
below.

From [15,29], the heat transfer of one HEX can be determined
by its effectiveness (e) which can be defined by,

e ¼
_eC jTout � T inj

_eCminðT in;hot � T in;coldÞ
ð23Þ

where _eC is the thermal capacity rate of the flow with the mass flow

rate _m entering at Tout and exiting at Tout,
_eC ¼ _mCP;

_eCmin is the min-
imum among the thermal capacity rates of the two flows to the

HEX, _eCmin ¼ minð _mflow1CP;flow1; _mflow2CP;flow2Þ; T in;hot and T in;cold are
the temperatures of ‘‘hot” fluid input and ‘‘cold” fluid input to the
HEX respectively.

For the ith stage of air compression (or air expansion) in the A-
CAES system, the inlet temperature of compressor (Tc;in;i) (or tur-
bine (Tt;in;i)) can be calculated by the outlet temperature of the
ði� 1Þth stage of air compression (Tc;out;i�1) (or air expansion
(Tt;out;i�1)) by the given effectiveness (e) of the interposed
ði� 1Þth HEX which is located between the ith stage and the
ði� 1Þth stage of air compression (or air expansion). From Eq.
(23), the below equation can be derived,

Tc;in;i ¼ Tc;out;i�1�e
_eCmin

_mhex;air;i�1Cp;air
ðTc;out;i�1�Twt;cold;i�1Þ air compression process

ð24Þ

Tt;in;i ¼ Tt;out;i�1þe
_eCmin

_mhex;air;i�1Cp;air
ðTwt;hot;i�1�Tt;out;i�1Þ air expansion proexcess

ð25Þ

where _mhex;air;i�1 is the air mass flow rate of the ði� 1Þth heat
exchanger; Twt;cold;i�1 is the temperature of cold water at the inlet
of the ði� 1Þth heat exchanger in air compression; Twt;hot;i�1 is the
temperature of hot water at the inlet of the ði� 1Þth heat exchanger
in air expansion.

If considering counter flow, the effectiveness (e) can be
described as ([29]),
e ¼ 1� exp½�NTUð1� vÞ�
1� v� exp½�NTUð1� vÞ� ð26Þ

where

NTU ¼ UA
_eCmin

ð27Þ

v ¼
_eCmin

_eCmax

ð28Þ

To Eq. (27), the number of heat transfer units (NTU) can be cal-
culated by the unit overall thermal conductance (U) times the
effective heat transfer area (A) divided by the minimum thermal

capacity rate ( _eCmin). UA is the heat transfer rate between two flows

of the heat exchanger. To Eq. (28), _eCmax ¼ maxð _mflow1CP;flow1;

_mflow2CP;flow2Þ, and when _eCmin ¼ _eCmax, for counter flow, e ¼ NTU
1þNTU.

The detail of the calculation of NTU is described in [14].

2.6. Modelling of mixers, splitters, water pumps and motor/generator
units

The stream with a given working medium through a mixer sat-
isfies the mass and energy balances assuming no energy exchange
and losses. The relevant equations can be described as,

Xmix;num

jm

_mmixer;in;jm ¼ _mmixer;out ð29Þ

Xmix;num

jm

_mmixer;in;jmhmixer;in;jm ¼ _mmixer;outhmixer;out ð30Þ

where _mmixer;in;i and _mmixer;out stand for the mass flow rate of the jmth
incoming anabranch of the mixer and the outgoing mass flow rate
of the mixer respectively; hmixer;in;jm and hmixer;out represents the
specific enthalpy of the jmth incoming anabranch and the specific
enthalpy of the outgoing flow of the mixer individually.

The splitter is used for splitting one stream into two or multi
anabranches. The difference factor (k) to the jsth outlet of splitter
can be defined as,

kjs ¼
_msplitter;out;js
_msplitter;in

ð31Þ

where _msplitter;in and _msplitter;out;js are the mass flow rates of incoming
stream and the jsth outgoing anabranch of the mixer respectively.
Assuming there is no energy exchange and losses during the split-
ting process, the below equations can be obtained,

_msplitter;in ¼
Xsplit;num

js

_msplitter;out;js ¼ _msplitter;in

Xsplit;num

js

kjs ð32Þ

hsplitter;out;js ¼ hsplitter;in ð33Þ
where hsplitter;in and hsplitter;out;js represent the specific enthalpy of the
incoming stream and the specific enthalpy of the jsth outgoing ana-
branch respectively.

Two water pumps have been used in the water flow route for
increasing the water saturation temperature and keeping the
water circulation (refer to Fig. 2). The pump power ( _Wp) can be cal-
culated as,

_Wp ¼
_mpumpðPpump;out � Ppump;inÞ

qwatergpump
ð34Þ
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where _mpump is the mass flow rate of water via the pump;
Ppump;out; Ppump;in stand for water pressures at the inlet and outlet
of pump respectively; qwater is the density of water; gpump represents
pump efficiency.

Choosing the constants for the electrical motor efficiency gm

and the electrical generator efficiency gg , the consumed electricity

power during the air compression ( _Wcon;elec) and the generated

electricity power during the air expansion ( _Wgen;elec) can be calcu-
lated as,

_Wcon;elec ¼ 1
gm

Xc;num
jc¼1

_Wc;jc þ _Wp;cold þ _Wp;hot ð35Þ

_Wgen;elec ¼ gg

Xt;num
jt¼1

_Wt;jt ð36Þ

where _Wp;cold and _Wp;hot are the consumed powers by the two
pumps located at the outlets of the ‘‘cold” heat storage reservoir
and the ‘‘hot” heat storage reservoir respectively (Fig. 2).

With all the subsystem models presented above, the overall A-
CAES system mathematical model is built by integration of these
models. Fig. 3 shows the block diagram of the whole A-CAES sys-
temmodel with implemented sub model equations. All the subsys-
tems and whole system models are implemented in Matlab/
Simulink and Simulink based Thermolib toolbox environment for
the simulation study.

3. Optimisation study and efficiency analysis of an A-CAES
system

The whole system optimisation starts from a study of the
parameters and the associated performance of Huntorf CAES plant.
This helps the initial parameter settings for the A-CAES system
model described in Section 2.

3.1. Study of Huntorf CAES plant

Huntorf CAES plant has/had been providing comprehensive ser-
vices to the local power network, including emergency reserve,
peak shaving, load following, compensation of intermittent wind
Fig. 3. Block diagram of the mathematica
power generation in North Germany [8,11,28]. The plant employs
two salt dome caverns to store compressed air and runs in a daily
cycle with about eight hours for air compression and two hours of
air expansion operation [6,8]. The plant has consistently shown
excellent performance over 30 years with 99% starting reliability
[4,8]. The overall configuration layout of the Huntorf CAES plant
can be found in [32]. The important specifications of the Huntorf
plant are listed in Table 1. Actual operating data to the power pro-
duction and the air pressures inside the caverns during a single day
was reported in [28,32]. The data could be different in the publica-
tions because the Huntorf plant had been reformed or updated
after its commercial operation from 1978.

The study of the Huntorf test data reported in [28,32] revealed
that a constant effective heat transfer coefficient assumption can-
not be used as described in Eq. (16) to reproduce the observed cav-
ern behaviours. The heat transfer of the cavern is affected by the
flow velocity which links to the charging and discharging flow
characteristics of the cavern, so it can be considered as a combina-
tion of a natural convection (the heat transfer in the absence of net
flow into/out of the cavern) and a forced convection (the heat
transfer induced by the incoming and outgoing air flows). Thus,
the effective heat transfer coefficient (sst;eff ) can be described as
([28,32,33]),

sst;eff ¼ ~aþ ~b _min;st � _mout;st

�� ��0:8 ð37Þ

where the constant terms ~a and ~b stand for the effective heat trans-
fer coefficient caused by the natural convection and the forced con-

vection respectively, ~a ¼ 0:2356 and ~b ¼ 0:0149 ([28]). Eq. (37) was
validated by comparison to the Huntorf plant test data, as shown in
[28]. Thus this approach is chosen and used in the modelling of the
A-CAES system and it is assumed that the system employs under-
ground salt dome caverns as compressed air storage reservoirs.

3.2. Parameter optimisation analysis of A-CAES systems

In this section, the study on the influences of parameter changes
to the system performance and efficiencies is carried out. Heat
energy recycle efficiency (gheat;recycle) and cycle efficiency of the
overall A-CAES system (gcycle) are considered, which are defined
below,
l model of the whole A-CAES system.



Table 1
The specifications of the Huntorf plant for guiding the A-CAES system [4,8,28,32].

Specification item Value Unit

Low & high pressure compressors (series connection)
Air flow rate of compressors �108 kg/s
Rated power of the all compressors 60 MW
Air temperature at exit of after-cooler �323 K
Maximum air pressure at exit of after-cooler 72 bar

Two underground salt dome storage caverns (parallel connection)
Total cavern volume �310,000 m3

Cavern wall temperature �313–323 K
Cavern operational pressure range �43–66 bar
Maximum permissible cavern pressure �70 bar
Maximum pressure reduction rate �10–15 bar/h

High & low pressure gas turbines (series connection)
Air flow rate of gas turbines �417 kg/s
Rated power of the all gas turbines 290 MW
Inlet pressure of the high pressure turbine �43 bar
Inlet pressure of the low pressure turbine �8–11 bar
Charge–discharge time ratio of whole system �4 /

Table 2
Base values of parameters of the A-CAES system model described in Section 2.

Parameters Value Unit

Ambient (environment) temperature 293.15 K
Ambient (environment) pressure 1.013 bar
Charge–discharge time ratio 2 /
Stage numbers of air compression & expansion 4 stages to the both

High & low pressure air compressors (series connection)
Rated power of the all compressors �16.6 MW
Air flow rate of compressors 33 kg/s
Isentropic efficiency to compressors 80 %
Pressure ratio of each stage 2.75 /

High & low pressure air turbines (series connection)
Rated power of the all air turbines �17.8 MW
Air flow rate of air turbines 66 kg/s
Isentropic efficiency to air turbines 80 %
Expansion ratio of each stage 2.55 /

TES subsystem & cavern (heat exchangers parallel connection)
Heat transfer rate of each HEX 80 kW/K
Water flow of each HEX in air compression 11 kg/s
Water flow of each HEX in air expansion 22 kg/s
Air pressure loss of heat exchanger �1.5 %
Cavern wall temperature �323 K
Maximum operational cavern pressure �55 bar

Table 3
Optimal parameter study of the A-CAES system model described in Section 2.

No. Parameters Variation
values

Variation
range

(1) Isentropic efficiency to each
compressor

70–90% �12.5%

(2) Isentropic efficiency to each turbine 70–90% �12.5%
(3) Air flow rate of each compressor 20–46 kg/s � �40%
(4) Charge–discharge time ratio 1–3 �50.0%
(5) Heat transfer rate of each HEX 40–120 kW/K �50.0%
(6) Water flow rate of HEX in air

compression
5–17 kg/s �55%

(7) Cavern wall temperature 283–363 K �12.5%
(8) Air pressure loss of each HEX 0.5–2.5% � �67%
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gheat;recycle ¼
Eout;heat

Ein;heat
¼ tdischarging

Phex;ex;num
iex¼1

_Whex;ex;iex

tcharging
Phex;co;num

ico¼1
_Whex;co;ico

ð38Þ

gcycle ¼
Eout;elec

Ein;elec

¼ tdischarginggg

Pt;num
jt¼1

_Wt;jt

1
gm

Pc;num
jc¼1

_Wc;jc þ _Wp;cold

� �
tcharging þ _Wp;hottdischarging

ð39Þ

where Ein;heat and Eout;heat represent the heat energy obtained from
the air compression process and the heat energy provided to the
air expansion process; Ein;elec, Eout;elec stand for the whole system
input electricity energy and the whole system output electricity
energy; _Whex;co;ico is the rate of heat energy taken from the icoth

HEX in the compression process; _Whex;ex;iex is the rate of heat energy
extracted from the iexth HEX in the expansion process; the sub-
scripts hex, co, num and hex, ex, num refer to the numbers of the
HEXs in compression and expansion processes respectively.

Table 2 lists the base values of the parameters used in the A-
CAES system model. Table 3 presents the selected parameters
and their ranges of variations for conducting parametric study.
With the whole A-CAES system configuration shown in Fig. 2, the
simulation study for a number of parametric setting cases are per-
formed, in which the cycle efficiency and the heat energy recycle
efficiency were evaluated. Following the parametric study, a first-
order sensitivity analysis was performed to analyse the impact of
the parameters on the cycle efficiency of the overall system.

With the base values of parameters listed in Table 2, the simu-
lation results show that, the overall system cycle efficiency is
around 53.8% and the heat energy recycle efficiency is around
45.8%; the maximum air temperature at the outlet of the last com-
pression stage is at 436 K and the lowest air temperature at the
outlet of the last expansion stage is at 274 K; the water tempera-
tures into the ‘‘hot” and ‘‘cold” storage reservoirs are at 382 K
and 342 K respectively. These simulated results for temperatures
are within the reasonable working ranges of the industrial facilities
for air compression/expansion and TES with using liquid water as
working medium [14,26,34,35]. However, it can be seen that the
water temperature into the ‘‘cold” heat storage reservoir is higher
compared to the ambient temperature and thus the stored heat
energy from the ‘‘hot” heat storage reservoir has not been well uti-
lized. This has become one of the challenges in development of
A-CAES systems, which was encountered at the demonstration
facility developed by the Institute of Engineering Thermophysics,
Chinese Academy of Science. In the simulation study, it is assumed
that the pressure ratios of the multi-stage air compression and
expansion processes are evenly distributed for simplification. In
practice, uneven distribution pressure ratios are normally used
and this could lead to higher efficiency; some studies show that,
if considering the A-CAES operating at a constant pressure, the
even distribution pressure ratios could be approximately consid-
ered as the optimal pressure ratio at certain conditions ([34]).

As to the parameter optimisation analysis, the paper studies
which the system key parameters are and how they influence the
heat energy recycle efficiency and the cycle efficiency. Following
the parameter ranges listed in Table 3, with the system configura-
tion shown in Fig. 2, the simulation study is conducted and the
simulation results are shown in Fig. 4. From Fig. 4(a) and (b), it
can be seen that the higher isentropic efficiencies of air compres-
sors and turbines are, the higher cycle efficiencies and heat energy
recycle efficiencies will be achieved. The maximum permissible
working air temperature to the compressor outlet is normally
around 448–453 K [35]. As shown in Fig. 4(a), when the isentropic
efficiency of the air compressor is reduced to around 72%, the air
temperature at the last stage outlet reaches the maximum temper-
ature boundary and the status of water to the ‘‘hot” heat storage
reservoir gets into the saturation condition, that is, the water starts
being transformed into vapour. The water status changes could
result in difficulties to practical system operations. From the sim-
ulation results, the variations of isentropic efficiencies have more
obvious influences on compressors, than air turbines. The perfor-
mance (e.g., isentropic efficiency) of air compressors can directly



Fig. 4. Parametric study and sensitivity analysis of model parameters to the A-CAES system model.
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Fig. 5. A-CAES efficiencies as a function of air compression and expansion stage numbers.

Fig. 6. A-CAES efficiencies as a function of both stage numbers of air compression & expansion (with different isentropic efficiencies of compressors/turbines and heat
transfer rates of HEXs).

Fig. 7. Schematic diagram of an A-CAES air expansion with heat exchangers in series connection.
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affect the adiabatic ‘‘hot” heat storage water temperature and, in
turn, the stored ‘‘hot” heat energy. Due to the non-adiabatic ‘‘cold”
heat storage receiver in use, the influence on the performance of air
turbines is relatively small to the overall system.

The simulation results of the variation of the cycle efficiency
and the heat energy recycle efficiency with respect to the air flow
of each air compressor and the water flow of each HEX in air
compression mode are shown in Fig. 4(c) and (f). Based on the
mass balance of working mediums, both the air and water flows
through the turbines and the HEXs in the air expansion process
are varied. The peak values of the efficiencies are found in these
two parametric setting cases (refer to Fig. 4(c) and (f)). The simu-
lation results indicate the importance of parametric study to A-
CAES.

Fig. 4(d) shows how the cycle efficiency and the heat energy
recycle efficiency change as the charge–discharge time ratio varies.
For instance, when the charge–discharge time ratio increases,
assuming there is no change to the air and water flows through
the compressors and the HEXs installed in the air compression sys-
tem, air and water flow into the air expansion mode will also
increase because of the mass balance of working mediums. In this
situation, the two efficiencies decrease as shown in Fig. 4(d). It is



Fig. 8. Schematic diagram of an A-CAES air expansion with recuperators for exhaust heat recycle.

Table 4
An example of air compression process with pressure-based controlled air flow
routes.

Air pressure inside the
storage cavern

Description of the air flow route from ambient to
the air reservoir

1 bar to �2.75 bar Six compressors in parallel connection to the
whole air flow route

�2.75 bar to �7.56 bar Three sets of compressors in parallel (each set
two compressors)

�7.56 bar to �20.8 bar Two sets of compressors in parallel (each set
three compressors, Fig. 9)

�20.8 bar to �57.2 bar Six compressors in series connection to the
whole air flow route
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also noticed that, with the charge–discharge time ratio increase,
sometime the air temperature at the last stage of expansion can
decrease to around 260 K and even lower, which may bring diffi-
culties in practice regarding air exhausting to the environment.
From Fig. 4(c), (d) and (f), it can be seen that, if one parameter is
adjusted, other system parameters needs to be adjusted according
to the energy/mass balance and other fundamentals of thermody-
namics. This is mainly due to the system sub process interactions
and coupling with different components.

Fig. 4(e) illustrates the variation of the cycle and the heat
energy recycle efficiencies while the heat transfer rate of each
HEX varies. The heat transfer rate can heavily affect the perfor-
mance of the HEXs, the heat energy extracted from air compression
and the heat energy used in air expansion. From Fig. 4(e), it is seen
that the heat energy recycle efficiency has been changed distinctly.
It is also shown that, if the heat transfer rate of HEXs reduces to
60 kW/K or lower, the air temperature at the last stage compressor
outlet will excess the normal allowed temperature boundary
(around 448–453 K) [35]. This means that the normal system oper-
ation requirements cannot be met in this situation. From the sim-
ulation study, it is also found that the overall heat transfer effect
from the HEXs in the air expansion process can regulate the water
temperature into the ‘‘cold” heat storage reservoir. Therefore,
improving the heat transfer effect of HEXs which are located in
the air expansion process can achieve lowering water temperature
into the ‘‘cold” heat storage reservoir and in turn to improve the
system efficiencies.

Fig. 4(g) indicates the contribution from the cavern wall tem-
perature to the overall system cycle efficiency and the heat energy
recycle efficiency. In Fig. 4(a), although the air temperature at the
1st stage turbine (see HP turbine in Fig. 1) inlet increases distinctly,
the efficiencies increased only by less than 2%. Similarly, from the
simulation study, within a certain variation range of air pressure
loss of each HEX (0.5–2.5%, Table 3), the cycle efficiency and the
heat energy recycle efficiency also change mildly (less than 2%).

Among all cases under appropriate assumptions, it can be found
that an increase in the isentropic efficiencies of air compressors/-
turbines and the heat transfer rate of HEXs lead to a higher cycle
efficiency and higher heat energy recycle efficiency obviously; an
increase in the charge–discharge time ratio results in decreases
of the efficiencies; there are the optimum values for the air flow
of each compressor and the water flow of each HEX in air
compression.

The definition of sensitivity analysis is described as ‘‘the study
of how uncertainty in the output of a model can be apportioned
to different sources of uncertainty in the model” [36,37]. The anal-
ysis approach used in the paper is a variance-based measurement,
which has been used for the sensitivity analysis of simulation
model for a long time and the method has been improved by Sal-
telli et al. [37]. There are a number of software tools developed

for this, such as Simlab. The first-order sensitivity index eS~i of

parameters eX~i on a generic model eY ; eY ¼ f ðeX1; eX2; . . . ; eX ~kÞ can be
defined as ([36,37]),

eS~i ¼ VeX i
ðEeX�~i

ðeY jeX~iÞÞ
VðeY Þ ð40Þ

where VðeY ÞðVðeY Þ ¼ r2eY Þ indicates the variance of eY ;VeX~i

ðEeX�~i
ðeY jeX~iÞÞ

represents the conditional variance, also named the first-order

effect of eX~i on eY ;VeX~i

ðEeX�~i
ðeY jeX~iÞÞ 6 VðeY Þ and thus the value of sensi-

tivity index (eS~i) is in the range of 0–1. The details for sensitivity
analysis can be found in [36,37]. Fig. 4(h) presents the sensitivity
analysis results of cycle efficiency to the concerned system param-
eters. In Fig. 4(h), the sensitivities of concerned parameters are rep-
resented by their sensitivity indexes. A higher index value means a
higher sensitiveness and higher importance of corresponding
parameters to the cycle efficiency. From Fig. 4(h), the isentropic effi-
ciencies of compressors/turbines and the heat transfer rate of HEXs
are the most sensitive parameters in the A-CAES system model
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Fig. 9. Schematic diagram of an A-CAES air compression with two sets of compressors in parallel (each set having three compressors).
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described in Section 2; the air/water flow rates and the charge–dis-
charge time ratio show moderate sensitiveness; within a certain
range the variations of the cavern wall temperature and the
pressure loss of HEXs are less effective to the A-CAES system
model.

3.3. Study of different A-CAES system configurations

This section presents the study on how different configurations
of A-CAES systems contribute to the improvement of the system
cycle efficiency and the heat energy recycle efficiency. From the
study, increasing the numbers of air compression and expansion
stages is an effective way for improving the efficiencies. Fig. 5
shows the simulation results of changing the numbers of air com-
pression and expansion stages respectively. In this study, assuming
the final compressed air pressure into the storage reservoir keep-
ing constant, the compression ratio of compressors need to be
modified based on the number of stages. To Fig. 5(a) and (b), the
cycle efficiency increase to above 55%. In Fig. 5(b), the heat energy
recycle efficiency can reach 54% and the water temperature into
the ‘‘cold” heat storage reservoir can reduce to around 330 K. From
the simulation study, fewer numbers of air compression and
expansion stages mean harsh working conditions. For instance, if
the number of stages of air compression changes to two or three,
the air temperature at the last compressor outlet will exceed the
maximum permissible temperature, 448–453 K (Fig. 5(a)).

From the above, the isentropic efficiencies of compressors/tur-
bines and the heat transfer rate of HEXs can affect the system effi-
ciencies distinctly. Fig. 6 presents the A-CAES efficiency as a
function of both stage numbers of air compression and expansion
with different isentropic efficiencies of compressors and turbines
as well as heat transfer rates of the HEXs. The system cycle effi-
ciency and the heat energy recycle efficiency can reach up to
around 68% and 60% respectively. Thus, the system efficiencies
studied in the paper can be much improved. From the simulation
results, the water temperature into the ‘‘cold” storage can drop
to around 325 K with eight stages of air compression and expan-
sion and 120 kW/K heat transfer rate of HEXs. It should be men-
tioned that higher numbers of stages of air compression and
expansion normally means more complexity of the whole system,
which can affect the system reliability and stability in practice.

Based on the parametric study (Section 3.2), it can be seen that
the water temperature into the ‘‘cold” heat storage reservoir is
normally above 335 K and the available heat energy contained by
water is lost. To improve the system efficiency, two new system
configurations are analysed to explore possible solutions. Their
schematic diagrams are shown in Figs. 7 and 8. For both of the sys-
tem configurations, it is assumed that the layout and the associated
working condition of air compression mode remain unchanged for
all the analyses. Compared with the air expansion layout in Fig. 2,
four HEXs in Fig. 7 are changed to series connection. Thus, the
water flow rate via each HEX increases three times based on the
mass balance principle of the working medium. The simulation
study reveals that, with the values of parameters listed in Table 2,
the water temperature into the ‘‘cold” heat storage reservoir
increases by 1.4 K and the power output of all turbines decrease
0.11 MW. Thus, the system is less efficient. The key feature of the
system configuration illustrated in Fig. 8 is to introduce extra recu-
perators on the by-passes of water flow routes to reuse the exhaust
heat energy from the water loop. The by-pass starts from the HEX
outlets and the recuperator heats the compressed air before it goes
into the next stage HEX. The heat transfer rate of recuperators is
assumed to be the same as that of HEXs. From the comparison of
simulation results, the system configuration shown in Fig. 8 can
reduce the water temperature into the cold storage by 1.6–6.0 K
with consideration of the cases of one or multiple recuperators
installed. The heat energy recycle efficiency and the cycle effi-
ciency can be improved by around 6.6% and 2.6% separately. If a
higher heat transfer rate of HEXs and recuperators (e.g. 120 kW/K)
is chosen, the turbine’s power output and the stored heat energy
utilization will increase further. However, this configuration design
will increase the capital cost as recuperators are adopted.

From the parametric study, it is concluded that the charging–
discharging time ratio can affect the overall system efficiencies.
Thus, to develop controllable air flow routes to A-CAES for varying
charge/discharge time is a possible approach to improve the sys-
tem efficiencies. For instance, to an initial air compression process,
assuming that the compressed air pressure inside the cavern needs
to increase from 1 to 57.2 bar and there are six compressors with
even compression ratios of 2.75, Table 4 shows a compression pro-
cess in this situation with the controllable air flow routes. Fig. 9
illustrates an A-CAES air compression mode with two sets of com-
pressors in parallel (the 3rd sequence in Table 4). The whole pro-
cess can be completed via controlled pneumatic valves. It can be
seen that, by the approach of controlling air flow routes, the charg-
ing time of A-CAES can be varied compared to the system layout in
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Fig. 2, which is caused by changes of the air flow rates from ambi-
ent to the compressed air storage reservoir. Correspondingly, the
discharging time of air expansion can also be modified for improv-
ing system efficiency target.

4. Concluding remark

The paper presents the mathematical models of an A-CAES
system components and developed a new whole system model
of A-CAES with low temperature thermal storage. The model is
implemented in Matab/Simulink software environment. With the
systemmodel developed in the paper, the system energy efficiency
is analysed, especially, a comprehensive study is performed on
howmuch the system parameter variations affect the system over-
all efficiency. From the analysis, it is found that the isentropic effi-
ciencies of compressors and turbines and the heat transfer rates of
HEXs are the key parameters to give the dominant influences on
the system efficiency. In addition to system parameters, the system
configuration can also lead to system efficiency improvement.
From the study, multi-stage compression and expansion can
improve system efficiency but it does not mean the system can
have unlimited number of stages. Regulating the A-CAES charging
time and discharging time via flow control can also lead to differ-
ent system efficiencies. These are considered as the important
factors for efficient system design in practice.

The results from optimal design study of low temperature
A-CAES systems show that the system cycle efficiency and the heat
energy recycle efficiency can potentially reach to around 68% and
60% respectively. The results confirm that the current relative
low efficiency of CAES systems can be improved to address the
main concern of CAES system design and deployment.
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