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Abstract 

In the present work, we consider a small-scale overground compressed-air energy storage (CAES) 

system intended for use in micro-grid power networks. This work goes beyond previous efforts 

in the literature by developing and showing results from a first-of-a-kind small-scale (20 kWh) 

near-isothermal CAES system employing a novel, reversible liquid-piston gas compressor and 

expander (LPGC/E). Additionally, we extend our study to assessments, for the first time, of the 

economic and environmental characteristics of these small-scale overground CAES systems 

through a combination of experimental, thermodynamic, technoeconomic and environmental 

analyses. Five system configurations are considered: (1) CAESbase, which is the base-case system; 

(2) CAESplate, in which parallel plates are inserted into the LPGC/E as a heat exchanger for 

achieving near-isothermal compression and expansion; (3) CAESPCM, in which a phase change 

material (PCM) is employed to store thermal energy from the compressed air during charging 

that is later recovered during discharge; (4) CAESPCM&plate, which is a combination of the 

CAESplate and CAESPCM arrangements; and (5) CAESheater, in which a heater is utilised instead of 

the PCM to preheat the compressed air during discharge. A prototype was developed for the 

CAESbase system in order to collect data for validation of a computational design tool. Results 

show that the CAESPCM&plate system exhibits the highest roundtrip efficiency of 63%, as well as 

the shortest payback period of 7 years; the latter with the inclusion of governmental incentives 

and an electricity smart export guarantee (SEG) support rate of 5.5 p/kWh (6.8 ¢/kWh). The 

CAESPCM&plate system configuration is found to be cost-effective even without incentives, with a 

payback period of 10 years. This system is also associated with 71 tonnes of fuel consumption 

savings and reduced CO2 emissions amounting to 51 tonnes over a lifetime of 20 years. 
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Nomenclature 

Variables t  Time (s, h)  
A  Surface area (m2) u Internal energy (J) 

ATC  Annual total cost ($)  U  
Overall heat transfer coefficient 
(W/m2 K) 

ATI  Annual total income ($)  V  Volume (m3)  
ATP  Annual total profit ($) v  Velocity (m/s) 
c  Price ($/Wh, $/L) W  Work (J, Wh) 
cp Specific heat capacity (J/kg K) Ẇ Power (W) 
CEE  Charging electricity efficiency (-) Abbreviations 
CI Cost index (-) LPGC Liquid piston gas compressor 
DPP  Dynamic payback period (year)  LMTD Log mean temperature difference 
D  Diameter (m) O&M Operation and maintenance  
Dh Hydraulic diameter (m) PCM  Phase change material 
di Inner diameter (m) TES Thermal energy storage 
do Outer diameter (m) Greek symbols 
Es Energy storage (J) η Efficiency (-) 
fm Material factor α Heat transfer coefficient (W/m2 K) 
fd Design factor Δ Difference (-) 
fp Pressure factor ρ Density (kg/m3)  
h Specific enthalpy (J/kg) μ Viscosity (kg/m s) 
H Enthalpy (J) δ Thickness (m) 
i Displacement position counter (-) γ Specific heat ratio (-) 
j Number of ducts counter (-) Subscripts and superscripts 
k Conductivity (W/m K) air Air 
l Length (m) ax Axial  
L Height of water/air (m) AST Air-storage tank 
Lz Distance between the parallel plates (m) base Base 
m Mass (kg) chg Charge 
M Number of ducts (-) comp Compressor, Compression 
ṁ Mass flow rate (kg/s) dchg Discharge 
n Total discretisation number (-) exp Expander, Expansion 
N Discretisation number (-) f Fluid 
NPV  Net present value ($)  gen Generator  
Nu  Nusselt number (-) HX Heat exchanger 
P Pressure (Pa, bar) htr Heater 
PD Power density (W/m3) in Input 
PEC Purchase cost of component ($) ins Insert 
Pr Prandtl number (-) int Interface 
Q  Heat/thermal energy (J), Flow rate (L/min) out Output 
Q̇ Heat transfer rate (W) p Plate 
Re  Reynolds number (-) pump Pump 
R  Thermal resistance (m2/W) ref Reference 
Rg Gas constant (J/mol.K) s Storage 
rd Discount rate (-) tot Total 
ri Inflation rate (-) w Wall 
rp Pressure ratio (-) wat Water 
T Temperature (K) WT Water tank 
TIC  Total investment cost ($)  y Year  
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1. Introduction 

Although increasing the share of energy produced from renewable sources offers the benefits 

of lowering fossil-fuel use and emissions, the high intermittency of most environmentally 

favourable sources (e.g., wind, solar) remains a great challenge, and matching energy supply to 

demand requires dispatchable and flexible energy provision. A more extensive utilisation of 

renewable sources in the energy mix thus relies on the deployment of efficient energy storage 

technologies across scales, both in time and space, in order to store excess energy generated 

during periods of low demand and to use this during periods of high demand [1]. 

Several candidate technologies have been proposed for grid-scale (i.e., large-scale) 

electricity storage [2], including pumped hydro energy storage (PHES), electrochemical/flow 

batteries, pumped-thermal electricity storage (PTES) [3-7], liquid-air energy storage (LAES) 

[8-11], and compressed-air energy storage (CAES). PHES technology is the most mature and 

widely used but its installation is limited by natural, geological constraints [12, 13]. NaS 

batteries are one type of electrochemical battery solution suitable for large-scale distribution 

grid support, renewables integration and high-value grid services [14], however, this 

technology has relatively high capital costs (1000-3000 $/kW), high operational temperature 

requirements, short lifetimes (10-15 years), as well as safety challenges relative to mechanical 

(e.g., PHES) or thermo-mechanical systems (e.g., PTES, LAES, or CAES). 

CAES is second to PHES in terms of commercial bulk energy storage available today. 

CAES is generally acknowledged to be an economically competitive means of providing large-

scale energy storage with an expected lifetime between 20-60 years and a capital cost in the 

range 400-800 $/kW [1]. Its power rating (5-300 MW) is significantly higher than those 

associated with battery technologies [1]. Two conventional (so-called diabatic) CAES plants 

are currently in commercial operation. The Huntorf power station in Germany (290 MWe) 

began operation in 1978, has a total efficiency close to 42% and uses natural gas to assist 

combustion in the energy release process [15]. The McIntosh plant in the USA (110 MWe) 

exhibits an improved roundtrip efficiency of 54%, achieved by means of waste-heat recovery 

and the utilisation of equipment for recycling the exhaust heat of the combustion system [16]. 

In these CAES systems, the air pressure is increased up to 80 bar through a power-driven, multi-

stage, inter-cooled compression process, thus releasing part of the generated heat to the 

atmosphere, while the remaining extra thermal energy is dissipated during the storage of the 

high-pressure air. Energy is recovered when required through the multi-stage expansion of the 

high-pressure air at near-ambient temperature, which requires additional heat to be provided. 
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In both diabatic-CAES plants mentioned, this extra heat is supplied by the combustion of 

natural gas in inter-stage combustion chambers. 

Conventional CAES plants thus present two main drawbacks: (i) heat losses during the 

compression process lower the roundtrip efficiency (although some heat generated during the 

compression process can be recuperated to heat up the air prior to expansion in certain operating 

conditions); and (ii) their dependency on fossil-fuel sources for heating lead to unwanted 

emissions [17]. To avoid using fossil fuels and improve the roundtrip efficiency, adiabatic 

compressed-air energy storage (A-CAES) was proposed [18]. In an A-CAES storage system, 

the thermal energy of the compressed air is stored in a thermal energy storage (TES) system. 

During the discharge process, the stored high-pressure and cold air is pre-heated using the 

stored heat energy in the TES before expansion. Although A-CAES systems offer a theoretical 

roundtrip efficiency of up to 70%, pilot-scale systems have exhibited lower efficiencies [19]. 

Wang et al. [20], for example, reported an experimentally measured roundtrip efficiency value 

of 23% for their CAES system. Also of note here is a pilot-scale CAES demonstrator developed 

in an unused tunnel in Switzerland [19], which was reported as having an efficiency of 63-74%, 

although this system was not a complete cycle and did not feature a turbine, with the air after 

the compressors being heated using electric heaters before being storing in TES units [19]. 

To overcome the drawback of conventional air compressors, the near-isothermal 

reversible liquid-piston gas compressor/expander (LPGC/E) principle was introduced [21]. 

LPGC/Es utilise a rising column of liquid (e.g., water) in a fixed-volume cylinder to compress 

a gas (e.g., air or hydrogen). The water enters the cylinder at high pressure driven by a hydraulic 

pump [22]. As the water fills the cylinder, the volume of air at the top of the cylinder is 

compressed up to a desired pressure. The main advantage of the liquid piston is that it offers 

the possibility of inserting heat absorbing media (metal plates or foams) into the LPGC/E 

cylinder in order to enhance heat transfer from the compressed air [23]. This enables near-

isothermal compression and expansion processes, thereby improving overall efficiency of 

CAES systems [23]. Another, important advantage of the LPGC/E is that it eliminates the 

mechanical sliding seals associated with kinematic compressors, and moreover, the liquid-

piston compressor can be reversed and used as expander in order to produce power. The sealing 

of a liquid piston gives an advantage over traditional solid-piston devices in terms of power 

consumption, as it removes thermodynamic losses due to mass leakage [22], however, unsteady 

heat losses are also of interest in this component and should be minimised [24, 25]. 

Van de Ven and Li [21] simulated and compared the performance of a LPGC/E and a 
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reciprocating, solid-piston compressor under similar operating conditions. Their results indicate 

that the liquid piston decreases the energy consumption by 19% over the reciprocating piston. 

Other studies [26-29] were conducted to improve the performance of LPGC/Es. In this regard, 

Zhang et al. [29] deployed interrupted plate heat exchangers with different materials in an 

LPGC/E aiming to achieve a near-isothermal compression process by increasing the heat 

transfer rate from the gas during compression. The authors found that the temperature 

distribution over the interrupted plate heat exchanger depends on the plate material and 

thickness. Zhang et al. [27] developed a design for minimising the temperature rise in the 

compressor during compression by using two types of porous media. They considered open-

cell metal foams and interrupted plates. Their simulation results show that the metal-foam 

inserts can lower the air temperature rise, from 575 K to 215 K [27]. 

Recently, Patila et al. [30] tested experimentally metal wire meshes as heat transfer inserts 

in a liquid-piston compressor for the compression of air from atmospheric pressure to about 

280 kPa pressure (pressure ratio of 2.8). They considered different wire diameters and meshes 

made from both aluminium and copper under various compression stroke times. Their results 

demonstrated a shift in the compression process towards near-isothermal conditions, with 

improved isothermal efficiency, from 82-84% to 88-90%. In another work, Patil and Rob [31] 

introduced a heat-transfer enhancement technique using aqueous foam in a liquid-piston 

compressor to achieve near-isothermal compression. Experiments were undertaken for air 

compression at low pressure (1 to 3 bar). These results showed that the use of aqueous foams 

in the compression chamber could be highly effective in reducing the air temperature during 

the compression process. They further showed that using a compression chamber fully filled 

with aqueous foam leads to a 4-8% improvement in efficiency for a compression ratio of 2.5. 

Compared to large-scale CAES systems that rely almost invariably on underground air 

storage in caverns, small-scale overground CAES systems with their highly flexible and adaptable 

characteristics have attracted interest in recent years [32]. Overground CAES systems do not have 

the limitations imposed by specific underground geological features and can be used for urban 

peak shaving [32, 33]. Batteries are the most mature energy storage technology for small-scale 

deployment, and a significant amount of research has been dedicated to reducing costs and 

improving lifetime and cycle life of batteries for deployment at larger scales, particularly lithium 

ion batteries which have a high roundtrip efficiency, energy density and peak power capabilities 

[33]. Although the cost of lithium-ion batteries is falling rapidly, much progress remains to be 

made in the areas of lifetime and safety [33]. Hence, overground CAES systems are also being 

developed as alternatives to in for micro-grid scale applications [32, 33]. 
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Previous research on CAES systems has demonstrated the feasibility of small-scale 

CAES [32, 33]. However, the existing pilot projects exhibit high specific costs, low roundtrip 

efficiencies, either due to the low performance of the compressor or expansion machines (e.g., 

see Ref. [20]), or in the need to utilise additional electric heaters prior to expansion in order to 

overcome the significant heat losses during the compression process [19]. Although reversible 

liquid-piston gas compressors/expanders (LPGC/Es) show great efficiency improvement 

potential, no field-scale near-isothermal CAES system has been developed. Furthermore, the 

economic and environmental aspects of CAES with LPGC/E have not been examined. There is 

thus a lack of reliable data to explore the full technoeconomic potential of this potentially 

disruptive energy-storage solution. This highlights the need for comprehensive modelling and 

design tools to develop the technology and the need to demonstrate experimentally the 

performance of a high-efficiency, high-energy-density CAES system with a LPGC/E. 

Therefore, the present work aims to fill these gaps by investigating, via a combination of 

complementary experimental and modelling methods, a novel overground CAES system with 

a reversible liquid-piston compressor/expander capable of near-isothermal compression and 

expansion. A comprehensive set of experimental, thermodynamic and technoeconomic 

analyses of such a system is conducted. Data are collected from a custom experimental testing 

facility to verify the accuracy of a reduced-order model. The validated model is then used to 

predict the system’s efficiency, total investment cost, total annual profit and payback period as 

well as CO2 emissions and potential fossil fuel savings over a typical system lifetime. 

 

2. Description of proposed system 

Figure 1(a) illustrates the CAES base-case system, which compresses air from 1 bar (0.1 MPa) to 

200 bar (20 MPa). The system contains a LPGC/E, air compressor, regulator, air-storage tanks, 

water tank, reversible hydraulic pump and valves. The storage process occurs in two steps to 

reduce the size of the water pump and hence reduce the total cost of the system. In the first step, 

the air is compressed from 1 to 9 bar by the air compressor (from State 1 to 2, Figure 1(a)). The 

hot compressed air is then stored in the 9-bar air-storage tank, where it cools down to near-ambient 

temperature. With the Valve 1 open, the 9-bar air (State 3) passes through a regulator, where its 

pressure is regulated at 8 bar (State 4). The 8-bar compressed air then flows into the LPGC/E (State 

5). In order to compress the air from 8 to 200 bar, the water pressurised by the reversible pump 

(State 8 to 9) is fed into the LPGC/E. As the water level rises in the cylinder, the air above the 
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water is compressed up to 200 bar. At the end of the compression process, the compressed air 

flows through Valve 2 (from State 6 to State 7) and is stored in the high-pressure air-storage tank. 

To use the stored energy during the discharge phase, the compressed air enters the LPGC/E 

at State 13 where it expands from 200 bar down to 2 bar. Air expansion to a pressure above ambient 

helps a fast discharge of air and water from the LPGC/E to be ready for the next charging phase. 

As the air expands in the LPGC/E, work is extracted as the water is withdrawn through Valve 3 

from States 15 and 16 and then through the reversible pump (States 16 to 17). It is well documented 

within the pump industry that running a centrifugal pump in reverse will create a turbine effect, 

so-called pump as turbine (PAT). The function of a PAT is comparable to that of any turbine to 

convert kinetic and pressure energy of the fluid into mechanical energy of the runner [34]. Unlike 

turbines and expanders, which need to be manufactured according to the system specifications, 

pumps are a very common piece of equipment widely available in different sizes. When operating 

in reserve and used as a turbine, the rotor moves in the opposite direction, or in reverse, as to when 

it is operating as a pump. In this manner, it allows the motor to generate electrical power. 

In this work, in addition to the base-case system (CAESbase), four other system 

configurations are analysed in terms of system performance and CO2-emission reduction, while 

minimising the system cost. These configurations are described as follows: 

1. In the CAESplate configuration shown in Figure 1(b), five parallel plates are used as a heat 

exchanger in the LPGC/E cylinder to achieve near-isothermal compression or expansion. 

This is used to increase the efficiency of the compression/expansion processes in the 

LPGC/E. During the compression process, the heat is absorbed from the hot air by the 

inserts, so as to achieve near-isothermal compression. In addition, a near-isothermal 

expansion is achieved thanks to the heat released by the plate inserts. 

2. The CAESPCM configuration, shown in Figure 1(c), differs from the CAESbase 

configuration in that a heat exchanger with a phase-change material (PCM) is used to 

store the thermal energy of the hot air before storing the compressed air in the storage 

tank. The stored thermal energy is then used to heat up the compressed air through the 

expansion phase. This configuration does not improve the compression efficiency of the 

LPGC/E, but is aimed at improving the LPGC/E power output. 

3. The CAESPCM&plate system is a combination of the CAESPCM and CAESplate 

configurations, as shown in Figure 1(d), where the parallel plate inserts are used to 

improve the compression efficiency and the PCM is used to improve the expansion 

efficiency. The parallel plates decrease the input compression work in the compression 
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process and preheating the compressed air by the PCM heat exchanger improves the 

power output by the LPGC/E in the expansion process. 

4. The CAESheater configuration, shown in Figure 1(e), is similar to the base-case configuration 

CAESbase, though with an additional heater used to preheat the compressed air before 

expansion in the LPGC/E. It is assumed that natural gas is burned to increase the air 

temperature to the same value as that in the CAESPCM configuration before expansion. 

 

 
(a) 

 
 (b) (c) 

 
 (d) (e) 

Figure 1. Schematic diagrams of CAES systems with LPGC/E showing: (a) CAESbase base-

case configuration; (b) near-isothermal LPGC/E operation with parallel plates inside the 

LPGC/E (CAESplate); (c) storage of thermal energy in a PCM heat exchanger during air 
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compression, and reuse for preheating the air before expansion (CAESPCM); (d) placement of 

parallel plates inside the LPGC/E for near-isothermal compression plus use of a PCM heat 

exchanger for thermal energy storage during air compression and reuse for preheating the air 

before expansion (CAESPCM&plate); and (e) system configuration wherein a heater is used to 

preheat the air before expansion by burning a fuel (CAESheater). 

 

It is worth noting that, compared to conventional CAES systems that require a compressor 

and a separate expander, the CAES system proposed here employs a single, reversible LPGC/E 

component that operates both as a compressor and expander using a reversible pump (see 

Figure 1). In conventional systems, multiple compressor and/or expander stages with 

intercoolers are required to limit the temperature rise/drop during the compression/expansion 

processes. Furthermore, additional heat exchangers are required in these conventional systems 

to extract excess (and release stored) thermal energy from the compressed air (and to the air 

prior expansion). This allows the presently proposed system to be less complex overall, fewer 

components and loss mechanisms, even though heat transfer surfaces can be placed within the 

LPGC/E of the proposed system to promote near-isothermal compression and expansion. 

 

3. Experimental apparatus 

In order to promote our understanding of the operation and performance characteristics of the 

proposed CAES technology, and to validate a model of this system (see Section 4), a lab-scale 

testing facility (Figure 2) of the base-case configuration, CAESbase, has been developed at 

Queen’s University of Belfast. Time-dependent, temperature and pressure measurements were 

performed at different locations to monitor the CAES system’s time-varying behaviour during 

operation, and to determine its performance, including roundtrip efficiency. 

Ambient air is compressed through a low-pressure compressor, and a 150-L vertical air-

storage tank rated at 9 bar is used in this work. Prior to start-up, the 9-bar air-storage tank is 

filled with compressed air, which it cools to ambient temperature. During operation of the 

system, the 9-bar air-storage tank is constantly filled with the compressed air, where the mass 

flow rate of the inlet air is the same as that leaving the storage tank. During the compression 

phase, a valve is opened, and the air enters the LPGC/E cylinder at 8 bar. Then, the main pump 

supplies the high-pressure water to the LPGC/E cylinder to compress the air up to 40 bar. At 

the end of the compression phase, a valve is opened at the top of the cylinder and the compressed 
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air is stored in a 40-bar air-storage tank. Finally, the valve is opened, and the water is withdrawn 

from the LPGC/E cylinder into the water tank. In this prototype, two LPGC/Es work in parallel 

allowing the system to work continuously to avoid shutting the hydraulic pump on and off. The 

experimental apparatus in its present form does not feature an expansion device; this is part of 

the ongoing research by the authors. Nevertheless, this component was included in the 

modelling description of the overall CAES system in this work. 

The system is controlled by a programmable logic controller (PLC) and time-resolved 

data are recorded by a data-acquisition (DAQ) device. The time-varying volume of air in the 

cylinder is deduced from the water inlet flow rate, measured with a SM7000 magnetic-inductive 

flow meter. Air pressure is measured directly with a pressure transmitter (Model A-10; 

www.wika.co.uk). The bulk, mass-averaged air temperature is obtained from the air volume and 

pressure measurements using the ideal gas law [23]. The initial temperature of the air in the tank 

(before air charging), and the air temperature downstream of the 9-bar air storage tank are 

measured using a platinum resistance thermometer (PRT) (Model Pt100; https://uk.rs-

online.com). Additionally, a PRT is located at the top cap of the cylinder to measure the final 

air temperature after compression. However, due to the relatively slow response time of the 

PRTs and the presence of large thermal gradients during compression, these temperature 

measurements are considered trustworthy only under steady-state conditions [23]. Therefore, 

the time-varying temperature of the air is calculated from pressure and density using a lookup 

table based on ideal gas properties [23]. 

The LPGC/E cylinder is made of stainless steel and has a height of 1.1 m, an internal 

diameter of 0.08 m and a wall thickness of 0.01 m. The empty volume of the cylinder is 

0.00553 m3. A boosted axial piston water pump (Janus axial piston pump; 

www.waterhydraulics.co.uk) at 70 cc/rev circulates water through the circuit. A DN12 relief 

valve is used to divert a portion of this flow back to the tank. The LPGC/E cylinder can be 

safely pressurised up to 200 bar. However, due to the cost and size limitation of the reversible 

pump, the experimental data is collected when the system is charged to 40 bar. The 

experimental data are collected only for the compression (charging) process and are used to 

validate the modelling tools developed and presented in detail in the next section. The model is 

then used to study the LPGC/E CAES system for both charging and discharging processes 

working in envisaged operating conditions, at 200 bar. 
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Figure 2. Experimental apparatus of a lab-scale CAES prototype system with a LPGC/E, 

motor power = 12 kW, volume of the air-storage tank = 0.7 m3. 

 

4. Modelling methodology 

The thermodynamic analysis of the proposed system detailed in this section is based on lumped 

mass and energy conservation equations written for each system component, assuming steady-

state processes, except those involved in the LPGC/E. The LPGC/E works as a compressor when 

storing the compressed air during the charging stage and as an expander during discharge to 

produce electricity. As the LPGC/E is the main component of the CAES system and its 

performance has a significant effect on the performance of the system, the compression and 

expansion processes are modelled in transient conditions [35]. The air compressor is assumed 

adiabatic [36] and the air is assumed to be an ideal gas. It is also assumed that the CAES system 

operates under the rated condition, i.e., the load imposed on the system is assumed constant. 
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4.1 Transient mass and energy conservation for the LPGC/E 

Figure 3 shows details of the heat exchange mechanisms between the air, water, LPGC/E 

cylinder walls and plates inside the LPGC/E cylinder. 

 

Figure 3. Schematic of compression chamber and heat transfer mechanisms between the air, 

water, cylinder wall and plates, and details of the arrangement of plates inside the chamber. 

Q̇w
air: Convection heat transfer from the air to the cylinder wall during compression or from 

the cylinder wall to the air during expansion. Q̇w: Conduction through the wall. Q̇wat
air: 

Conduction heat transfer from the air to the water during compression or from the water to the 

air during expansion. Q̇w
wat: Convection heat transfer from the water to the cylinder wall during 

compression or from the cylinder wall to the water during expansion. Q̇p
air: Convection heat 

transfer from the air to the plates during compression or from the plates to the air during 

expansion. Q̇p
wat: Convection heat transfer from the water to the plates during compression or 

from the plates to the water during expansion. Q̇p: Conduction through the plates. 

 

The mass of air remains constant during the compression/expansion processes because the input 

air valve is closed. By considering the LPGC/E cylinder as the control volume, mass and energy 

balances are written for both the air and water phases: 
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𝑚
d𝑢

d𝑡
= �̇� − 𝑃

d𝑉

d𝑡
 , (1) 

d

d𝑡
(𝑚 𝑢 ) = �̇� − 𝑃

d𝑉

d𝑡
∓

d

d𝑡
�̇� ℎ  , (2) 

where mair is the total air mass inside the compression/expansion chamber, duair/dt is the change 

in internal energy of air, Q̇air is the total rate of heat transfer between air and the wall, plates and 

air and the water, and PdV/dt is the rate of work which is done by water on the air during air 

compression process or the expansion work extracted by the air in the expansion process.  

Since water is pumped into/blown out the compression/expansion chamber, the energy 

equation for an open system (control volume) is employed to the liquid, where dhin/dt is the 

enthalpy flow rate in/out the cylinder. Moreover, Q̇wat is the total rate of heat transfer between 

water and the wall, plates and water and air, and mwat is water mass, which can be calculated 

based on the constant mass flow rate as following: 

d𝑚

d𝑡
= ∓ �̇�  →  𝑚 − 𝑚 , = ∓ �̇� d𝑡

/

, (3) 

where mwat,0 is the initial water mass occupied compression chamber. 

Furthermore, Q̇air and Q̇wat in Eq. (1) and Eq. (2) can be written as: 

�̇� = �̇� , + �̇� , + �̇�  , (4) 

�̇� = �̇� , + �̇� , + �̇�  , (5) 

where Q̇w
air,i and Q̇w

wat,i are the air-to-wall and water-to-wall heat-transfer rates, respectively, 

Q̇p
air,i and Q̇p

wat,i are the air-to-plates and water-to-plates convective heat-transfer rates, 

respectively, and Q̇wat
air is the rate of heat transfer between water and air, estimated as being a 

one-dimensional heat diffusion process, at each time step. In addition, n corresponds to the total 

discretisation number. In this equation, and for Q̇wat, the value of N is equal to 1 and n 

corresponds to the last node where water is in direct contact with the wall. For Q̇air, the value 

of N is equal to the node where the air is in direct contact with the water. 

For the heat transfer analysis of the air compression/expansion process, it is assumed that 

the liquid levels in all ducts are the same. The hydraulic diameters of all ducts were considered 

as Dh = 2Lz [37], where Lz is the distance between the parallel plates. Heat transfer exchange 

between the air and water through their interfaces is defined as [38]: 
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�̇� = 𝑈 𝐴 (𝑇 − 𝑇 ) , (6) 

𝑈 𝐴 =
1

∑ 𝑅
=  

1

∑
𝐿

𝑘 𝐴
+

𝐿
𝑘 A

 . (7) 

In Eq. (7), for the CAESplates configuration, j denotes the number of ducts (i.e., gaps between 

two parallel plates), which varies from j = 0 (for the baseline system configuration) to j = M, 

where x is the final number of ducts in the cylinder of this configuration, and Aj is the cross-

sectional area of each duct. In the base-case configuration with no insert, A refers to the cross-

sectional area of the cylinder, k is the thermal conductivity, and L is the height of water or air 

within the cylinder. Heat is transferred from the air to the parallel plates or cylinder wall by 

convection and conducted within the walls to the water. The heat transfer between the wall and 

water or air, and between the plates and water or air is modelled as [35]: 

�̇� , = 𝑈 , , 𝐴 , , (𝑇 , − 𝑇 ) , 
(8) 

�̇� , = 𝑈 , , 𝐴 , , (𝑇 , − 𝑇 ) , 
(9) 

�̇� , = 𝑈 , , 𝐴 , , 𝑇 , − 𝑇  , 
(10) 

�̇� , = 𝑈 , , 𝐴 , , 𝑇 , − 𝑇  , 
(11) 

𝑈 , , 𝐴 , , =
1

𝑅  , ,
 , 

(12) 

𝑅  , , =
1

𝛼 𝐴 , ,
+

ln

𝐷
2

+
𝛿
2

𝐷
2

2𝜋𝐿 , 𝑘
 , 

(13) 

𝑈 , , 𝐴 , , =
1

𝑅 , , ,
 , 

(14) 

𝑅 , , , =
1

𝛼 , 𝐴 , ,
+

𝛿
2

𝐴 , , 𝑘
 . (15) 

In the above equations, U is the overall heat transfer coefficient and R refers to heat 

transfer resistance of the wall or plates. In Eqs. (13) and (15), δw and δp are the thickness of the 
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cylinder wall and plates, respectively, and k is the thermal conductivity of the wall or plates. 

The heat conduction through the walls is modelled as: 

�̇� , =
𝑘 𝐴 𝑇 , − 𝑇 ,

𝐿
 , (16) 

�̇� , = 𝑘 𝐴 , (𝑇 , − 𝑇 , )/𝐿 ,  , (17) 

�̇� , + �̇� , = 𝑚 𝑐 ,

d𝑇 ,

d𝑡
 , (18) 

�̇� , + �̇� , = 𝑚 𝑐 ,

d𝑇 ,

d𝑡
 , (19) 

�̇� , + �̇� , = 𝑚 𝑐 ,

d𝑇 ,

d𝑡
 , (20) 

�̇� , + �̇� , = 𝑚 𝑐 ,

d𝑇 ,

d𝑡
 . (21) 

In Eqs. (18) to (21), m and cp are the mass and specific heat capacity of the wall or plate, 

respectively. In order to solve these equations, the convective heat transfer coefficient needs to 

be known. It can be calculated based on the flow regime, defined as Reynolds and Nusselt 

numbers. The general formulation of Nusselt number is as follows, where the coefficients vary 

with the flow regime and geometry of the container [38]: 

𝑅𝑒 =
𝜌𝑣𝐷

𝜇 
 , (22) 

𝐷 =
4𝐴

𝑃
 . (23) 

In Eqs. (22) and (23), ρ and μ are the density and viscosity of air or water, respectively, 

and Dh, V, A and P are the hydraulic diameter, velocity, cross-sectional area and perimeter of 

each duct (j) or a circular cylinder for the base-case configuration. The Nusselt number for 

turbulent and laminar flow regimes is then calculated as [35, 38]: 

𝑁𝑢 = 𝐶 𝑅𝑒 𝑃𝑟
𝜇

𝜇
 

 , (24) 

where C, a, b and c are constant parameters, and depend on the flow regime. For turbulent flow 

(Re > 3000) these coefficients are 0.02, 0.80, 0.30 and 0 for the water region [38], and 0.75, 

0.80, 0.60 and 0 for the air region [35]. For the laminar flow regime (Re < 2000), these 

coefficients for air and water are taken to be 0.66, 0.50, 0.30 and 0, respectively [35]. In all 

cases, unsteady heat transfer (i.e., complex Nu) and associated losses are neglected [70]. 
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The compression and expansion efficiencies are the key parameters used to evaluate the 

performance of a LPGC/E system. These efficiencies are defined as [21, 39]: 

𝜂 =
𝐸

𝑊
 , (25) 

𝜂 =
𝑊

𝐸
 , (26) 

where Es is the maximum energy storage for an isothermal expansion or compression of air in 

the LPGC cylinder. The stored energy is defined as follows [21]: 

𝐸 = 𝑃 𝑉  ln 𝑟  , (27) 

where V0 and P0 are the initial volume and pressure of the air in the cylinder, and rp is the 

pressure ratio. Further, Win in Eq. (25) is the compression work to compress air from an initial 

volume to a final volume for the desired pressure ratio and is defined as [21]:  

𝑊 = 𝑟 𝑃 − 𝑃 𝑉 − (𝑃 − 𝑃 ) d𝑉. (28) 

and Wout in Eq. (26), is the expansion work from expanding air in the LPGC/E: 

𝑊 = 𝑟 𝑃 − 𝑃 𝑉 + (𝑃 − 𝑃 ) d𝑉 . (29) 

where subscripts ‘comp’ and ‘exp’ refer to conditions at the end of the compression process 

and those at the at the final expansion pressure (see also Table 2). 

In addition to efficiency, power density is also an important parameter for a LPGC/E 

system. The storage power of a compressor is defined as the ratio of the storage energy Es to 

the compression duration tcomp. The power density of an expander is defined as the ratio of the 

output work (Wout) to the expansion duration texp. The compression/expansion power densities 

are the respective powers normalised by the compressor/expander volume, which consists of 

the expanded air volume V0 and the solid volume of the porous insert Vins [21]: 

𝑃𝐷  =  
𝐸

𝑡 (𝑉 + 𝑉 )
 , (30) 

𝑃𝐷  =  
𝑊

𝑡 (𝑉 + 𝑉 )
 . (31) 
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4.2 Quasi-steady description of remaining components 

The thermodynamic relations for all other system components are given in Table 1, and it is 

assumed the inertial terms (dynamics) of all other components are fast and can be neglected. 

 

Table 1. Energy balance relations for the components of the CAES system [35, 40, 41]. 

Energy balance equation Component 

𝜂 , = (ℎ , − ℎ )/(ℎ − ℎ ) and �̇� , = �̇� (ℎ − ℎ ) Compressor 

𝜂 = ((𝑟p𝑃 − 𝑃 )𝑉 − (𝑃 − 𝑃 ) d𝑉)/�̇� ,  Pump 

ℎ = ℎ  Regulator 

𝑝 = 𝑝  and �̇� = �̇� (ℎ − ℎ ) Air-storage tanks  

ℎ = ℎ  Valves 

�̇� , = �̇� (ℎ − ℎ ) = 𝑈 𝐴 ∆𝑇 ; �̇� , = �̇� (ℎ − ℎ ) 

𝜂 =
̇ ,

̇ ,
; ∆𝑇 =

∆ ∆
∆

∆

 
PCM heat 
exchanger 

�̇� = �̇� (ℎ − ℎ ) Heater  

 

In the above equations, ΔT1 and ΔT2 are the temperature differences between the hot and 

cold fluids in the two hot and cold air streams in the PCM heat exchanger. Further, tchg and tdchg 

are used to denote the time associated with the charging and discharging processes of the 

storage tank and depend on the mass flow rate of the air, the volume of the storage tank and the 

pressure of the air, which can be determined from [42, 43]: 

𝑉 =
�̇� 𝑡  𝑅  𝛾𝑇

(𝑃 − 𝑃 )
 , (32) 

𝑡

𝑡
=

�̇�

�̇�
 , (33) 

where γ and Rg are the specific heat ratio of the air and ideal gas constant, respectively, Tin and 

Pin are the inlet temperature and pressure of the air as this flows into the air-storage tank, and 

P0 is the initial pressure of the air inside the tank at the start of the charge process (and the final 

air pressure at the end of the discharge process). In this work, tchg is considered to be 3.5 h. The 

storage volumes for each configuration and tchg are determined Eqs. (32) and (33), respectively. 

It is noted that this is the minimum size of storage tank for a given air quantity and pressure, 

and thus corresponds to the smallest (minimum limiting) cost associated with this component. 
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It should be noted that when modelling the operation of the CAESbase, CAESplate  and 

CAESheater configurations, the high-pressure air is assumed to cool down to ambient temperature 

prior to and during this being stored in the 200-bar air-storage tank(s). For the CAESPCM and 

CAESPCM&plate configurations, the high-pressure air stored in the tank is assumed to cool down 

fully to ambient temperature in a heat-rejection process that also reduces the pressure of the air 

in the storage tank, however, this pressure drop is small. For the modelling of the discharge 

process in all configurations, it is assumed that the storage tank is large enough such that the 

air maintains a constant pressure (200 bar) for the duration of this process [44]. 

The EES environment is used to solve the governing equations described above using the 

input parameters provided in Table 2.  

 

Table 2. Input parameters used in thermodynamic modelling [40, 41, 45, 46]. 

Parameter Value 

P0, T0 1 bar, 298.15 K 

Compression ratio in 9 bar compressor 9 

𝜂 ,  88% 

𝜂  96% 

𝜂  96% 

Pin,LPGC/E 8 bar 

Compression ratio in LPGC/E 25 (8-200 bar) 

Expansion ratio in LPGC/E 100 (200-2 bar) 

Inner diameter of LPGC/E cylinder 0.1 m 

Height of cylinder 1.1 m 

Height of the parallel plates inside cylinder 1.1 m 

Thickness of plates 0.001 m 

Thickness of cylinder 0.01 m 

Distance between plates 0.016 m 

Number of plates 5 

 

4.3 Modelling of PCM heat exchanger 

PCMs are substances that release/absorb sufficient energy at phase transition to provide useful 

heating or cooling. PCMs are found in different applications due to their thermal characteristics, 

such as in building envelope, industry thermal energy storage (TES), battery thermal 
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management and electric/power peak regulation [47]. In the present work, for CAESPCM&plate 

configuration, a PCM material is used in the heat exchanger to absorb the thermal energy of the 

hot compressed air during the charging process. Then, the stored thermal energy is used to 

preheat the compressed air during the discharge process, before expanding in the LPGC. A tube 

PCM heat exchanger is considered to store and release the thermal energy of the compressed 

air [48]. Figure 4 illustrates the schematic of the PCM heat exchanger. The system consists of 

a PCM with mass m. Air with mass flow rate ṁ flows inside the smaller diameter tube where it 

exchanges heat with the PCM. Through the charging process, the PCM changes phase from 

solid to liquid, while during the discharging process, the PCM changes phase from liquid to 

solid. The phase change takes place at a constant melting temperature [49]. 

 

 
 

Figure 4. Schematic of the PCM heat exchanger analysed in this work. 

 

The PCM is selected based on the final temperature of the compressed air at the end of the 

compression (charging) and the desired air temperature before expansion (discharging). In this 

regard high temperature molten salts (H160 and H105 in Ref. [48]) are used as the PCM for 

CAESPCM and CAESPCM&plates configurations, respectively. The thermal properties of the PCM 

and the parameters considered for modelling of the heat exchanger are summarised in Table 3 

[50]. The heat transfer surface area is needed to calculate the cost of the PCM heat exchanger for 

the technoeconomic analysis. To calculate the heat transfer surface area, the overall heat transfer 

coefficient between the air and the PCM must be determined from Eq. (34). The calculation of 

the overall heat transfer coefficient between the air and the PCM is described below. The general 

equation of heat transfer from a surface is defined as follows [41, 51, 52]: 

𝑄 = 𝑈𝐴∆𝑇  , (34) 

where Q is heat transfer rate, U is the overall heat transfer coefficient, A is the heat transfer 

area, and ΔTLMTD is the logarithmic mean temperature difference.  
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The overall heat transfer coefficient, U, in Eq. (34), is calculated from: 

1/𝑈 = 1/𝛼 + 𝑑 ln(𝑑 /𝑑 )/2𝑘 + 𝑑 /𝑑 × 1/𝛼  , (35) 

where αo and αi are the PCM and air convective heat transfer coefficients, respectively, kw is 

the thermal conductivity of the tube wall material, and do and di are the outer and inner diameters 

of the tubes in the PCM heat exchanger. The air heat transfer coefficient αi, in Eq. (35), is 

determined from one of the following well-known correlations [49]: 

Laminar flow: 𝛼 𝑑 /𝑘 = 3.66 , (36) 

Turbulent flow: 𝛼 𝑑 /𝑘 = 0.023𝑅𝑒 . 𝑃𝑟  , (37) 

where kf is the air thermal conductivity, which is calculated at the average temperature between 

the inlet and the outlet conditions of the tube, Re and Pr are the Reynolds number and the 

Prandtl number of the air in the tube, respectively, with parameter n set to 0.4 for the discharging 

process and n = 0.3 for the charging process [49]. The heat transfer coefficient between the wall 

and the PCM, αo, is also obtained using known correlations [53]: 

Solidification process: 𝛼 = 2 𝑘 /[0.4𝑑 ln(𝑑 /𝑑 )] , (38) 

Melting process: 𝛼 = 𝑁𝑢𝑘 /𝛿  , (39) 

where Nu is the Nusselt number, δPCM is the thickness of the PCM material that is (do – di)/2 

and l is the heat exchanger length. For δPCM ≤ 6 mm, natural convection heat transfer does not 

occur in a form associated with a thin liquid layer, and the heat is transferred only by heat 

conduction. In this case, Nu in Eq. (38) is evaluated from the following relations [49]: 

Nu = 1 for Re < 10  , (40) 

Nu = 0.028 𝑅𝑒 / (𝑙/𝛿 ) /  for 10  < Re < 10  . (41) 

On the other hand, when δPCM > 6 mm, the heat transfers between the liquid and PCM is 

accrued by natural convection and the following equation is used to estimate Nu: 

Nu = 0.133 𝑅𝑒 . (𝑙/𝛿 ) .  . (42) 

 

Table 3. Thermal properties of H160 and H105 as the PCMs and the parameters considered for 

modelling of the PCM heat exchanger [50]. 

Item Value for H160 Value for H105 

Melting temperature 435 K 377 K 

Enthalpy fusion 105 kJ/kg 125 kJ/kg 

Specific heat capacity of PCM 1505 J/kgK 1500 J/kgK 
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Conductivity of solid PCM 0.50 W/mK 0.50 W/mK 

Outer diameter (do) of tube 20 mm 20 mm 

Inlet diameter (di) of tube 16 mm 16 mm 

Thermal conductivity of the wall (kw) 50 W/mK 50 W/mK 

 

4.4 Technoeconomic analysis 

To further assess the feasibility of the proposed CAES systems, it is imperative to analyse the 

systems from an economic perspective. An important factor for assessing a system economic 

viability is the policy and financial instruments in place within the country that may benefit the 

system implementation [54]. This includes looking at subsides and tariffs. In the UK, the smart 

export guarantee (SEG) scheme can apply to the proposed energy storage systems. The SEG 

scheme pays a dividend to those that generate electricity and feed it into the national grid. The 

SEG grant is based on the electricity fed to the grid. The SEG changes between electricity 

providers which the SEG value of 5.5 p/kWh (6.8 ¢/kWh) is used at the present work [54]. 

Further, the system is analysed in terms of the annual total cost (ATC), annual total income 

(ATI), annual total profit (ATP), total investment cost (TIC), operation and maintenance costs 

(CO&M) and dynamic payback period (DPP). The ATC mainly consists of annual CO&M and 

running cost due to electricity or fuel Cin [55], which is defined as: 

(43) 𝐴𝑇𝐶 = 𝐶 & + 𝐶  . 

The operation and maintenance cost CO&M for large scale CAES is considered as 

0.003 $/kWh, and is very low for small-scales CAES systems [56]. However, the reversible 

pump is expected to be the main component in the system, which would require annual 

maintenance. Therefore, the operation and maintenance cost of the reversible pump (113 $/year) 

is considered as CO&M in this work [57]. 

The investment costs of the system components were also estimated in order to calculate the 

investment payback periods. The total investment cost of the components is calculated from:  

(44) 𝑇𝐼𝐶 = 𝑃𝐸𝐶  , 

where PECi is the investment cost of the system components determined using the functions 

provided in Table 4 for the compressor, heater and heat exchanger taken from Ref. [58]. It is 

worth mentioning that the LPGC/E cylinder, regulator, reversible pump, air and water storage 

tanks, parallel plate inserts and valve costs are based on purchase orders from suppliers, and that 
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all costs correspond a unique unit for demonstration purposes. It is expected that by developing 

the proposed system, the overall investment cost will be reduced thanks to economies of scale. 

 

Table 4. Purchase equipment cost (PEC) of the CAES system components [58, 59]. 

Price Material/parameter Cost function [$] Component 

$1220 -  𝑃𝐸𝐶 , = 1.81 �̇� /0.74
.

  Compressor 

$28 - 28 Regulator 

$450 - 450 9-bar air-storage tank 

$2350 Stainless steel $2284-3462* 200-bar air-storage tank 

$1730 Relief valve 4 × $433 Valve 

$2700 Stainless steel $2700 LPGC/Ecomp/exp 

$4340 Stainless steel 4340  Reversible pump  

$2300 
- 

𝑃𝐸𝐶 = 130
𝐴

0.093

.

+ 𝑃𝐸𝐶  PCM heat exchanger (HX) 

$178 250-L GRP tank 178 Water tank 

$50 Aluminium 50 Parallel plates 

$200 fm=25.5, fd=0, fp=0.6 𝑃𝐸𝐶 = 1.22𝑓 (1 + 𝑓 + 𝑓 ) �̇�
.

 Heater 

* This price is for two packs of pallets each with 16 cylinders which were used in the experiment for the CAESbase 
configuration (each cylinder has a volume of 0.044 m3). For other configurations, different tank volumes and hence 
different prices are considered. Both tchg and tdchg are constant for all CAES configurations. Therefore, the price 
for the air-storage tank in each configuration is calculated based on the required volume to store compressed air in 
each configuration. For CAESbase, CAESplate, CAESPCM and CAESPCM&plate, the tank volumes are given in Table 9, 
with corresponding tank prices of $3460, $2780, $2630 and $2280, respectively. 

 

The costs of the compressor and heat exchangers are based on purchase costs in 2009 

[58]. The cost of the LPGC/E, regulator, air and water storage tanks, reversible pump and valves 

are based on suppliers’ receipts in 2019. Hence, Eq. (45) is used to convert the costs of 

purchasing all equipment from the base year 2009 to the reference year (2019) [36, 41]: 

PECref,y = PECbase,y × (CIref,y/CIbase,y),  (45) 

where CI is the cost index calculated based on the Marshal and Swift index used in Ref. [60]. 

The annual input cost is the peak-off electricity cost at charging time. Considering the 

electricity price distinction between the on-peak hour and off-peak hour, the charging process and 

discharging process are assumed to be separated. Therefore, the actual operating hour in one day 

is the sum of charging time and discharging time. The annual input cost is then [55]:  
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𝐶 = (𝑡 × �̇� × 𝐶 × 365) + 𝑡 × �̇� × 𝐶 × 365 , (46) 

where �̇�  is the electricity consumed by the compressor and pump during the charging process 

(kW), 𝐶  the electricity price during the off-peak hour ($/kWh), and �̇�  the amount of 

natural gas needed to be used in the heater for the CAESheater configuration in Figure 1. The 

annual total income (ATI) consists of net output electricity income: 

(47) 𝐴𝑇𝐼 = 𝑡 × �̇� × 𝐶 × 365 , 

where �̇�  is the net output electricity of the system (kW), and 𝐶  the electricity price 

during on-peak hours ($/kWh). The annual total profit (ATP) of the proposed system is then: 

(48) 𝐴𝑇𝑃 = 𝐴𝑇𝐼 − 𝐴𝑇𝐶 . 

The equations above along with the economic parameters given in Table 5 are solved in EES 

to analyse the economic performance of the different CAES system configurations in Section 2. 

 

Table 5. Related economic parameters of proposed systems. 

Parameter Value  

Economic life of CAES with LPGC/E 20 years 

Cost of electricity  
Off-peak = 7.46 p/kWh*; 

On-peak = 29.75 p/kWh* [61] 

Cost of fuel (natural gas) 0.796 $/L [62] 

Discount rate (rd) 3% [63] 

Inflation rate (ri) 3% [64] 

* Note: 1 $ (USD) = 80.4 pence (p), 1 GBP = 100 pence (p) and 1 $ = 100 cent (¢). 

 

Finally, it is desired to estimate the emission reduction and fuel savings with the 

installation of the CAES systems. This is done by comparing the above proposed systems 

with those from a conventional power plant fuelled by natural gas which provides electricity 

to the grid. In addition, the amount of CO2 emission and fuel consumption in the heater of 

CAESheater configuration are calculated based on CO2 factor and fuel consumption factor for 

the heat. The CO2 emission factor and fuel consumption factor for the heater in the 

configuration of CAESheater is considered as 0.18 kg CO2/kWhth and 0.25 kg/kWhth, 

respectively. Under the UK’s climate change agreements (CCAs) (Environment Agency, 

2019), it is assumed that twice as many units of fuel are required to generate each unit of 

electricity than are required to generate each unit of heat. Therefore, the conventional power 
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plant is assumed to burn around 0.5 kg of natural gas and emits around 0.36 kg per kWh of 

electricity [65]. Thus, the proposed CAES systems should have a significant effect in reducing 

the environmental impact of energy consumption, by reducing fuel consumption, enabling 

renewable uptake and reducing emissions. Clearly, the development of such energy storage 

systems has a very significant role to play in contributing towards the increasingly stringent 

emission and renewable energy targets of UK, but also of the EU and globally [66]. 

 

4.5 Performance criteria and objective functions 

To evaluate the operational characteristics of the proposed CAES systems, some evaluation 

indicators are needed to compare the performances of the systems. Considering the distinctions 

of time between charging and discharging process, the inputs and outputs should also consider 

the time effect. These indicators are explained in the following sub-sections. 

 

4.5.1 Roundtrip efficiency 

To reflect the time difference between the air compression and expansion, the energy efficiency 

based on charging time and discharging time is presented. The roundtrip efficiency is defined as 

the ratio of output energy to input energy in a full charging and discharging cycle as [59]: 

(49) 𝜂 =
𝑡 × �̇� ,

𝑡 × �̇�  + �̇� ,  +  𝑡 × �̇�
 , 

where �̇� ,  is the net output electricity from the generator, �̇�  is the electricity 

consumption of the 9-bar air compressor and the water pump, and Q̇htr is the required heat by 

the heater to preheat the compressed air before expansion. 

 

4.5.2 Charging efficiency  

The charging electricity efficiency is defined as the ratio of power generated by the expander 

to the input energy of the CAES system, which can be expressed as: 

(50) 𝜂 =
𝑡 × �̇� ,

𝑡 × �̇� ,  +  �̇� ,  + 𝑡 × �̇�
 . 

where �̇� ,  is the power generated by the LPGC/E and �̇� ,  is the required power 

to compress the air from 8 bar to 200 bar. 
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4.5.3 Dynamic payback period 

The payback period is the time required for the system to recover its initial investment cost. 

The dynamic payback period (DPP) mainly considers the time value, which is calculated when 

the cumulative net present value (NPV) is zero [57] and expressed as: 

(51) 𝐷𝑃𝑃 = ⌊𝐷𝑃𝑃 − 1⌋ +
𝑁𝑃𝑉⌊ ⌋

𝐴𝑇𝑃⌊ ⌋
 , 

where 𝐴𝑇𝑃⌊ ⌋ is the cash flow in year ⌊𝐷𝑃𝑃⌋, and 𝑁𝑃𝑉⌊ ⌋  is the absolute value of NPV 

until the year ⌊𝐷𝑃𝑃 − 1⌋. The net present value (NPV) is the difference between the present 

value of cash inflows and outflows during a period, which mainly presents the balance between 

the present value of total income and initial investment, and is expressed as: 

(52) 𝑁𝑃𝑉 =
𝐴𝑇𝑃  (1 + 𝑟 )

(1 + 𝑟 )
− 𝑇𝐼𝐶 , 

where rd is the discount rate of 3%, ri is the inflation rate of 3% as given in Table 5, ATPy is the 

cash flow in year y, and TIC is the total investment cost. The inflation rate 𝑟  (referring to the 

consumer price index, CPI) in the UK is expected to vary, and historical values show a wide 

range of rates form -0.1% to 5.2%. An average value of 3% is considered in this study [64]. 

 

5. Results and discussion 

5.1 Experimental data analysis of charging process and model validation 

In this section, the results of the thermodynamic model are compared with experimental data 

for the compression process in the base-case configuration (CAESbase). Air is compressed from 

8 bar to 40 bar in the LPGC/E and stored in the storage tank. In the experiments, temperature 

and pressure data are obtained for the air and water at different locations in the systems 

(including States 2, 5, 6, 8 and 12 in Figure 1(a)). The predictions of the present thermodynamic 

models are compared against the experimental data and the results are shown in Table 6. It is 

seen that the model predicts well the pressure and temperature data at the different locations of 

the CAES testbed, with maximum relative errors below 7%. 
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Table 6. Model validation against experimental data for the base-case CAES system, CAESbase. 

  Model Experimental data Error (%) 

State Working fluid 
T 

(K) 

P 

(bar) 

T 

(K) 

P 

(bar) 

T 

(%) 

P 

(%) 

4 Air 298 9.0 299 8.5 0.2 5.5 

5 Air 298 8.0 299 7.5 0.2 6.2 

6 Air 473 40.0 470 41.0 0.6 2.5 

8 Water 298 1.0 297 1.2 -0.4 2.0 

12 Water 300 1.0 301 1.3 0.3 3.0 

 

Furthermore, the transient model developed for the LPGC/E is validated in detail against 

the experimental data collected from our experimental testbed when the air is compressed from 

8 bar to 40 bar. Each test was repeated at least for ten times and the data was collected for three 

different compression durations (water flow rate). The water flow rate for compression versus 

compression duration is shown in Figure 5. The water flow rate changes from 30 L/min for 

3.5 s to 50 L/min for 1.7 s. Figure 5 shows that the highest water flow rate of 50 L/min leads to 

the fast compression which occurs in 1.7 s. While, with the water flow rate of 40 L/min and 

30 L/min, it takes 2.5 s and 3.5 s, respectively compress the air from 8 bar to 40 bar. In slower 

compression, a slight fluctuation is seen in the water flow rate. When compression starts, the 

mass flow rate of the water increases and at the end of compression, it drops to the initial value. 

It worth mentioning that the mass flow rate of the water never drops to zero at the end of 

compression because two LPGC/Es work in parallel, continuously. 

 

 

 

 

Compression 

mode 

Qwat 

(L/min) 

tcomp 

(s) 

Slow 30 3.5 

Medium 40 2.5 

Fast 50 1.7 
 

Figure 5. Compression water flow rate as a function of compression duration with an initial pressure 
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of 8 bar, a final pressure of 40 bar, and water flow rates of 50 L/min, 40 L/min and 30 L/min 

corresponding to compression durations of 1.7 s, 2.5 s and 3.5 s. 

 

Figure 6 shows pressure-volume curves derived from experimental data for the LPGC/E in 

the base-case configuration CAESbase. This suggests that for the slow compression (water flow 

rate of 30 L/min) the area under P-V is lower than that in the fast compression (water flow rate 

of 50 L/min), so the slow compression gives more time to transfer heat from the compressed air 

to the cylinder wall and water, supporting a near-isothermal compression process. 

 

 

Figure 6. Pressure-volume traces during compression at various motor speeds for the LPGC/E 

base-case configuration CAESbase with an initial pressure of 8 bar, a final pressure of 40 bar, 

and water flow rates of 50 L/min, 40 L/min and 30 L/min corresponding to compression 

durations of 1.7 s, 2.5 s and 3.5 s, respectively. 

 

For each test reported in Figure 6, the compression efficiency is plotted against its power 

density in Figure 7. Increasing the power density corresponds with higher compression rates and 

shorter compression durations. It can be seen that there is a relationship between efficiency and 

power density, with any increase in power density accompanied by a decrease in efficiency. There 

is a good agreement between the model predictions of compression efficiency versus power 

density (Figure 7) and the experimental results, with around a 2.5% difference. 
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Figure 7. Validation of the LPGC/E transient model in the compression phase for the base-case 

configuration CAESbase against experimental data, with an initial pressure of 8 bar, a final 

pressure of 40 bar, and power densities from 400 kW/m3 to 800 kW/m3 corresponding to water 

flow rates from 30 L/min to 50 L/min and compression durations from 3.5 s to 1.7 s.  

  

The expansion process model may also be validated against data in the literature [22]. In a 

further validation analysis, the LPGC/E dimensions were matched to those in Ref. [22], with the 

air expanded from 10 bar to 1 bar. Figure 8 illustrates the expansion efficiency of the LPGC/E as 

a function of power density. It is seen that the model predicts the experimental data well. 

 

 

Figure 8. Validation of the LPGC/E transient model in the expansion phase for the base-case 
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configuration CAESbase against experimental data [22] for an initial pressure of 10 bar. A 

final pressure of 2 bar, and power densities from 20 kW/m3 to 240 kW/m3. 

 

5.2. Modelling of cyclic system operation 

Using the thermodynamic model validated in the previous section, the time-dependent air 

thermophysical properties in the LPGC/E are predicted for a compression from 8 to 200 bar and 

expansion from 200 down to 2 bar [22]. Figure 9 shows temperature-volume diagrams generated 

during the air compression phase with different compression durations with no inserts. For low 

compression duration (faster compression), the T-V diagram tends closer to adiabatic compression, 

while for higher compression duration (slower compression), the diagrams become more 

isothermal. This is because in the fast compression case, there is not enough time to transfer heat 

from the hot air to the cylinder wall or water, while in the slower compression case the air has 

enough time to transfer the heat to the environment, hence the air is compressed near-isothermally. 

 

 

 

 

Compression 

mode 

Qwat 

(L/min) 

tcomp 

(s) 

Slow 18 23 

Medium 85 5.7 

Fast 170 2.8 
 

Figure 9. Temperature-volume diagrams for the LPGC/E with no parallel-plate insert at 

various compression durations of 2.8 s, 5.7 s, and 23 s corresponding to water flow rates of 

170 L/min, 85 L/min and 18 L/min, respectively. 

 

Temperature-volume (T-V) diagrams for the expansion process without inserts are shown 

in Figure 10. It is seen that for each expansion duration, the air temperature tends to decrease 

rapidly initially to a minimum temperature and subsequently increases towards a temperature, 
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which is slightly lower than the initial temperature. This non-monotonic behaviour was 

observed in the experimental work done by Wieberdink et al. [23]. It is due to power levels 

towards the latter part of the expansion (lower pressure and larger volume) being lower than 

the heat transfer rate, which is facilitated by an established temperature difference and 

increasing surface area for heat transfer rate. For the fastest expansion (0.75 s), the temperature 

drops down as low as 125 K (i.e., T/T0 = 0.42), while, for the slowest expansion (6.0 s), the air 

temperature drops to a value of 175 K (i.e., T/T0 = 0.58). In comparison to the fast expansion, 

the air temperature at the end of the expansion process is closer to the initial temperature. 

 

 

 

 

Expansion 

mode 

Qwat 

(L/min) 

texp 

(s) 

Slow 85 6 

Medium 170 3 

Fast 660 0.75 
 

Figure 10. Temperature-volume diagrams for the expansion process for the LPGC/E with no 

parallel-plate insert at expansion durations of 0.75 s, 3 s, and 6 s corresponding to water flow 

rates of 660 L/min, 170 L/min and 85 L/min, respectively. 

 

Efficiencies and power densities of the LPGC/E are obtained using Eqs. (20), (21), (25) and 

(26). The efficiency is plotted against its power density in Figure 11 for compression and 

expansion processes, respectively. Increasing power density corresponds to a higher 

compression/expansion rate and shorter time. For both cases (baseline and parallel plate insert), 

there is a trade-off between efficiency and power density; an increase in the power density results 

in a decrease in compression or expansion efficiency. For similar compression/expansion 

efficiencies, the insert case shows higher power density than the baseline case. Additionally, for 

the same power density, the insert case exhibits a higher efficiency than the base-case 

configuration. For instance, in compression process and at 200 kW/m3 power density, the 
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compression efficiency is increased by 4% from 80% to 86%. For expansion process and at 

200 kW/m3 power density, parallel-plate inserts increase the efficiency by 12% from 72% to 84%. 

Such increases in efficiency are due to the near-isothermal compression/expansion processes 

occur in the LPGC/E, resulting from a higher air-to-plate heat transfer rates. 

In this section, the physical behaviour of the air explained in the compression and 

expansion phases with no insert and with insert. In the following section, the performance of 

the whole system is analysed by considering the compression duration as 5.7 s and expansion 

duration as 3 s, in order to select the most cost-effective CAES system. 

 

 

(a) 

 

(b) 

Figure 11. Efficiency against power density for the baseline case (no insert) and with parallel-
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plate inserts case for: (a) compression process with an initial pressure of 8 bar, a final 

pressure of 200 bar, and power densities from 400 kW/m3 to 800 kW/m3 corresponding to 

compression durations from 2.8 s to 23 s and water flow rates from 420 L/min to 18 L/min, 

and (b) expansion process with an initial pressure of 200 bar, a final pressure of 2 bar, and 

power densities from 90 kW/m3 to 900 kW/m3 corresponding to expansion durations from 

1 s to 8.5 s and water flow rates from 360 L/min to 55 L/min. 

 

5.2.1 Thermodynamic performance analysis 

In this section, a detailed energy analysis of the whole CAES system is performed using the 

validated model for a realistic condition in which air is compressed to 200 bar in the LPGC/E. 

Different performance indicators for a single-stroke compression/expansion process in the LPGC 

are presented in Table 7 and Table 8. The presented parameters in these two tables are used in 

energy analysis of the CAES systems. According to Table 7 and Table 8 compression and 

expansion occur in around 6 s and 3 s, respectively. The input work is decreased in the case of 

LPGC with plates and the expansion work is improved in the case of LPGC with plates or 

preheating the air compared to the base case. Note that the expansion efficiency of the CAESPCM, 

CAESPCM&plates and CAESheater is lower than the base case because the expansion efficiency for 

these three configurations is calculated based on isothermal expansion of preheated air. 

 

Table 7. Thermodynamic performance indicators for a single compression stroke of the LPGC 

in different CAES configurations. 

Configuration 
Win 

(kJ) 

Es,comp 

(kJ) 

PDcomp 

(kW/m3) 


comp 

(%) 
tcomp 

(s) 

CAESbase 30.7 22.3 453 73 5.7 

CAESplates 25.5 21.3 448 84 5.5 

CAESPCM 30.7 22.3 453 73 5.7 

CAESPCM&plates 25.5 21.3 448 84 5.5 

CAESheater 30.7 22.3 453 73 5.7 
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Table 8. Thermodynamic performance indicators for a single expansion stroke of the LPGC in 

different CAES configurations. 

Configuration 
Wout 

(kJ) 

Es,exp 

(kJ) 

PDexp 

(kW/m3) 


exp 

(%) 
texp 

(s) 

CAESbase 5.7 8.1 228 71 2.9 

CAESplates 6.5 8.0 259 81 2.9 

CAESPCM 7.4 12.3 295 61 2.9 

CAESPCM&plates 7.5 11.0 299 68 2.9 

CAESheater 7.4 12.3 295 61 2.9 

 

In the following paragraph, the five configurations are compared in terms of the 

compressor power consumption, system power output during discharge, charging/discharging 

time, roundtrip and charging efficiencies. The thermodynamic properties (temperature, 

pressure, enthalpy) for different states of each configuration are shown in Table A1 in the 

Appendix. The results of this analysis are shown in Table 9. 

The power consumption of the 9-bar compressor is 14.5 kWh for all five configurations. 

The charging and discharging time for all five configurations is around 3.5 h and 7 h, 

respectively. As discussed in the previous section, by insertion of the parallel plates in the 

LPGC/E, the compressor achieves a near-isothermal process. Hence, compared to the base-case 

configuration CAESbase, the CAESplate and CAESPCM&plates systems require less compression 

work and pumping power to compress air. In the CAESplate and CAESPCM&plates, the amount of 

compressed air is around 4% less than CAESbase. According to Table 9, the power output of the 

base-case configuration CAESbase is 14 kWh, which rises to 15.5 kWh with the introduction of 

parallel-plate inserts inside the LPGC/E. By heating the air using PCM heat exchanger or using 

a heater, increases the power output by 32% from 15.5 kWh for the base-case configuration 

CAESbase to 18 kWh for the CAESPCM and CAESheater configurations. Combination of air 

heating and insertion the parallel plates, improves the power output from 15.5 kWh for the base-

case configuration CAESbase to 19.5 kWh for the CAESPCM&plates configuration.  

Compared to the base-case configuration, the roundtrip and charging efficiencies are 

significantly improved when heating the air before expansion using a PCM or a combination of 

PCM and parallel plates. For instance, the inclusion of parallel plates inside the LPGC/E (in the 

CAESplates configuration) improves the roundtrip efficiency from 40% for the base-case to 50% for 
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the CAESplates configuration. Additionally, the roundtrip efficiency increases from 40% for the 

CAESbase to 52% and 63% for the CAESPCM and CAESPCM&plates configurations, respectively. 

 

Table 9. Thermodynamic performance indicators for the four CAES configurations in Figure 1. 

 CAESbase CAESplates CAESPCM CAESPCM&plates CAESheater Unit 

9-bar compressor power 
consumption 

14.7 14.5 14.7 14.5 14.7 kWh 

LPGC/E compression work 18.8 16.0 18.8 16.0 18.8 kWh 

Pump work 19.6 16.8 19.6 16.8 19.6 kWh 

Power output during discharge 
(LPGC/E expansion work) 

14.2 16.0 18.5 20.5 18.5 kWh 

Generated power 13.6 15.5 18.0 19.5 18.0 kWh 

Discharge time 7.0 7.0 7.0 7.0 7.0 h 

Charge time 3.5 3.5 3.5 3.5 3.5 h 

200-bar air-storage tank volume 2.0 1.6 1.5 1.3 2.0 m3 

Roundtrip efficiency 40 50 52 63 42 % 

Charge efficiency 43 53 56 66 45 % 

 

In conclusion, the energy analysis provided here shows that inclusion of the parallel-plate 

inserts inside the LPGC/E improves the compression/expansion efficiencies of the LPGC/E and 

the whole CAES system. However, improvement on the CAES efficiency is not as significant 

as the configuration when the air is heated before expansion in the LPGC/E. 

 

5.2.2 Technoeconomic results 

A technoeconomic analysis is performed to investigate the cost benefit of using the proposed 

CAES system. Table 10 shows the effect of SEG on the payback period of these systems. In this 

section, we have investigated the payback period, total annual cost and annual profit of the system 

by considering a SEG of 5.5 p/kWh (6.8 ¢/kWh). Results show that the CAESPCM&plate 

configuration has a significant effect on decreasing of the payback-period, CO2 emission and fuel 

consumption compared to other configurations. The total investment cost of the CAESPCM is 

$15.8k, which is higher than the other configurations because of the extra purchase cost of the 

heat exchanger. Note that the total investment cost of the CAESPCM&plate is lower than the 

CAESPCM as it needs a smaller size of the heat exchanger. Due to the high-power output of the 

CAESPCM&plate configuration, the annual total income for this configuration is $2620, which is 
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higher than the other configurations. By comparing the dynamic payback period, it is seen that 

the CAESPCM&plate and has the shortest payback period of 7 years. Although the annual total 

income for CAESheater is the same as the CAESPCM, its roundtrip efficiency is lower than the 

CAESPCM configuration (see Table 7). This is because the CAESheater configuration, consumes a 

considerable amount of fuel to heat the compressed air before expanding in the LPGC/E. Using 

parallel plates inside the LPGC/E to achieve a near isothermal compression/expansion reduces 

the system’s payback period by 5 years with respect to the base-case configuration. 

Table 10 further shows the environmental impact of the five configurations analysed in 

the present work. Over the 20-yearsassumed lifetime of the proposed CAES systems, CO2 

emissions reduce by 36, 40, 46, 51 and 36 tonnes, respectively for the CAESbase, CAESplate, 

CAESPCM, CAESPCM&plate and CAESheater configuration. Additionally, the proposed CAES 

systems help to save the fuel consumption by about 50 tonnes in CAESbase, 56 tonnes in 

CAESplates, 65 tonnes in CAESPCM, 71 tonnes in CAESPCM&plate and 51 tonnes in CAESheater 

configuration. This fuel saving is the amount of natural gas required to produce the same amount 

of power output in a conventional power system. 

 

Table 10. Comparison of the technoeconomic performance of the four CAES system 

configurations considering a 5.5 p/kWh (6.8 ¢/kWh) SEG and an economic lifetime of 20 years. 

 CAESbase CAESplates CAESPCM CAESPCM&plates CAESheater Unit 

Total investment cost 14.0 13.5 15.8 14.0 14.3 k$ 

Annual total cost 940 790 840 690 840 $ 

Annual total income 1840 2080 2380 2620 2380 $ 

Annual total profit 900 1290 1540 1930 1540 $ 

Dynamic payback period 15.5 10.5 10.0 7.0 9.0 Year 

Fuel saving (natural gas) 50 56 65 71 51 Tonne 

CO2 emissions reduction  36 40 46 51 36 Tonne 

 

Figure 12 compares the dynamic payback period (DPP) of the five systems with 

incentives and considering an SEG of 5.5 p/kWh (6.8 ¢/kWh) in 2020. With this SEG, all 

proposed CAES systems experience a payback period lower than 20 years lifetime of the 

systems. The CAESPCM&plate and CAESheater has the shortest payback period of 7 years. In 

addition to this, all proposed systems except CAESbase are found to be cost-effective even 

without renewable electricity incentive with a dynamic payback period of 15 years, 13 years, 

10 years and 13 years for CAESplate, CAESPCM, CAESPCM&plate and CAESheater, respectively. 
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Figure 12. Effect of 5.5 p/kWh (6.8 ¢/kWh) SEG in 2020 on the dynamic payback period 

(DPP) of CAESbase, CAESplate, CAESPCM, CAESPCM&plate and CAESheater configurations. 

 

6. Further discussion and comparisons 

A novel small-scale (20 kWh) overground compressed-air energy storage system was analysed 

in this work and found to have a roundtrip efficiency of 63%, which is promising given that it 

is higher than the efficiencies of existing conventional large-scale underground CAES systems, 

namely the Huntorf plant in Germany (290 MWe) and the McIntosh plant in the USA 

(110 MWe), which have efficiencies of 43% and 54%, respectively. Currently, there are no 

commercially available adiabatic CAES (A-CAES) products on the market, although there are 

numerous pilot-scale A-CAES projects under development, reflecting the promising role that 

A-CAES technology can play in future energy systems. Of note is the fact that the A-CAES 

pilot-scale systems under development currently have relatively low efficiencies around 20%, 

e.g., 23% is reported in Ref. [20]. Compared to large-scale CAES systems that are generally 

proposed for locations close to power generation sites, small-scale CAES systems would not 

have geological or other geographical limitations, and could be installed close to the point of 

electricity use, thereby providing better coupling between energy supply, storage and demand, 

which is a major requirement for the development of future decentralised micro-grid networks. 

For electricity storage at very small scales (< 10 kWh), it is well-accepted that batteries 

are the most mature technology, which is commercially ready and proven for various 

applications. Therefore, a significant fraction of current research has been dedicated to reducing 

the costs and improving the lifetime of batteries for deployment at larger scales, particularly 

lithium-ion batteries that have a high roundtrip efficiencies, energy densities and peak power 

capabilities. Although the cost of lithium-ion batteries is falling rapidly, their cost per unit 
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power density is still high compared to thermomechanical storage systems, while low cycling 

times and lifetimes (5-10 years), high degradation and captaincy reduction (60-70%), high 

maintenance costs, toxicity and safety are considered barriers for such deployment, and further, 

batteries are less suitable for long-duration storage (days, weeks, etc.) and any application where 

the energy inputs and local demands can be diverse enough to include heating and/or cooling. 

One available battery storage product with a small-scale capacity of 20 kWh (similar to the 

storage system developed here), which can be integrated with solar photovoltaic (PV) systems, is 

the Powervault 3, a lithium-polymer (Li-MNC) battery manufactured by Powervault [67-69]. 

This product has a stated lifetime of 10 years and an investment cost of ~$18,700 (£15,170) 

including VAT [69], leading to payback periods that are longer than its lifetime. It must be noted 

here that these battery systems have high roundtrip efficiencies of >90%, although, it is known 

that this can drop down below 70% over their lifetime. By contrast, the CAES system proposed 

here (configuration CAESPCM&plates as per Table 10) has a payback period of 7 years, a lifetime of 

(at least) 20 years and a total investment cost that is projected, under favourable conditions, to be 

as low ~2.6 times lower than the aforementioned battery option for the same capacity system. 

Such CAES systems, like all thermomechanical storage systems, are non-toxic and can maintain 

performance over long periods with little degradation over their lifetime. Additionally, such 

systems are highly suitable for long-duration storage and flexible enough to be deployed in 

applications where surplus heat and/or cooling is available locally and required by the end user. 

 

7. Conclusions  

In this work, a small-scale (20 kWh) overground compressed-air energy storage (CAES) system 

using a novel reversible and near-isothermal liquid-piston gas compressor/expander (LPGC/E) 

was developed and tested for the first time. Comprehensive experimental, thermodynamic, 

technoeconomic and environmental assessments were conducted to analyse the performance of 

this proposed system. A testing facility was developed and experiments were conducted to 

collect data for validation of a mass-lumped model, specifically developed for this system. 

Based on this model, a detailed study of the system was then performed in order to 

investigate and compare the efficiencies, costs, payback times and CO2 emission reductions of 

five possible CAES system configurations featuring a LPGC/E, namely: (1) CAESbase, which is 

the base-case configuration; (2) CAESplate, in which parallel plates are inserted into the LPGC/E 

as a heat exchanger for achieving near-isothermal compression and expansion; (3) CAESPCM, in 

which a phase change material (PCM) is employed to store thermal energy from the compressed 
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air during the charge process that is later recovered for use during discharge; (4) CAESPCM&plate, 

which is a combination of the CAESplate and CAESPCM arrangements; and (5) CAESheater, in which 

a heater is utilised instead of the PCM to preheat the compressed air during discharge. The main 

conclusions from this work are summarised below: 

1. Compared to the base-case configuration, the CAESPCM and CAESPCM&plate configurations 

show significantly improved roundtrip and charging electricity efficiencies. Relative to the 

base-case, the CAESPCM&plate system has the highest roundtrip efficiency of 63%. 

2. All proposed CAES system configurations, except the CAESbase base case, can be cost-

effective even without incentives. When considering a SEG intensive (5.5 p/kWh or 

6.8 ¢/kWh) for renewable electricity generation, the dynamic payback period of the 

CAESPCM&plate and CAESheater configurations have the shortest payback period of 7 years. 

3. Over a 20-year lifetime, CO2 emission reductions of 36, 40, 46, 51 and 36 tonnes can 

arise when employing the CAESbase, CAESplate, CAESPCM, CAESPCM&plate and CAESheater 

configurations, respectively. The proposed CAES systems show a potential for reducing 

fuel consumption by about 50, 56, 65, 71 and 51 tonnes, respectively. 
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Appendix 

Table A1 shows the conditions of the air and water phases at all key thermodynamic states in the 

five studied CAES configurations. The states are all defined in Figure 1. The CAESheater 

conditions are the same as those for CAESPCM, except for State 18, at which the fuel enters the 

heater at ambient conditions in the CAESheater configuration. 

Table A1. Thermodynamic properties of the four CAES systems at each state in Figure 1. 

 CAESbase CAESplates CAESPCM/CAESheater CAESPCM&plates 

State Fluid T P h ṁ T P h ṁ T P h ṁ T P h ṁ 

1 Air 298 1.0 299 0.0142 298 1.0 299 0.0141 298 1.0 299 0.0142 298 1.0 299 0.0141 

2 Air 582 9.0 596 0.0142 582 9.0 596 0.0141 582 9.0 596 0.0142 582 9.0 596 0.0141 

3 Air 298 9.0 299 0.0142 298 9.0 299 0.0141 298 9.0 299 0.0142 298 9.0 299 0.0141 

4 Air 298 9.0 299 0.0142 298 9.0 299 0.0141 298 9.0 299 0.0142 298 9.0 299 0.0141 

5 Air 298 8.0 299 0.0142 298 8.0 299 0.0141 298 8.0 299 0.0142 298 8.0 299 0.0141 

6 Air 579 200 585 0.0142 470 200 471 0.0141 579 200 585 0.0142 470 200 471 0.0141 

7 Air 579 200 585 0.0142 470 200 471 0.0141 579 200 585 0.0142 470 200 471 0.0141 

8 Water 298 1.0 105 1.40 298 1.0 105 1.40 298 1.0 105 1.40 298 1.0 105 1.40 

9 Water 301 200 128 1.40 3001 200 129 1.40 301 200 128 1.40 3001 200 129 1.40 

10 Water 299 200 128 1.40 299 200 129 1.40 299 200 128 1.40 299 200 129 1.40 

11 Water 301 200 137 1.40 301 200 137 1.40 301 200 137 1.40 301 200 137 1.40 

12 Water 305 1.0 137 1.40 305 1.0 137 1.40 305 1.0 137 1.40 305 1.0 137 1.40 

13 Air 298 200 263 0.006 298 200 263 0.007 298 200 263 0.006 298 200 263 0.006 

14 Air 298 2.0 298 0.006 297 2.0 298 0.007 298 2.0 298 0.006 298 2.0 298 0.006 

15 Water 298 200 123 2.80 298 200 123 2.80 298 200 123 2.80 298 200 123 2.80 

16 Water 298 200 123 2.80 298 200 123 2.80 298 200 123 2.80 298 200 123 2.80 

17 Water 298 2.0 106 2.80 298 2.0 106 2.80 298 2.0 106 2.80 298 2.0 106 2.80 

18 - - - - - - - - - 436 200 437 0.006 383 200 384 0.006 

19 - - - - - - - - - 430 200 431 0.006 376 200 377 0.006 

The units of the parameters are: T [K], P [bar], h [kJ Kg-1] and ṁ [kg s-1]. 
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