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Abstract: The integration of renewable energy in the electrical grid is challenging due to 

the intermittent and non-programmable generated electric power and to the transmission of 

peak power levels. Several energy storage technologies have been studied to find a solution 

to these issues. In particular, compressed air energy storage (CAES) plants work by 

pumping and storing air into a vessel or in an underground cavern; then when energy is 

needed, the pressurized air is expanded in an expansion turbine. Several CAES 

configurations have been proposed: diabatic, adiabatic and isothermal. The isothermal 

process seems to be the most promising to improve the overall efficiency. It differs from 

conventional CAES approaches as it employs near-isothermal compression and expansion. 

Currently, there are no commercial isothermal CAES implementations worldwide, but 

several methods are under investigation. In this paper, the use of phase change materials 

(PCM) for isothermal air expansion is discussed. Air expansion tests in presence of PCM 

were carried out in a high-pressure vessel in order to analyze the effect of PCM on the 

process. Results show that in presence of PCM near isothermal expansion conditions occur 

and therefore they affect positively the value of the obtainable expansion work. 
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1. Introduction 

During the last decade, energy policies and strategies have been mainly addressed to increase the 

diffusion of renewable energy technologies, sustaining the shift from fossil to renewable energy 

sources and therefore the reduction of anthropogenic CO2 emissions. 

A number of challenges and technical aspects need to be overcome to increase and manage the 

share of renewable energy in the existing electricity network. They are related to the intermittency and 

non-programmability of the renewable sources that create a mismatch between the electricity production 

and the corresponding occurrence of load demand [1]. 

In addition, while solar and wind power have seen a large expansion, the existing electricity 

network remains largely unchanged. This has left the current electrical energy system un-optimized 

and in need of adjustments. The electricity transmission system needs to be adapted to smaller local 

energy production sites instead of the larger scale production sites used today. Energy storage solutions 

need to be implemented to compensate for the fluctuations in intermittent energy production [2–6]. 

There is a wide range of different technologies to store electrical energy. A widely-used approach 

for classifying such systems is the determination according to the form of energy used. In particular, 

energy storage systems are classified into mechanical, electrochemical, chemical, electrical and 

thermal energy storage systems [7]. 

The most common mechanical storage systems are pumped hydroelectric power plants, compressed 

air energy storage (CAES) and flywheel energy storage. Electrochemical storage systems consist of 

various types of batteries (lead acid, NiCd/NiMH, Li-ion, metal air, sodium sulfur, sodium nickel 

chloride and flow battery). Chemical energy storage focuses on hydrogen and synthetic natural gas 

(SNG) as secondary energy carriers and, finally, electrical storage systems include double-layer 

capacitors and superconducting magnetic energy storage [8–14]. 

Pumped hydro storage (PHS) and CAES are the only storage technologies available for high power 

ranges and energy capacities [15].  

CAES plants work by pumping and storing air into a vessel or in an underground cavern when 

excess or low-cost electricity is available. Then when energy is needed, the pressurized air is expanded 

in an expansion turbine.  

Several CAES configurations have been proposed: diabatic, adiabatic and isothermal. In the 

diabatic CAES, heat released during compression is dissipated by cooling and not stored, therefore air 

must be reheated prior to expansion in the turbine through fuel combustion.  

Today only two diabatic CAES power plants are in operation worldwide. The first was built in 1978 

in Huntorf, Germany. It works with a round-trip efficiency of roughly 41% [16]. It consists of a  

two-stage compressor with intercooler, two salt caverns each one with a usable volume of 155,000 m3 

with internal pressure in the range between 46 and 72 bar, a two-stage turbine and a motor-generator 

with a charging power of 60 MW and a discharging power of 321 MW.  

The second diabatic CAES plant is in McIntosh (Alabama, USA) and was commissioned in 1991.  

It has a net electrical output of 110 MW and additionally a recuperator is used to recover heat from the 

exhaust at the outlet of the gas turbine. A higher round trip efficiency of 54% is achieved.  

Both systems use off-peak electricity for air compression and are operated for peak leveling on a 

daily basis [7]. 
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To improve efficiency of diabatic CAES, other configurations have been proposed and worldwide 

other CAES plants are under development and construction. Among the improved or advanced CAES 

technological proposals, there is the adiabatic CAES. The key component of such systems is the heat 

exchanger. It absorbs heat from the high-temperature compressed air and save the thermal energy to 

reheat the air before expansion. Therefore, during expansion, there is no need of a combustion process 

for increasing air temperature before entering the turbine. The heat exchangers and the material for 

thermal energy storage may increase the cost of the overall system [16]. However, the round-trip 

efficiency is expected to be over 70% [17,18]. 

Adiabatic CAES technology is currently under development. In Germany, an adiabatic CAES plant 

is scheduled for demonstration in 2016. The plant is planned to have a storage capacity of 360 MWh 

and a power output of 90 MW, with the aim of 70% cycle efficiency [19]. Thermal energy storage will 

be carried out in a heat-storage pressure vessel containing beds of stones or ceramic bricks. 

A new emerging technology, which attempts to overcome the limits of diabatic and adiabatic 

CAES, is isothermal CAES. Isothermal CAES is an alternative CAES system that eliminates the need 

for fuel and high temperature thermal energy storage. It is aimed at achieving isothermal compression 

and expansion in situ, instead of employing numerous stages of compression and expansion. This 

allows improving efficiency and lower capital costs. Isothermal CAES requires continuous heat removal 

during compression and continuous heat addition during expansion by means of effective heat transfer. 

Currently, there are no commercial isothermal CAES plants, but some solutions have been 

proposed. One is a two-stage, mixed-phase (water-in-air) heat-transfer process within pneumatic 

cylinders. During piston strokes, water is sprayed into the air-filled chamber of each cylinder, allowing 

heat to be transferred from water to air during expansion or from air to water during compression [20]. 

In this paper phase change materials (PCM) are used to carry out isothermal air expansion. PCM are 

storage media with a high latent heat storage. Latent heat is the energy exchanged in a phase change, 

during which there is no change of temperature. The use of PCM is proposed in order to control P-v 

curve during compression and expansion so that it can resemble an isotherm. The preliminary 

experimental investigation was carried out only for the expansion stage. The phase change of  

paraffin-based PCM has the effect of leveling the internal temperature profile during air expansion, 

getting close to isothermal conditions. 

2. Experimental Section 

The experimental apparatus consists of a high-pressure cylindrical AISI 304 stainless steel vessel 

with internal diameter of 200 mm, an internal length of 800 mm and a total internal volume of 25 L.  

It has been designed for pressure values up to 120 bar and provided with a safety valve.  

Two side flanges are used to seal the vessel. One side flange has appropriate ports for access to the 

interior. The ports are used for inserting two temperature sensors and for air inlet and outlet. The 

temperature sensors are mineral insulated type T thermocouples (accuracy class 1) that measure the 

temperature inside the vessel in the lower part and in the upper part. The gas inlet line is equipped with 

a pressure sensor, that is a digital piezo-resistive manometer (Kobold—accuracy class 0.5). 
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Before entering the vessel, air is compressed by an air-cooled two-stage reciprocating compressor. 

The maximum outlet pressure is 30 bar with a flow rate of 4 Nm3/h. The scheme of the experimental 

apparatus is shown in Figure 1. 

 

Figure 1. Schematic diagram of the experimental apparatus with the air compressor and 

high-pressure vessel. 

The experimental procedure consists of the following steps: 

• Air is compressed and uploaded in the vessel. Compression continues until an internal pressure 

of 20 bar or 30 bar is reached. 

• Internal temperature and pressure are adjusted to reach the proper initial conditions 

• The outlet port is opened to carry out air expansion. During this phase temperature and pressure 

are monitored. 

Voltage signals from pressure transducers and temperature sensors are collected every two seconds 

by data acquisition software on a personal computer. 

The phase change material tested in the present paper was supplied by Rubitherm Technologies 

GmbH. The properties of the used PCM are summarized in Table 1. 

Table 1. Properties of the used phase change material (PCM). 

Properties RT18HC 

Material Paraffin 
Melting Area [°C] 17–19 

Congealing area [°C] 19–17 
Heat storage capacity [kJ/kg] 250 

Specific heat capacity [kJ/kgK] 2 
Density solid [kg/L] 0.88 
Density liquid [kg/L] 0.77 

Heat conductivity [W/mK] 0.2 
Volume expansion [%] 12 
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Paraffin-based PCM is encapsulated in plastic discs and positioned inside the vessel to ensure an 

optimal interfacial area with internal air gas, as shown in Figure 2. Discs are assembled in packets of 

0.28 L. The thickness of PCM discs is about 5 mm. 

 

Figure 2. Paraffin-based phase change material (PCM) encapsulated in plastic discs. 

Objective of the Experimental Investigation 

Isothermal CAES aims at minimizing the compression work and maximizing the expansion work 

through isothermal compression and expansion by means of effective heat transfer. Energy and exergy 

flows of an isothermal CAES system for the production of 1 kWh output were already evaluated 

by [21]. 

The present experimental investigation has the objective of verifying the feasibility of PCM usage 

in isothermal CAES configurations and evaluating energy benefits. It supplies new experimental data 

on thermodynamic transformations in which air is expanded in presence of PCM. In this preliminary 

study no turbomachinery is used to recover expansion work. The high-pressure vessel in the 

experimental apparatus allows storing pressurized air after compression and contains right inside PCM 

packets. In absence of turbine, air expansion is carried out by opening the vessel’s valve and 

downloading air in the environment. The effect of PCM on air thermodynamic transformations is 

evaluated by monitoring temperature and pressure values, which are used at a later stage for expansion 

work calculation. A further step of the research will be the addition of an air turbine in the 

experimental apparatus in which air expansion will be implemented and electrical energy will be 

produced. At that stage, the vessel will represent just the storage volume of the CAES system and 

PCM will be located inside the air turbine. 

The scheme of isothermal CAES concept with temperature and pressure values is shown in Figure 3. 
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Figure 3. Scheme of isothermal compressed air energy storage (CAES) concept. 

3. Results and Discussion 

Experimental runs were carried out for testing the effect of PCM on air expansion. A first set was 

carried out with an initial internal pressure of 2 MPa while a second set of experiments was carried out 

with an initial internal pressure of 3 MPa. The measured relative humidity was equal to 50%. Table 2 

summarizes experimental conditions for the tests carried out. Temperature and pressure data were used 

to calculate specific volume through CoolPack Software. Values of temperature, gauge pressure and 

specific volume for each experimental run are reported in Table 3.  

Table 2. Experimental runs. 

Run 
Pressure 
(MPa) 

Time 
(s) 

PCM 
Type 

PCM 
Volume (L) 

Initial 
Temperature (°C) 

Final 
Temperature (°C) 

ΔT 
(°C) 

1 2 20 RT18HC 1.12 24.0 13.0 11 
2 2 20 RT18HC 1.12 23.7 11.0 12.7 
3 2 20 - - 27.7 2.5 25.2 
4 2 20 - - 28.4 2.9 25.5 
5 3 30 RT21HC 1.68 20.7 −4.0 24.7 
6 3 30 RT21HC 1.68 22.0 −8.5 30.5 
7 3 30 RT21HC 1.12 21.9 −10.2 32.1 
8 3 30 RT21HC 1.12 19.7 −12.1 31.8 
9 3 30 RT21HC 0.56 24.3 −5.2 29.5 
10 3 30 RT21HC 0.56 24.5 −6.0 30.5 
11 3 30 - - 16.6 −18.2 34.8 

In accordance with temperature differences found in Run 3, Run 4 and Run 11, the theoretical 

quantity of PCM necessary to obtain isothermal expansions was calculated through Equation (1): ݉௉஼ெ = ݉௔௜௥ ∙ ܿ௉௔௜௥ ∙ ∆ ௔ܶ௜௥ܥ௉஼ெ  (1)
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where: 

mPCM is the quantity of PCM necessary for isothermal expansion (kg); 

mair is air inside the vessel at experimental conditions of pressure and temperature (kg); 

cPair is air specific heat capacity (kJ/kgK); 

ΔTair is temperature difference between initial temperature and final temperature (K); and 

CPCM is heat storage capacity (kJ/kg). 

Table 3. Values of temperature, pressure and specific volume. 

Run 1 Run 2 Run 3 Run 4 

T 
[°C] 

P 
[bar] 

v 
[m3/kg] 

T 
[°C] 

P 
[bar] 

v 
[m3/kg] 

T 
[°C] 

P 
[bar] 

v 
[m3/kg] 

T 
[°C] 

P 
[bar] 

v 
[m3/kg] 

24.0 19.9 0.041 23.7 19.9 0.041 27.7 19.9 0.041 28.4 20.1 0.041 
23.6 18.0 0.045 22.9 17.2 0.046 26.0 16.8 0.048 27.5 18.1 0.045 
22.5 13.7 0.057 21.4 12.9 0.061 22.7 12.3 0.063 25.3 15.4 0.052 
20.6 10.8 0.071 19.4 10.1 0.075 18.6 9.7 0.077 21.4 11.1 0.069 
18.7 7.9 0.094 17.5 7.5 0.098 14.3 7.3 0.097 16.9 8.5 0.085 
17.2 5.7 0.124 15.9 5.3 0.131 10.7 5.5 0.122 13.0 6.4 0.107 
15.8 4.0 0.166 14.5 3.7 0.175 6.9 3.5 0.172 10.2 5.0 0.131 
14.8 2.6 0.229 13.3 2.4 0.242 5.1 2.4 0.226 8.3 4.1 0.152 
13.9 1.5 0.329 12.4 1.5 0.328 4.5 1.9 0.264 5.5 2.3 0.233 
13.4 0.6 0.514 11.7 0.6 0.511 3.7 1.1 0.364 4.4 1.3 0.332 
13.0 0.0 0.821 11.0 0.0 0.815 2.5 0.0 0.761 2.9 0.0 0.760 

Run 5 Run 6 Run 7 Run 8 

T 
[°C] 

P 
[bar] 

v 
[m3/kg] 

T 
[°C] 

P 
[bar] 

v 
[m3/kg] 

T 
[°C] 

P 
[bar] 

v 
[m3/kg] 

T 
[°C] 

P 
[bar] 

v 
[m3/kg] 

20.7 30.3 0.027 22.0 30.0 0.027 21.9 30.0 0.027 19.7 30.0 0.027 
19.5 27.1 0.030 20.9 27.1 0.030 21.3 28.1 0.029 18.7 27.4 0.030 
18.1 25.2 0.032 19.7 25.5 0.031 20.4 26.5 0.031 16.2 24.0 0.033 
16.5 23.4 0.034 16.9 22.6 0.035 19.3 24.9 0.032 13.3 21.3 0.037 
14.9 21.9 0.036 12.2 18.6 0.041 17.9 23.4 0.034 10.2 19.1 0.040 
11.9 19.2 0.040 10.5 17.0 0.044 16.4 22.0 0.036 7.2 16.8 0.045 
10.6 18.1 0.042 9.8 16.3 0.046 14.9 20.8 0.038 4.5 14.6 0.051 
8.9 16.6 0.045 8.6 14.9 0.050 13.4 19.7 0.040 1.8 12.4 0.059 
5.7 13.8 0.053 7.7 13.7 0.054 12.0 18.8 0.041 −0.7 10.3 0.069 
4.4 12.5 0.058 6.3 11.8 0.061 9.1 16.3 0.047 −2.9 8.4 0.083 
2.3 10.5 0.067 3.6 9.0 0.078 6.1 13.8 0.054 −5.0 6.2 0.107 
1.5 9.6 0.072 2.5 8.0 0.086 3.1 11.3 0.064 −6.1 5.2 0.124 
−0.2 7.3 0.092 0.4 6.1 0.108 0.3 8.8 0.080 −7.2 4.1 0.150 
−0.6 6.6 0.100 −1.2 4.9 0.129 −2.2 6.7 0.101 −8.5 3.1 0.185 
−1.2 2.4 0.224 −4.9 2.2 0.233 −5.1 4.0 0.154 −9.7 2.0 0.252 
−4.0 0.0 0.751 −8.5 0.0 0.730 −10.2 0.0 0.756 −12.1 0.0 0.750 
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Table 3. Cont. 

Run 9 Run 10 Run 11 

T [°C] P [bar] v [m3/kg] T [°C] P [bar] v [m3/kg] T [°C] P [bar] v [m3/kg]

24.3 29.9 0.028 24.5 30.0 0.028 16.6 30.0 0.026 
24.0 28.9 0.029 24.3 29.3 0.028 16.0 26.1 0.030 
23.1 27.1 0.030 24.0 28.3 0.029 12.5 21.0 0.037 
20.4 22.4 0.036 22.8 26.3 0.031 7.5 16.3 0.046 
16.8 18.3 0.043 21.4 24.4 0.033 2.2 11.9 0.059 
13.0 15.3 0.050 18.8 20.6 0.039 −2.5 10.0 0.068 
9.5 12.8 0.059 15.2 16.7 0.047 −4.6 8.9 0.078 
6.5 10.8 0.068 11.5 13.9 0.055 −6.8 7.7 0.084 
4.2 9.1 0.079 8.1 11.6 0.064 −8.8 6.6 0.100 
2.5 7.6 0.092 5.3 9.8 0.074 −10.9 5.5 0.110 
1.2 6.2 0.109 3.3 8.2 0.086 −12.6 4.6 0.134 
0.3 5.1 0.129 2.3 7.2 0.096 −14.3 3.7 0.149 
−0.2 4.3 0.148 0.3 5.2 0.127 −15.3 3.0 0.185 
−1.5 2.9 0.200 −2.2 3.3 0.181 −16.4 2.3 0.210 
−3.0 1.7 0.287 −3.3 1.8 0.277 −17.3 1.3 0.319 
−5.2 0.0 0.771 −6.0 0.0 0.768 −18.2 0.2 0.576 

Run 12 Run 13 Run 14 

T [°C] P [bar] v [m3/kg] T [°C] P [bar] v [m3/kg] T [°C] P [bar] v [m3/kg]

16.6 30.0 0.026 24.8 30.0 0.027 23.8 30.0 0.027 
16.5 29.7 0.027 24.0 26.8 0.030 23.1 27.9 0.029 
14.7 22.2 0.035 19.7 17.7 0.044 20.0 21.0 0.038 
9.6 15.2 0.049 13.6 12.8 0.058 14.3 13.1 0.057 
3.5 11.6 0.061 7.0 10.3 0.068 8.5 10.9 0.065 
−2.5 7.9 0.084 1.5 7.5 0.088 3.5 7.0 0.094 
−7.4 5.8 0.107 −2.6 5.2 0.118 0.3 5.1 0.122 
−11.0 3.9 0.146 −5.6 3.4 0.164 −2.2 3.3 0.170 
−13.4 2.3 0.214 −7.5 1.9 0.247 −4.0 1.8 0.259 
−14.9 1.0 0.351 −8.5 0.8 0.397 −5.5 0.6 0.450 
−15.7 0.1 0.637 −8.9 0.0 0.715 −6.4 0.0 0.716 

For 30-bar expansion, calculated PCM amount is equal to 0.13 kg, corresponding to 0.18 L, while 

for 20-bar expansion, calculated PCM amount is equal to 0.07 kg, corresponding to 0.08 L. 

Considering that PCM is characterized by a very low thermal diffusivity equal to 1.298 × 10−7 m2/s, 

interfacial area between air and PCM is the crucial factor during heat transfer. To increase it, it was 

decided to put several packets oversizing PCM volumes. Indeed, PCM encapsulation plays a 

significant role in the development of the technology and this is an aspect that is going to be 

investigated in the future stages of the research. 

Passing from 0.56 L to 1.68 L of PCM, air amount inside the vessel decreases. In order to reproduce 

the same heat transfer conditions, the expansion time and the downloading velocity were maintained 

the same through all the tests. To do so, the airflow during the expansion was controlled. Maximum 

variation of airflow values was 5%.  
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Profiles of internal pressure and temperature for Run 1, Run 3, Run 5 and Run 11 in Table 2 are 

shown in Figure 4. In particular, internal temperature is calculated as the average of the two 

temperature values measured by two thermocouples in two different positions. 

Data in Table 2 and profiles in Figure 4 show that in presence of PCM, temperature decrease during 

air expansion is leveled off and temperature difference at the end of the expansion is lower than that 

without PCMs. With regard to experimental conditions, experimental runs in Table 2 can be divided in 

two sets. The first set (Run 1–Run 4) was carried out with a pressure of 2 MPa (20 bar) and an 

expansion time of 20 s. Temperature difference is equal to 11.0 °C for Run 1 and 12.7 °C for Run 2, 

while in Run 3 and Run 4 it is equal to 25.2 °C and 25.5 °C, respectively. The second set (Run 5–Run 11) 

was carried out with a pressure of 3 MPa (30 bar) and an expansion time of 30 s, varying also the 

amount of PCM put inside the vessel (from 6 to 2 packets). Without PCM, in Run 11 air temperature 

drops off to a final value of −18.2 °C with a ΔT of 34.8 °C, while with the use of PCM it reaches  

24.7 °C in Run 5 with six packets. Apart from Run 5, temperature differences with PCM are in the 

range from 29.5 °C to 32.1 °C.  

 

Figure 4. Temperature and pressure profiles. 

Data about temperature, pressure and specific volume were processed to build for each 

experimental run the P–v curve and compare it with the adiabatic and isothermal curves. Adiabatic and 

isothermal curves were depicted in accordance to Equations (2) and (3), respectively: 
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ܲ = ܲఊ (2)ݒ݇ = ܴ ∙ ݒܶ  (3)

where: 

P is pressure; 

v is the specific volume; 

k is adiabatic constant; 

γ is the adiabatic index calculated as the ratio of the heat capacity at constant pressure to heat 

capacity at constant volume; 

R is gas constant; and 

T is internal temperature equal to 293 K. 

P-v diagrams for 20-bar expansions are depicted in Figure 5 while P-v diagrams for 30-bar 

expansions in Figure 6. On y-axis absolute pressure values are reported. 

 

Figure 5. P-v curves for the first set of experimental runs. 

As can be seen from Figure 5, Run 1 with PCM is characterized by a P-v curve that resembles quite 

well the isotherm. Run 3 without PCM instead has a P-v curve that is positioned between the adiabatic 

and the isotherm. 

Figure 6 shows P-v diagrams of Run 5, Run 7, Run 10 and Run 11 compared to adiabatic and 

isothermal curves for a 30-bar expansion. Run 11 without PCM has a P-v curve that is the most distant 

from the isothermal. The use of PCM in Run 5, Run 7 and Run 10 instead allows obtaining curves that 

approach the isothermal. 
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Figure 6. P-v curves for the second set of experimental runs. 

Benefits can be evaluated through the calculation of the obtainable expansion work. The amount of 

expansion work for each experimental run is shown in Table 4. 

Table 4. Expansion work. 

Pressure 2 MPa and Expansion Time 20 s  

 Run 1 Run 2 Run 3 Run 4 Isothermal
Expansion work (J/kg) 31.74 31.47 30.23 30.13 32.09 

Pressure 3 MPa and Expansion Time 30 s  

 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 Run 11 Isothermal
Expansion work (J/kg) 28.21 28.13 28.67 28.41 29.16 29.27 26.87 30.57 

Comparing works obtained from both 20-bar and 30-bar expansions with isothermal work that is the 

maximum work obtainable from an expansion, it can be noted that the use of PCM has a positive effect 

in approaching the maximum value. In particular, an increase of 5.4% for Run 1 and 4.5% for Run 2 

was obtained for 20-bar expansions. In case of 30-bar expansion process, instead, an improvement of 

8.9% is reached as shown in Table 5. 

Table 5. Increase in the expansion work with use of PCM. 

Increase in the Expansion Work (%) 
Pressure 2 MPa Pressure 3 MPa 
Run 1 Run 2 Run 5 Run 6 Run 7 Run 8 Run 9 Run 10 

5.4 4.5 5.0 4.7 6.7 5.7 8.5 8.9 
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Comparing Run 1 and Run 2 with Run 7 and Run 8, carried out with the same amount of PCM but 

with different initial pressures, it is possible to note that PCMs have a more important effect when 

expansion ratio is higher. In addition, higher improvements were obtained in Run 9 and Run 10 with 

the lowest amount of PCM (two packets). It suggests that expansion process is affected by the amount 

of PCM used. This is due mainly to heat capacity phenomena that increase with high amount of 

materials, causing an incomplete phase transition with consequent lower thermal storage. 

4. Conclusions 

In this paper, paraffin-based phase change materials (PCM) were used in air expansion tests in order 

to resemble isothermal conditions. Isothermal expansion is one of the stages of Isothermal CAES 

systems, which represent an emerging high-efficiency technology for electrical energy storage. 

Experimental investigation was carried out in a high-pressure vessel pressurized by an air 

compressor. The experimental facility is located at Terni Applied Physics Laboratory of the University 

of Perugia. Results show that in presence of PCM near isothermal expansion conditions occur and they 

affect positively the value of the obtainable expansion work with a maximum increase of 8.9%. If 

PCM-based isothermal expansion is applied in a CAES system, the overall efficiency of the process 

could be thus increased considerably. 
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