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Abstract
Compressed Air Energy Storage (CAES) is a promising
alternative for energy storage. An Adiabatic
Compressed Air Energy Storage (A-CAES) system has
been analysed in this paper, to store excess energy
production from a wind turbine generator for up to one
week. Compressed air is stored in a cavern of constant
volume. The heat produced by the compression of the
air during the charge process is stored in several packed
beds and used later during discharge to reheat the air
prior to energy production.

This paper presents a preliminary thermodynamic
analysis estimating the size of the system for a given
quantity of energy storage, a dynamic model including
packed beds for additional energy storage, and a
simulation made in MATLAB to analyse the efficiency
of the system. The A-CAES roundtrip efficiency is 53%.
The physical limitations of the actual compressors and
expanders were taken into account when defining the
operational pressures and temperatures in the model. A
preliminary capital cost estimation of the system was
conducted for Norway, resulting in an estimated
investing cost of approximately 2 700 NOK/kWh.

Keywords: compressed air energy storage, adiabatic,
thermal energy storage, packed bed, thermodynamic
analysis

1 Introduction
The use of renewable energy resources has increased in
the past years. In Norway, the energy source that
increases the most is wind energy (Øvrebø, 2020). This
is an intermittent energy source, so efficient energy
storage is needed (Grazzini and Milazzo, 2008).
Compressed Air Energy Storage (CAES) Systems are
promising for storing energy. In a CAES the excess
electrical energy is used to compress air to a high
pressure. Then the air is stored in caverns or tanks.
When the energy is needed, the pressurized air is
released, reheated, and expanded in turbines. The
turbines drive a generator that produces electric energy.
This energy is then returned to the grid (Eckroad, 2003).

CAES systems typically have a storage capacity of
5MWh – 1GWh, with a discharge time from a couple of
hours to days (Moore and Shabani, 2016). In a Diabatic
CAES (D-CAES), the air needs to be reheated to

produce electric energy. The reheating is done by 
burning fossil fuels (Calero et al., 2019). This is not a 
desired solution, because these systems are not CO2 
neutral, and the fuel brings an increase in the operational 
cost. The Adiabatic CAES (A-CAES) system does not 
need additional fuel consumption and is the system 
studied in this work. In this paper, we provide a 
preliminary thermodynamic analysis estimating the size 
and cost of an A-CAES for a given quantity of energy 
storage and using the physical limitations of actual 
compressors and expanders. 

1.1 Adiabatic CAES 
In an Adiabatic Compressed Air Energy Storage system 
(A-CAES), thermal energy storage (TES) replace the 
combustor of the D-CAES. Energy is expelled as heat 
during the compression stage. This heat is stored in TES 
and later used to reheat the air during the expansion 
stage. This contributes to both higher efficiency of the 
plant, as well as zero CO2 emissions from fuel. There 
has been a lot of research on this type of system but so 
far only to the stage of simulation of models and 
theoretical analysis (Yang et al., 2014). 

ADELE is a German project where the goal is to 
build an A-CAES system with a roundtrip efficiency of 
70%. When the air is compressed, the heat is captured 
in a heat-storage facility instead of being released to the 
surroundings. Later during the discharge, the energy in 
the heat-storage is released into the compressed air. 
With this solution, no fuel combustion is needed to heat 
the air. By avoiding the use of fossil fuel, this 
technology provides a CO2 neutral delivery of the peak-
load electricity from renewable energy (RWE Power, 
2010). 

The storage temperature of the plant is one of the 
most important parameters in an A-CAES. There are 
three main temperature categories: High temperature A-
CAES operates above 400C, Medium temperature A-
CAES runs between 200C to 400C, while Low 
temperature A-CAES operates below 200C 
(Degl’Innocenti, 2018).  A-CAES simulations using a 
packed bed as the thermal energy storage component, 
report an efficiency of 70%, for a temperature range of 
30C to 430C (Barbour et al., 2015). Wolf and Budt 
(2014) report a roundtrip efficiency of 52% to 60% for 
low-temperature A-CAES when the system operates at 
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temperature from 90C to 200C. Sciacovelli et al. 
(2017) found the roundtrip efficiency to be in the range 
from 60% to 70% when the TES system has an 
efficiency of 90% and the system operates at 
temperatures ranging from 100C to 500C.  

2 System Overview 
The A-CAES presented in this work is a three-stage 
system that includes compressors, packed beds, 
turbines, valves, and a cavern, Figure 1. 

The cavern is charged by compressed air from the 
last stage of three compressors. The compressors are 
powered by surplus energy, e.g. from wind turbines. The 
hot air out of each compressor enters at the top of the 
packed bed and exits at the bottom. The packed beds 
have ceramic Raschig rings that cool down the air and 
store the thermal energy. The Raschig rings provide a 
large heat exchange surface allowing quick exchange of 
heat from the air to the packed bed. The temperature 
differences across the rings are very low (Heitmann, 
2020). 

The discharge process is similar, but in reverse order: 
when the air is released from the cavern, it re-enters the 
last packed bed, now to reheat the air. In this process, 
the air enters at the bottom with a lower temperature and 
exits at the top with a higher temperature due to release 
of the stored heat from the charge process. The heated 
air is expanded by a turbine, which drives an AC 
generator that generates electric energy. The expansion 
process cools the air, so the air enters the next packed 

bed to be re-heated. As in the charge process, this
happens in three stages, but now the air is expanded in
three turbines (one at the discharge of each packed bed).
The electric energy generated by the turbines is released
back to the grid.

The minimum operational pressure in the cavern is
40 bar, while the maximum pressure is 70 bar. When the
pressure is below 70 bar, and there is surplus electric
energy, the charge mode is activated. When the pressure
in the cavern reaches 70 bar, the compressors stop. The
discharge mode starts when the energy is needed. This
will go on until there is surplus energy available, or the
pressure in the cavern decreases to 40 bar.

Valves are used to control the flow of air, as shown
in Figure 1. The check valve makes sure the flow of air
only goes in one direction, while the control valves by
the cavern regulate the air pressure during the charge
and discharge modes. The valve at entry to the first
expander keeps the pressure into the expander constant
at 40 bar. For the air to flow to the cavern, each
increment of air must be compressed to a pressure just
above the storage pressure. The valve at the cavern entry
ensures that the pressure upstream is always higher than
the cavern pressure during the charge mode. A more
detailed description of the system can be found in
(Heitmann. 2020).

3 Dynamic Model
To analyse the system behaviour we developed a
dynamic model based on Heitmann (2020, p. 20). The

Figure 1. Sketch of the system simulated in this paper 
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model is described in this section. 

3.1 Adiabatic Compression 
For an ideal, reversible adiabatic compressor, and 
assuming ideal gas, the final temperature is given by:  
 
 

𝑇 = 𝑇
𝑝

𝑝

 
 (1) 

 
where 𝑐  is the specific heat capacity for constant 
pressure (kJ/kmol K), 𝑅 is the universal gas constant 
(8.314 kJ/kmol K), 𝑇  is the final temperature (K),  𝑇  
is the temperature of the air into the compressor (K), 
𝑝  is the pressure after compression (kPa), 𝑝  is the 
pressure before the compression (kPa).  

The actual work used by the compressor is calculated 
by Eq.(2): 

 
 𝑊 = 𝑚 ̇ 𝑐 (𝑇 − 𝑇 )

1

𝜂
 (2) 

 
where 𝜂  is the isentropic efficiency of the 
compressor. 

3.2 Packed Bed 
The conservation of energy is used to express the 
equations for the temperature of the air and the solid 
phase in the packed bed: 
 
 Δ𝐸 = �̇� Δ𝐻 − �̇� Δ𝐻 − ℎ 𝐴 (𝑇 − 𝑇 ) (3) 

where Δ𝐻 is the change in enthalpy (kJ/kmol). 
On the right-hand side, the first two terms are the net 
heat input due to the fluid flow and the last term is the 
heat transfer to the solid. 

The packed bed is used to cool down the air so the 
temperature of the air will be higher at the top of the bed 
than the bottom. To make the calculations of the 
temperature distribution simpler, the bed is divided into 
n sections. When assuming constant mass flow �̇� =
�̇� = �̇�, the energy rate for the air in a section is: 
 
 𝜀𝐴𝜌 𝑐 ,  Δz =  −𝑣 𝜌 𝐴𝑐 , Δz −

ℎ 𝐴Δz (𝑇 − 𝑇  )  
(4) 

 
where, 𝜀 is the void fraction of the air, 𝐴 is the area (m2), 

𝜌 is the density (kg/m3),  is the change of the 

temperature of the fluid over time, Δ𝑧 is the height of 

the section (m), 𝑣 is the velocity (m/s),   is the change 

of temperature of the fluid over the length (K/m), ℎ  
is the volumetric heat transfer coefficient (kJ/m3 s K), 
and 𝑇 is the temperature (K). Subscript a stand for air 
and s for solid. For the solid the energy rate is: 
 

 (1 − 𝜀)𝐴Δ𝑧𝜌 𝑐 , =  −ℎ𝐴∆𝑧 𝑇 −

𝑇  − 𝜀 𝐴  𝜆   
(5) 

 
The last term of Eq. (5) is the heat conduction through 
the solids in the packed bed. The contact between the 
solids are very small, so this term can be neglected. The 
equation becomes:  
 
 

(1 − 𝜀)𝜌 𝑐 ,

𝑑𝑇

𝑑𝑡
=  −ℎ 𝑇 − 𝑇   (6) 

 
To calculate the volumetric heat transfer 
coefficient, ℎ , between the packing elements (for this 
work Raschig rings were considered) and the air, the 
empirical relationship suggested by (Coutier and Farber, 
1982) was used: 
 
 

ℎ = 700
𝐺

 𝑑

.

 (7) 

where 𝐺 is the core mass velocity of the air (kg/m2s), 
and  𝑑  are the average particle diameter (m).   

3.3 Flow of Air  
The flow of air is calculated by: (Heitmann, 2020, p. 22) 
 
 

𝑄 = 962 𝐶   
𝑝 − 𝑝

𝑆𝐺 𝑇
 (8) 

 
where 𝑄  is the gas flow in standard cubic feet per hour, 
𝐶 ,  is the coefficient of flow, 𝑝 is the inlet pressure 
in psia, 𝑝  is the outlet pressure in psia, 𝑆𝐺 is the specific 
gravity of the air at 70F and 14.7 psia, and 𝑇 Is the 
absolute temperature in R. None of these are SI units, 
so conversion equations are used to get the answer in the 
correct unit. These kinds of correlations are common to 
calculate air flow through a control valve, where the 
value  𝐶 ,  can be adjusted by modifying the 
aperture of the valve to get the required flow.  
 

3.4 Cavern  
Since the volume of the cavern is constant, the mass in 
the cavern will vary due to the pressure increase and 
decrease over time. The mass balance for the cavern are: 
 

 ΔM = �̇� ∆𝑡 (9) 
 
where ∆𝑀 is the change in total mass (kg), �̇�  is the 
mass flow of air into the cavern (kg/s), and ∆𝑡 is the 
change in time (s). Taking the limit when  ∆𝑡 tends to 
zero leads to:  
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 𝑑𝑀

𝑑𝑡
= �̇�  (10) 

The temperature of the cavern will vary as well as the 
total mass and pressure. The energy balance for the 
cavern for a small time ∆𝑡 , neglecting changes in 
kinetic and potential energy of the air, is given by: 
 

 Δ M 𝑈 = �̇� (𝑡)𝐻 (𝑡)∆𝑡 (11) 
 
Which becomes when ∆𝑡 tends to zero: 
 

 𝑑 M 𝑈

𝑑𝑡
= �̇� 𝐻 (𝑡) (12) 

 
Where: 
 

 𝑑 M 𝑈

𝑑𝑡
= 𝑀

𝑑𝑈

𝑑𝑡 
+ 𝑈

𝑑𝑀

𝑑𝑡
 (13) 

 
𝑈 is the internal energy of the air already inside the 
cavern, and 𝐻  is the enthalpy of the air flowing into 
the cavern. 𝑈 can be calculated by  
  

 𝑈 =  𝑈 + 𝑐 (𝑇 − 𝑇 ) (14) 
 
where 𝑐  is the specific heat capacity for constant 
volume (kJ/kmol K), 𝑈  is a reference internal energy 
(kJ/kmol) and 𝑇  is the reference temperature (K). The 
enthalpy can be calculated by: 
 

 𝐻 = 𝐻 + 𝑐 (𝑇 − 𝑇 ) (15) 
 
where 𝐻  is a reference enthalpy (kJ/kmol) at 𝑇 . 

When inserting eq. (17), eq. (18) and eq. (19) into eq. 
(16), it becomes:  
 

 𝑀 𝐶 +  𝑈 + 𝑐 (𝑇 − 𝑇 ) �̇� =

�̇� (𝐻 + 𝑐 (𝑇 − 𝑇 )  
(16) 

 
Eq. (20) can be simplified to: 
 

 𝑑𝑇

𝑑𝑡
=

�̇� (𝑐 𝑇 − 𝑐 𝑇)

𝑀 𝑐
 (17) 

 

3.5 Adiabatic Expansion  
We use the energy balance for the expander to calculate 
the temperature of the air after expansion. This is similar 
to the energy balance for the compressor but since the 
work is extracted from the system, the work is negative. 
 
For the temperature after the expander, the following 
equation is used: (Heitmann, 2020, p. 23) 
 

 
𝑇 = 𝑇

𝑝

𝑝

 

 (18) 

 
The work generated by the expander can be calculated 
by: 
 
 𝑊 = �̇� 𝑐 (𝑇 − 𝑇 ) 𝜂  (19) 

 
where 𝜂  is the isentropic efficiency. Since the 
expanders are adiabatic, the ideal process is isentropic 
(Saravanamuttoo et al., 2017). 

3.6 Efficiency of the System 
The efficiency of the system  𝜂 is calculated by: 
 
 

𝜂 =
𝑊

𝑊
 (20) 

 
where 𝑊  is the total work produced by the 
expanders during discharge and 𝑊  is the total 
work done by the compressors in the charge part.  

4 Cost Estimation  
To check whether the A-CAES system is economically 
viable, a cost estimation is needed. A perfect estimation 
is difficult to accomplish, but a simple estimation for the 
system based on data from other systems, the given size 
and the material used is shown in this chapter to give an 
idea of the magnitude of the cost.  

4.1 Compressors and Expanders 
We used the SIEMENS DATUM calculator 
(SIEMENS, 2020) to estimate the cost of the 
compressors. The DATUM compressors are common in 
the oil and gas industry. The tool give an initial cost 
estimates sufficient for preliminary analysis. The tool 
calculates a three-stage compressor with three impellers 
and intercooling. The CAPEX of one compressor are 
assumed to be 500 000 $. According to Buffa et al. 
(2013) the cost of a Mixed Flow Expander is somewhat 
the same as for the compressor.  

4.2 The Packed Beds 
The cost estimation for the packed beds is based on the 
volume of the column and the mass of the solid.  

The height and radius of each column are 30m and 
5m, respectively. This leads to a volume of 2 355 m3. 
The columns are assumed to be inside the mountain, so 
the cost of mountain blasting needs to be taking into 
account. In Norway, mountain blasting is expensive and 
runs at about 200-300 NOK per cubic meter (NOK/m3) 
(Byggestart, 2020). 

The solid inside the column are Raschig Rings in 
ceramic with a void fraction of 74%. The ceramic is 
Alumina (Al2O3), with a density of 3 900 kg/m3. The 
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cost of the ceramic is 1.90 $/kg (19.4 NOK/kg) 
(Heitmann, 2020). 

4.3 The Cavern  
The cost of the cavern is the mountain blasting, which is 
the same as for the packed beds, i.e. 200-300 NOK per 
cubic meter. The volume of the cavern is calculated to 
be 41 300 m2. 

4.4 Cost of the System  
The total cost of the system is based on the calculation 
is calculated to be 175 MNOK. With a total capacity of 
66 400 kWh, the capital cost estimate is 2 700 
NOK/kWh. 

This cost estimation only includes the main parts of 
the system: three compressors, three packed beds, three 
expanders and a cavern. The cost is the capital cost of 
the system, not including cost of pipes, valves, or 
insulation. A substantial amount of money can be saved 
if an existing cavern is used, instead of blasting one.  

5 Simulation and Efficiency Results 

5.1 Total Mass in the Cavern 
The variations of the total mass in the cavern during the 
charge and discharge processes are shown in Figure 2 
and Figure 3. The red line is the increase of mass in the 
cavern during the charge process. It starts at an initial 
mass of 2.03 x106 kg, which is calculated by assuming 
ideal gas at 40 bar and the air cave temperature. After 
about 30 hours (108 000 s) the cavern reaches the 
maximum operational pressure (70 bar) and the 
maximum mass. When this value is reached the charge 
process stops.  

The blue line shows the decrease of mass in the 
cavern during the discharge process. It starts at the 
maximum mass of 3.09 x106 kg, and after about 47 
hours (169 000 s) the cavern reaches the minimum 
operational pressure of 40 bar. The x-axis shows the 
time in seconds from 0 to 172800 s (48 hours).  

5.2 Temperatures over the Packed Beds 
The temperature distributions over the packed beds in 
the charge process are shown in Figure 4. Five sections 
(n=5) are used in the simulations. Originally, when the 
system is “loaded” for the first time, all the sections are 
at the same temperature. The green line shows the 
temperature of the air in the first section of the packed 
bed, corresponding to the section where the air enters 
the packed bed. The purple line shows the temperature 
of the air in the second section of the bed. The red line 
shows the temperature of the air in the third section. The 
pink one shows the temperature of the air in the fourth 
section. Finally, the turquoise line shows the 
temperature of the air in the last section of the packed 
bed. This turquoise line represents the air temperature 

entering the next compressor stage or the cavern. The 
black dotted lines represent the temperature of the solid 
material in the corresponding section, the solid 
temperature closely follow the air temperature of all 
sections. The simulation covers 48 hours of operation. 
The charge process ends after about 30 hours because 
the cavern is fully loaded with air at 70 bar. This means 
that the flow of air stops and the temperature of the air 
and the solid in the packed beds will stop increasing. We 
assume well-insulated packed beds where the 
temperatures stay constant when there is no air 
circulating through the system. 
 
 
 
 

 

Figure 2. Total mass in the cavern during the charge 
process. 

 
 
 

 

Figure 3. Total mass in the cavern during the discharge 
process. 
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Figure 4. Calculated temperature over the packed beds in 
the charge process: a) is the first packed bed, b) is the 
second packed bed, and c) is the third packed bed. 

 
 

 
 

 
Figure 5. Calculated temperature over the packed beds in 
the discharge process: a) is the first packed bed, b) is the 
second packed bed, and c) is the third packed bed. 

 
 
  

a) 

b) 

 
c) 

a) 

b) 

 
c) 
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Figure 5 shows the temperatures over the packed bed 
during discharge. The initial values for all the sections 
are the end temperatures reached during the charge 
process. In the discharge, the first packed bed is the last 
one from the charge process. The air from the cavern 
enters at a temperature of 50C at the bottom of the 
packed bed and is heated through the bed.  

The turquoise line shows the temperature of the air 
in the bottom of the bed, which is the first section in the 
discharge process. The pink line shows the temperature 
of the air in the next section of the bed. The red line 
shows the temperature of the air in the middle section of 
the bed. The purple line shows the temperature of the air 
in the fourth section. Finally, the green line shows the 
temperature of the air at the top section of the packed 
bed. This is the air temperature leaving the packed bed 
and entering the expander. The black dotted lines 
represent the temperature of the solid in the 
corresponding section. The solid material temperature 
closely follows the air temperature in the packed bed. 

5.3 System Efficiency  
The calculated work done by the three compressors 
during the charge process was 2 590 kW.  

The work produced by the expanders during 
discharge process was 1 380 kW. This results in an 
efficiency of 53.4 %. This result indicates that more than 
half of the electric energy used to compress the air is 
regenerated in the form of electric energy, without the 
use of additional fuel to reheat the air. 

6 Discussion  
The model for the charge process works well and 
provides realistic results. The air is cooled down to a 
temperature acceptable for the next compression. The 
packed bed material is heated fast and reaches the 
temperature of the compressed air. 

The discharge requires operation parameters 
adjustments to get realistic practical temperatures for the 
discharge air. According to the simulation, the output 
temperature for the first expander is between 230 K and 
290 K. We consider this temperature range as too low to 
provide an efficient output from a real turbo expander.  

The size of the packed beds was the same in the 
simulation, but it could be interesting to see how the 
system would behave if different bed sizes are fitted to 
the compressors in each stage. Also, the simulation was 
only done for one type of packing material, ceramic 
Raschig rings. The system could be tested with other 
materials, such as metal Raschig rings or marbles to find 
the solution that provides the highest efficiency with the 
lowest cost.  

In this paper, we have simulated only one cycle (one 
charge and one discharge). It would be interesting to see 
how the temperatures over the packed develop with 
multiple cycles and if the efficiency would be affected.  

Although the physical limitations of the components 
were taken into account, the maximum compressor 
discharge temperatures are lower than the minimum 
inlet temperature allowed in most expanders or turbines. 
This can make it difficult to use existing equipment. For 
this system to work in reality, special equipment may be 
needed. 

 
The reviewed literature for similar systems reports 

an efficiency between 60 - 70 %. Even though the results 
obtained in our simulations are lower (53.4%), they are 
similar to the system efficiency of real existing systems 
using additional fuel to reheat the air is on the range of 
40% to 54% (Luo and Wang, 2013). Furthermore, our 
proposed A-CAES system does not have CO2 
emissions.  

The system cost is calculated at 2 700 NOK/kWh. 
There are not a lot of numbers to compare with. 
However,  in the A-CAES presented by Mignard (2014) 
the cost is estimated at 334 000 USD/MWh, (3 400 
NOK/kWh) in a similar but smaller capacity  system 
using steel as the packing material.  

7 Conclusion  
We used thermodynamic analysis, modelling, and 
simulation to make a preliminary estimate of the size of 
a 12 MW A-CASE system with a storage time of 48 
hours. The size of the cavern was calculated to be 41 300 
m3. This value is calculated for a perfect reversible 
process, so this size is expected to be larger for an actual 
system.  

A dynamic model was created for the system, 
including the packed beds, the mass and temperature of 
the cavern, and the work consumed and produced. The 
model was simulated in MATLAB. We calculated the 
work done by the compressors as 2 590 kW and the 
work produced by the expanders as 1 380 kW, which 
corresponds to a capacity of 66 400 kWh. The system 
roundtrip efficiency was calculated at 53.4%. The total 
cost is calculated to be 175 MNOK. With a total 
capacity of 66 400 kWh, the capital cost estimate is 
2 700 NOK/kWh. 

We find that the system discharge temperature is too 
low for use with existing expander technology. In 
addition, we find that the cost of A-CAES is too high for 
the system to be economically viable. The cost is site 
specific and depends on local conditions of the air 
reservoir and the cavern is by far the most expensive 
component. 
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