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ABSTRACT 
Herein, we propose an overground compressed air energy 

storage (CAES) equipped with a power absorption function in 
existing gas turbine systems to stabilize the power grid system 
when increasing the output power of variable renewable energy 
sources. The proposed system comprises a storage tank for 
storing compressor discharge air, intermediate compressor for 
boosting the reserved air to a higher pressure, and discharge 
tank for storing the boosted air. The operation method is 
described in detail and verified by our dynamic simulator for 
medium-capacity gas turbines. By providing storage and 
discharge tanks with a diameter of 18 m and extracting or 
discharging 10% of rated inlet airflow rate of the compressor, 
approximately extracting 9.3% and discharging 10.4% of rated 
electric energy of the turbine system can be achieved, 
respectively. It is encouraging that the overground CAES 
system can implement load following function with power 
absorption to existing gas turbine systems. 

INTRODUCTION 
Recently, renewable energy was introduced with the aim 

of reducing 𝐶𝑂2  emissions and non-renewable fuel 
consumption worldwide and its use is also gaining popularity 
in Japan. However, variable renewable energy sources such as 
solar and wind power are difficult to adjust to the power 
demand because the output depends on the weather. In 
addition, a problem arises if surplus power must be absorbed 
from the power grid to stabilize the systems when they are 

installed in large numbers. Pumped hydropower generation is 
a load-following power source that can supply power while 
absorbing surplus power. It can store energy by pumping water 
back to the reservoir which becomes potential energy. In Japan, 
however, it is challenging to install pumped hydropower 
facilities. Conversely, compressed air energy storage (CAES) 
(Wang, et al., 2017) is a system that uses the same concept as 
pumped hydropower generation to store energy in the form of 
compressed air using surplus power. It generates power with a 
gas turbine to discharge compressed air stored during power 
demand. 

CAES typically uses a gas turbine system in which the 
compressor and turbine have separate rotating shafts. It 
requires a huge underground salt cave to store compressed air. 
When power demand increases, the system generates 
electricity by releasing compressed air into the gas turbine 
without the compressor operation. As with pumped-storage 
power generation, surplus power generated by renewable 
energy sources can be used effectively. Additionally, when 
there is an urgent demand for power, the load-following 
operation can be easily realized by rapidly supplying stored 
compressed air and increasing the generated power. Though 
CAES has been commercially implemented in two cases 
worldwide (Lund, et al., 2009), this is not possible in Japan as 
it lacks the required thick rock salt layer that can form a large 
space. 

In this study, the concept of a gas turbine system with an 
overground CAES is demonstrated by installing air storage 
tanks on the ground for an existing gas turbine system. 
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Although practical applications are limited, as a fundamental 
study of the system, its basic configuration and operation 
methods are proposed. Effectiveness of the overground CAES 
system to extend load operation range of an existing turbine 
system is discussed. 

ISSUES ASSOCIATED WITH THE INCREASE OF 
RENEWABLE ENERGY SYSTEMS 

It is believed that the balance between power demand and 
supply will be lost with the installation of large numbers of 
variable renewable energy sources power plants. To stabilize 
the power grid system, it is necessary to secure the reserve 
power for power supply and frequency adjustment. As the use 
of variable renewable energy sources increases, significant 
fluctuations beyond the adjustment range are introduced in the 
system. In particular, when power generation exceeds demand, 
a function to absorb power from the electric grid is required. In 
addition, in Japan domestic power demand is reduced for 
approximately 1 h during lunchtime. Figure 1 shows the daily 
power demand curves in the North-Eastern parts of Japan in 
summer and winter (Tohoku Electric Power Network Co., Inc, 
2019). The solid lines represent monthly average demand. A 
defined drop-off of power demand during lunchtime in each 
season can be observed. This is also the time when power 
generation from sunlight increases. The Tohoku Electric Power 
Network company which transmits the electricity in that region 
has set two facilities of large-scale battery energy storage 
systems whose capacity is 40 MWh (Tohoku Electric Power 
Network Co., Inc, 2016). One of the facilities is operated for 
power absorption during lunchtime and power discharge after 
lunchtime. Here, the application of the ground-based CAES 
system to the existing gas-fired power generation system is 
considered to create a system with the same function as battery 
storage. 

 

Figure 1 Electric Power Demand Curves 

OVERGROUND CAES SYSTEM 

Basic configuration 
In the existing CAES systems, because the rotor shafts of 

the compressor and turbine have different shafts or can be 
separated, they can operate independently. Conversely, in 
existing gas turbines for power generation, the compressor and 

turbine usually share the same rotating shaft; thus, they are not 
suitable to be operated independently. For this reason, it is 
difficult to apply overground CAES to the existing gas turbine 
for power generation. 

Figure 2 shows a schematic diagram of the overground 
CAES. It consists of a two-spherical tank system, composed of 
the storage and discharge tanks. An intermediate compressor 
can be installed between these tanks, and the air extracted from 
the compressor in the turbine system can be further pressurized 
and stored in the discharge tank.  

 

Figure 2 Schematic the Overground CAES System 

How to operate of overground CAES system 
The entire operation procedure of the CAES system is 

outlined here. The operation is explained using the compressor 
characteristic curve. Figure 3 shows the pressure-flow 
characteristic curve of the compressor used in the existing gas 
turbine system for power generation (Kashiwabara, et al., 
1990). According to the decrease of the electric power demand, 
gas-fired power plants are usually commanded to decrease their 
outputs. First, the generation output power is decreased from 
the rated output power shown as point ④ to 50% of the load 
state shown as point ① in Figure 3, along the curve of the rated 
rotational speed. Then, the fuel flow rate and the pressure of 
the compressor discharge are decreased. Subsequently, CAES 
operation for extracting the compressor discharge air, which 
denotes the starting operation of valve1 and valve2-1. The 
intermediate compressor of the CAES system as shown in 
Figure 2, is started. Assume that 10% of the compressor 
discharge air at the 50% load operating point ① in Figure 3 is 
extracted and stored in the storage tank of the CAES system. 
As the mass flow rate of air sent to the turbine is 90% of the 
compressor discharge air, the operating point of the turbine 
moves to point ②, along with the turbine characteristic line 
when the combustion temperature remains constant. As the 
turbine-corrected flow rate was almost constant within the 
current operating range, the turbine inlet pressure was 
calculated based on it. 

When supplying air from the CAES, the inlet guide valve 
(IGV) opening is throttled in advance because the turbine 
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system has been operated at 50% load, and the compressor inlet 
flow rate is decreased to reduce the power generation output. 
The performance curve of the compressor when the IGV 
opening is changed at the rated rotational speed (100% 
rotational speed) moves to the dashed line in Figure 3 (Ikui and 
Inoue, 1988). The turbine operation point must be changed 
from the partial load operation point ② to the 100% load point 
④. Regarding the flow rate, the rated air flow rate is ensured 
with the compressor discharge airflow rate of 90% and supply 
airflow rate of 10% from CAES. The compressor operating 
point is also changed from point ② to ③ because the 
performance curve of the compressor is maintained in the 
dashed line, as shown in Figure 3, due to the throttled IGV 
opening and the compressor discharge pressure rises due to the 
turbine work increase. The pressure at points② and ④ differs, 
whereas the air in the storage tank cannot be supplied directly 
to the combustor, which necessitates boosting the pressure with 
the intermediate compressor. The driving power of the latter 
consumes surplus power from renewable energy sources to 
stabilize the power grid. 

 

Figure 3 Compressor Characteristic Curve and 
CAES Operating Point 

CALCULATION METHOD 

Target Gas Turbine System for CAES Installation 
As some performance data are disclosed (Kashiwabara, et 

al., 1990) and some actual operation data of the power plant 
can be referred, a medium-capacity gas turbine system with the 
rated outpower of approximately 36 MW is selected as the 
target gas turbine system for the CAES installation. The 
dynamic simulator for an axial turbine is modified and 
developed for microturbines (Seki, et al., 2015), (Suzuki, et al., 
2017). Only the outline of the calculation method is briefly 
described here. The motion of the turbine rotor is expressed by 
an equation of conservation of angular momentum. This 
equation can be rewritten to the relationship with the angular 
velocity and works acting on the turbine rotor. 

𝑑𝜔2

𝑑𝑡
=
2

𝐼
(𝑊𝑇 −𝑊𝐶 −𝑊𝐺 −𝑊𝑙𝑜𝑠𝑠). (1) 

The driving power of the compressor, the output power of 
the turbine, and total loss of the rotor in the right-hand side of 

Eq(1) are calculated as steady conditions because the state 
change of each component in the infinitesimal time dt can be 
assumed to be quasi-steady. The driving power of the 
compressor is calculated by using the pressure ratio between 
the outlet and the inlet of the compressor. 

𝑊𝐶 = 𝑚𝐶𝑐𝑝,𝐶𝑇𝑖𝑛,𝐶 {(
𝑃𝑒𝑥,𝐶
𝑃𝑖𝑛,𝐶

)

𝜅−1
𝜂𝑝𝑙,𝐶𝜅

− 1}, (2) 

where the inlet flow rate is determined by the IGV opening, the 
rotational speed of the turbine rotor, and the characteristic 
curves of the compressor shown in Figure 3. The polytropic 
efficiency is referred to as the data of the target gas turbine 
(Kashiwabara, et al., 1990). The output power of the turbine is 
also calculated by the pressure ratio and polytropic efficiency. 

𝑊𝑇 = 𝑚𝑇𝑐𝑝,𝑇𝑇𝑖𝑛,𝑇 {1 − (
𝑃𝑒𝑥,𝑇
𝑃𝑖𝑛,𝑇

)

𝜂𝑝𝑙,𝑇
𝜅−1
𝜅

} .  (3) 

The inlet temperature of the turbine is determined by the 
enthalpy of the combustion gas. As the polytropic efficiencies 
of the target turbine system are not disclosed to the public, they 
are assumed using the relationship in Eq. (4) and the adiabatic 
efficiencies referred to Smith’s chart (Moustapha, et al., 2003). 

𝜂𝑝𝑙,𝑇 =
𝜅

𝜅 − 1

ln {1 − 𝜂𝑎𝑏,𝑇 (1 − (
𝑃𝑒𝑥,𝑇
𝑃𝑖𝑛,𝑇

)

𝜅−1
𝜅
)}

ln (
𝑃𝑒𝑥,𝑇
𝑃𝑖𝑛,𝑇

)
. 

(4) 

Total loss of the rotor motion is assumed to the summation of 
the bearing and windage losses. Therefore, the output of the 
generator is deduced from the balance of Eq. (1). 

Overground CAES System 
To better understand the basic capacity of the CAES 

facility, we set the duration of both storage of compressor 
discharge air and release of tank air to 1 h set based on the 
daytime power demand decline period. Tanks with a diameter 
of 18 m and compressor with a pressure ratio of four were 
determined; therefore, 1/10 of the rated inlet mass flow rate of 
the compressor could be supplied to the turbine system for 
more than 1 h during the CAES operation. Performance curves 
of the intermediate compressor are based on (Nakano, et al., 
2007) of the existing centrifugal compressor, and the flow rate 
is corrected to 1/10 of the rated mass flow rate of the turbine 
system compressor. Figure 4 shows the performance curve. It 
was assumed that the intermediate compressor was boosted 
along the running line for 300 s after initiated and moved on to 
the performance curve of 100% rotation with a load on the 
discharge side after reaching the rated rotational speed. The 
duct diameter of the piping system was set 0.14 m. 

Density and temperature in the tanks are calculated using 
conservation equations of mass and energy. 
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𝑉𝑠𝑡
𝑑𝜌𝑠𝑡
𝑑𝑡

= 𝑚1 −𝑚2, (5) 

𝑉𝑑𝑠𝑡
𝑑𝜌𝑑𝑠𝑡
𝑑𝑡

= 𝑚2 −𝑚3, (6) 

𝑉𝑠𝑡
𝑑(𝑐𝑝𝜌𝑠𝑡  

𝑇𝑠𝑡)

𝑑𝑡
= 𝑚1𝑐𝑝𝑇𝑒𝑥,𝐶 −𝑚2𝑐𝑝𝑇𝑠𝑡 − 𝑄𝑙,𝑠𝑡 ,  (7) 

𝑉𝑑𝑠𝑡
𝑑(𝑐𝑝𝜌𝑑𝑠𝑡  

𝑇𝑑𝑠𝑡)

𝑑𝑡
= 𝑚2𝑐𝑝𝑇𝑠𝑡 −𝑚3𝑐𝑝𝑇𝑑𝑠𝑡 − 𝑄𝑙,𝑑𝑠𝑡 . (8) 

In the energy conservation equations, heat transfer and 
heat radiation from the tank surface as a heat loss are 
considered. Air pressure in the tank is calculated with the 
density and the temperature using the state equation. Each mass 
flow rate to or from the tank is calculated by the pressure ratio 
between inside and outside of the tank. 

 

Figure 4 Characteristics Curves of Intermediate 
Compressor 

CALCULATION CONDITIONS 
The dynamic simulator requires three types of input data 

to calculate turbine operation. The rotational speed of the 
turbine rotor, fuel flow rate, and IGV opening are given as the 
input data. Calculations are performed for two cases, which are 
extracting the compressed air from the exit of the turbine 
system compressor and supplying air from the discharge tank. 
In each calculation, within 0.5 h from the start, actual load 
change operation performed in a real power plant installed the 
target turbine is reproduced. Calculation accuracy was 
confirmed to compare the measured results in the power plant. 
Atmospheric conditions of the turbine operation are as follows: 
pressure = 102 kPa and temperature = 6 °C. 

Extracting compressor discharge air 
When the gas turbine system operates at 50% load, the 

compressor discharge air of the turbine system is stored in the 
CAES system. As mentioned before, in the calculation, within 
0.5 h from the start, actual load change operation performed in 
a real power plant installed the target gas turbine is reproduced, 
that is, IGV opening ratio at the rated rotational speed is set to 
the initial value of 68%, then maintained at 100%. A virtual 

start-up time of 0 to 0.08 h for short start-up time is defined due 
to simulation requirements and it is not important for the main 
discussion. As shown in Figure 5, after 0.5 h, the fuel flow is 
reduced, leading to the reduction of power generation output 
by 50%. The fuel flow rate was estimated using values at the 
no-load operation and the 100% output power operation. 
Subsequently, the CAES operation started; valves 1and 2-1 
opened, and the intermediate compressor operated from the 
elapsed time of 0.79 h. The fuel flow rate decreased more with 
the reduction of the combustion airflow rate by the CAES 
operation to maintain the combustion gas temperature the same 
as one of the 50% load. The initial values for storage and 
discharge tanks were the same as the discharge pressure and 
temperature of the turbine system compressor during the 50% 
load operation. 

In Figure 5, approximately 0.5 h (elapsed time 1.29 h) after 
the CAES operation, the fuel flow rate was increased to return 
the generator output power to the 50% load. 

 

Figure 5 Input Data for the Operation of Extracting 
Compressed Air 

Supplying Air from The Discharge Tank 

 

Figure 6 Input Data for the Operation of Supplying 
Air 

As in the previous section, the calculation reproduces 
partial and rated load operation for the first 0.5 h; subsequently, 
the start condition for the CAES operation is provided. The 
rotational speed of the gas turbine during the CAES operation 
is the same as in Figure 5. Figure 6 shows the IGV opening and 
fuel flow rate. After 0.5 h, while the IGV opening did not 

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

5.0

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4

P
re

ss
ur

e 
ra

tio
 [

-]

Ratio of mass flow rate to rated mass flow rate [-]

20
39

59 

69 

78 

88 

Rotation speed 100 %
Point of
rated operation

Running line

Surging line

0.0

0.4

0.8

1.2

1.6

2.0

2.4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.5 1.0 1.5 2.0 2.5

R
ot

at
io

n 
sp

ee
d 

ra
tio

 [
-]

IG
V

 o
pe

ni
ng

 r
ai

o 
[-

]
/ R

at
io

 o
f 

fu
el

 fl
ow

 r
at

e 
[-

]

Time [h]

CAES start point CAES finish point

Rotational speed ratio

Ratio of fuel flow rate
IGV opening ratio

0

0.4

0.8

1.2

1.6

2

2.4

0.0

0.2

0.4

0.6

0.8

1.0

1.2

0.0 0.5 1.0 1.5 2.0 2.5

R
ot

at
io

n 
sp

ee
d 

ra
tio

 [
-]

IG
V

 o
pe

ni
ng

 r
ai

o 
[-

]
/ R

at
io

 o
f 

fu
el

 fl
ow

 r
at

e 
[-

]

Time [h]

CAES start point CAES finish point

Rotational speed ratio

Ratio of fuel flow rate

IGV opening ratio



5 

change, the fuel flow is reduced, and generator output power 
decreased to 50% load, achieving the operation point ① in 
Figure 3. Subsequently, the IGV opening ratio is decreased to 
83% and the CAES operated in the operation state of point ② 
as shown in Figure 3. Air is supplied from the discharge tank 
to the gas turbine combustor by opening valve 3 and pressure 
control valve after an elapsed time of 0.79 h. After 1 h of the 
CAES operation, the IGV opening is recovered. 

ANALYSIS RESULTS AND DISCUSSION 

Extracting Compressor Discharge Air 
Figure 7 shows the discharge pressure of the turbine 

system compressor and CAES tanks, which are normalized by 
the rated discharge pressure of the turbine system compressor.  

 

Figure 7 Pressure Change 

The compressor discharge pressure of the turbine system 
indicated with ① is the pressure at 50% load in the rated 
rotational speed shown in Figure 3. After the CAES start, when 
the airflow rate decreases while maintaining the combustion 
temperature unchanged, the turbine-corrected flow rate is 
constant, which lowers the compressor discharge pressure 
driving it to state ②. In this state, the generator output falls 
below 50% and returns to 50% after 1.29 h. The fuel flow rate 
is increased as the turbine inlet temperature raised. The 
compressor discharge pressure increases slightly as the load 
increases. Pressures in storage and discharge tanks before the 
start point of the CAES slightly decrease due to heat dissipation 
from the tank surface. Pressure in the storage tank after the start 
of the intermediate compressor decreases because of the 
pressure drop caused by tank heat dissipation and the difference 
between the mass flow rate into the storage tank and the 
discharge mass flow rate of the intermediate compressor. 
Pressure in the discharge tank reaches more than 2.5 times the 
rated discharge pressure of the turbine system compressor with 
approximately 1 h operation of the intermediate compressor. 

Figure 8 shows the changes in the compressor inlet mass 
flow rate, turbine inlet mass flow rate, and mass flow rate of 
the tanks. Although the compressor inlet flow rate does not 
change after the CAES operation, the flow rate of air sent to the 
turbine is reduced by approximately 10%, which is stored in 

the tank of the CAES system. The airflow rate of the 
intermediate compressor is larger than the designed rated point. 
During 1 h of operation of the intermediate compressor, the 
pressure ratio of discharge and storage tanks is less than the 
rated pressure ratio of the intermediate compressor. This is 
because the inlet mass flow rate of the intermediate compressor 
exceeds the rated flow rate. 

 

Figure 8 Mass Flow Rate 

Figure 9 shows the turbine output, compressor power, and 
generator output. During the first half of the CAES operation, 
the previous combustion gas temperature is maintained, 
resulting in a decrease in the generator output caused by a 
decrease in the fuel flow rate. To return the generator output to 
50%, the fuel flow rate is increased after 1.29 h. Figure 10 
shows power ratio of the driving power of the intermediate 
compressor to the rated output power of the generator. The 
maximum power ratio of approximately 0.096 can be absorbed 
in 1 h extraction. 

 

Figure 9 Comparison of Output Powers 
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Figure 10 Intermediate Compressor Driving Power 

Supplying Air from The Discharge Tank 
The initial condition of the discharge tank is the same as 

the state after 1 h of filling by the intermediate compressor 
shown in Figure 7, during which the air will be supplied to the 
combustor. Figure 11 shows the pressure changes in the outlet 
of the turbine system compressor and in the discharge tanks. 
The pressure in the discharge tank is reduced to supply the 
airflow to the gas turbine. However, even after 1 h of air supply, 
the pressure is still higher than the rated discharge pressure of 
the turbine system compressor, where the air from the 
discharge tank to the gas turbine can be continued. The 
discharge tank with 18 m diameter possesses sufficient volume 
to store air for 1 h supply. The compressor discharge pressure 
changes from point ② to point ③ shown in Figure 3 when 
CAES is activated and the turbine work increases along with 
an increase in mass flow rate of turbine inlet and fuel flow rate. 

 

Figure 11 Pressure Changes of Tanks  

Figure 12 shows the mass flow rates. The mass flow rate 
of compressor inlet during the CAES operation is 
approximately 90% of the rated mass flow rate of the turbine 
system compressor, but the mass flow supplied to the turbine 
during the CAES operation is secured the same as that during 
normal rated operation. 

 

Figure 12 Mass Flow Rate 

From Figure 13, the generated power during the CAES 
operation is approximately 10% higher than the normal rated 
output operation. When air is supplied by the CAES operation, 
the turbine output does not differ between operations of normal 
rated output and CAES. However, the compressor driving 
power is reduced by the inlet mass flow rate decrease of the 
turbine system compressor, which directly contributes to the 
increase in power generation output. 

 

Figure 13 Comparison of Output Powers 

Power Generation Efficiency During CAES Operation 
We consider the power generation efficiency of the gas 

turbine system during the CAES operation. Figure 14 shows 
the power generation efficiency ratio, where it is calculated 
from dividing the generator output by the calorific value of the 
input fuel, and the power consumption of the intermediate 
compressor is not accounted. A result of one indicates the rated 
power generation efficiency of the turbine system without the 
CAES operation. Compared to the efficiency ratio of 50% load 
with and without the CAES operation, the efficiency ratio is 
reduced by approximately 0.09. Conversely, the efficiency 
ratio when the power generation output is increased by 
supplying air from CAES shows that the power generation 
efficiency increases by approximately 0.11 compared to the 
normal 100% output. As the difference between gained and lost 
efficiencies, the efficiency ratio of the turbine system is 
improved by approximately 0.02. 
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Figure 14 Thermal Efficiency during CAES 
Operation 

Next, we consider the absorbed and gained energy during 
the CAES operation. The absorbed energy is calculated as the 
energy consumption of the intermediate compressor. The 
calculation of the gained energy is evaluated by the difference 
between the rated electric energy of the generator and 
generated energy during the CAES operation for discharge air. 
The obtained calculation results are shown in Figure 15, where 
the absorbed and gained amounts normalized by the rated 
electric energy of the generator are 0.093 and 0.104, 
respectively. When the 50% load operation is the minimum 
load of the turbine system, the load range can be extended to 
1.4 times by the CAES operation. Comparing with the storage 
battery system (Tohoku Electric Power Network Co., Inc, 
2016), the storage capacity of the overground CAES is 
approximately 1/10. The operation of CAES must avoid 
compressor surge. The amount of air stored and released 
depends on the rated mass flow rate of the turbine system 
compressor. In this analysis, to avoid compressor surge, 
storage and discharge quantity were set to 10% of the rated inlet 
mass flow rate of the compressor. Although it depends on 
characteristic curves of a compressor, the basic function of the 
overground CAES system can be applied to other capacity 
turbine systems because extracting 10 % of rated airflow rate 
might be executed in those without any modification. To 
increase energy absorption and supply, CAES must be applied 
to a larger capacity turbine system. 

 

Figure 15 Absorbed and Discharged Electric Energy 

Charge/discharge efficiency of CAES 
When charge/discharge efficiency is defined as the 

overground CAES, the energy of discharge refers to the energy 
gained in the CAES operation. The energy required for 
charging is the energy required for air storage, which is the 
summation of the electric energy reduced by the CAES 
operation during the storage, and the amount of the 
intermediate compressor power. The energy reduction caused 
by the CAES operation during the storage is calculated as the 
difference between the output energy of the generator with and 
without the CAES operation on the same fuel flow rate 
conditions, which corresponds to approximately 10% of rated 
electric energy of the generator. From Figure 15, we can 
observe that the charge/discharge efficiency which is defined 
as the ratio of discharge energy to the required energy for the 
storage is approximately 54%. 

When air with a constant flow rate is supplied to the 
turbine for a certain period of time using the overground CAES, 
the total supply air mass is unchanged. Therefore, if the tank 
diameter increases, the relevant tank pressure decreases, and 
vice versa. The pressure in the discharge tank determines the 
driving power of the intermediate compressor because the 
driving power depends on the pressure ratio between the 
discharge and the storage tank. Thus, the charge/discharge 
efficiency depends on the tank diameter. In addition, it is 
desirable to increase the intermediate compressor energy with 
respect to the energy absorption from renewable energy 
sources. Figure 16 shows the calculation result of the 
charge/discharge efficiency as a function of the ratio of 
absorption to gained energy of the overground CAES for tank 
diameters of 14–27 m, together with another system for 
comparison (Crotogino, et al., 2001) (Lindley, 2010) (Rehmen, 
et al., 2015) (Schimpe, et al., 2018). 

 

Figure 16 Charging/Discharging Efficiency 

In the case of other systems, the ratio of the absorbed to 
the discharged energy on the horizontal axis is equal to the 
reciprocal of the charge/discharge efficiency on the vertical 
axis. However, in the overground CAES system, discharge 
energy is regarded as gained energy by the CAES operation 
during the discharge, and charge energy is regarded as total 
consuming energy to store compressed air, which is the 
summation of the intermediate compressor driving energy and 
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energy reduction caused by the CAES operation during the 
storage. The absorption energy of the overground CAES 
system used in the horizontal axis is just the intermediate 
compressor driving energy. The ratio of the absorbed to the 
discharged energy on the horizontal axis is not equal to the 
reciprocal of the charge/discharge efficiency on the vertical 
axis. In the overground CAES, it is necessary to increase the 
tank diameter to increase the charge/discharge efficiency. 
However, a large tank diameter is not preferable owing to its 
high manufacturing cost. Increasing the tank diameter from 18 
to 27 m increases the tank weight by approximately twice. 
Conversely, to absorb more surplus energy, it is necessary to 
increase the compression ratio of the intermediate compressor. 
However, as the tank diameter decreases, the pressure in the 
tank increases, and its temperature rises. In the case of 14 m 
diameter shown in Figure 16, air temperature in the discharge 
tank increases to approximately 900 K. Considering the 
feasibility of the overground CAES system, the tank diameter 
should be in the range of 14–27 m. Charge/discharge efficiency 
of the overground CAES is comparable to those of storage 
battery, pumped-storage hydro, and underground CAES. 

CONCLUSION 
To stabilize the power grid system when the installation of 

renewable energy systems is increased, we proposed an 
overground CAES as a facility equipped with the power 
absorption function in the existing gas turbine system. This 
overground CAES system consists of a tank that stores the 
discharge air of the turbine system compressor (storage tank), 
an intermediate compressor that boosts the stored air to a higher 
pressure, and a tank that stores the pressurized air (discharge 
tank). In addition, an operation method for storing and 
releasing air from the CAES system was presented, and its 
operation was verified with the simulation of medium-capacity 
gas turbines operation. By installing storage and discharge 
tanks with a diameter of 18 m and extracting or discharging 
10% of the rated inlet flow rate of the turbine system 
compressor, approximately 9.3% of rated electric energy of the 
generator can be absorbed and 10.4% gained. The load 
operation range of the turbine system can be extended to 1.4 
times. This shows the proposed overground CAES system, 
which can absorb fluctuating output power from renewable 
energy sources, can introduce a load-following function to the 
existing gas turbine systems. 

NOMENCLATURE 
cp  Specific heat with constant pressure [J/(kg K)] 
I Moment of inertia [kgm2] 
m Mass flow rate [kg/s] 
P Pressure [Pa] 
Ql Heat loss [W] 
T Temperature [K] 
t Time [s] 
V Volume [m3] 
W Power, Work [W] 
𝜂𝑎𝑏 Adiabatic efficiency [-] 
𝜂𝑝𝑙 Polytropic efficiency [-] 
𝜅 Specific heat ratio [-] 

𝜌 Density [kg/m3] 
𝜔 Angular velocity [rad/s] 

 

SUBSCRIPT 
C Compressor 
dst Discharge tank 
G Generator 
in inlet 
loss Loss 
st Storage tank 
T Turbine 
1 From compressor exit to storage tank 
2 From storage tank to discharge tank 
3 From discharge tank to combustor 
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