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ABSTRACT

Isobaric compressed air energy storage is a pivotal
technology enabling the extensive deployment of
renewable energy in coastal regions. Recently, there has
been a surge in research integrating isobaric compressed
air energy storage with various renewables. However,
there remains a significant shortage of experimental
verifications. This paper presents an experimental study
on the discharge process of a megawatt isobaric
compressed air energy storage system, revealing the
regulation characteristics of the start-up, isobaric
discharge operation, and shut-down processes.
Experiments show that the energy storage system has
reliable and rapid regulation characteristics, with
vibration less than 41um, cold start time not exceeding 5
min, and shut down within 2 min. The storage system
with a flexible storage device can fully utilize the stored
compressed air while maintaining stable pressure at the
compressor outlet and turbine inlet. The findings of this
study lay the foundation for the actual application of
isobaric compressed air energy storage systems in the
development and utilization of renewable energy along
coastal areas.

Keywords: Isobaric compressed air energy storage;
Underwater compressed air energy storage; Constant
pressure energy storage; Experimental investigation.

NOMENCLATURE
Abbreviations
CAES Compressed air energy storage
National Institute of Standards and
NIST
Technology
UWCAES Underwater CAES

Symbols
m Air mass flow rate
n Speed
P Pressure
T Temperature
Tq Torque
v Volumetric flow rate
Wi Shaft power
P Density

1. INTRODUCTION

According to the International Energy Agency, more
than 500 gigawatts of renewable generation capacity are
set to be added in 2023, setting a new record.
Renewables such as wind, solar, and wave power are
known for their intermittency, instability, and
unpredictability. Connecting these renewables to the
grid can result in various challenges, including voltage
instability [1], increased oscillations [2], reduced inertia
[3], and channel congestion. Integrating uncontrollable
renewables like wind and solar power exacerbates the
volatility and instability of the power system [4]. As the
scale of wind and solar power continues to increase,
there is an anticipated rise in the demand for long-
duration and large-scale energy storage solutions in the
future [5].

Existing electrical energy storage technologies
encompass pumped hydro storage [6], compressed air
energy storage [7], batteries [8], superconductors [9],
flywheels [10], and capacitors [11]. Each of these storage
methods exhibits distinct performance characteristics
and is suitable for various applications and domains.
However, only pumped hydro storage and compressed
air energy storage (CAES) concurrently demonstrate
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advantages in terms of scale, longevity, and cost-
effectiveness [12]. Currently, pumped hydro storage is
the predominant technology used for large-scale energy
storage in China. Despite its maturity, pumped hydro
faces natural geographical constraints [13], particularly
due to mismatches with the distribution of wind and
solar resources in China [14]. Additionally, its capacity
and functionality cannot fully meet the growing energy
storage needs. Hence, there is a clear imperative to
develop alternative large-scale energy storage
technologies beyond pumped hydro. CAES is highly
regarded for its substantial storage capacity, long storage
duration, and relatively lower investment costs.
Consequently, it is regarded as the most promising large-
scale energy storage technology with vast development
prospects [15]. Despite its initial foray into commercial
development, effectively integrating CAES into coastal
renewable energy scenarios remains an unresolved
challenge. Coastal regions, characterized by spatial
limitations and operating independently from the
primary grid, demand exploring innovative energy
storage technologies tailored to their specific
environmental conditions [16].

Underwater CAES (UWCAES), also known as isobaric
CAES, holds natural development advantages in coastal
environments [17]. This technology involves placing air
storage facilities underwater, utilizing the hydrostatic
pressure of water for compressed air storage and release
[18]. This configuration ensures consistent pressure at
the compressor outlet and expander inlet, keeping the
compressor and expander operating near their rated
conditions. This significantly enhances system efficiency
and stability compared to isochoric CAES systems [19].
With the storage facilities located underwater, the
system requires minimal land area and offers high levels
of safety [20]. Additionally, during operation, the system
does not require the maintenance of a minimum air
pressure in the storage device. This allows for complete
air release and maximizes the utilization of storage
devices, resulting in a significantly higher energy density
compared to isochoric CAES systems [16]. In 1997, the
University of California, San Diego proposed the use of
rigid containers for UWCAES. In 2007, the University of
Nottingham in the UK conducted initial indoor pool tests
followed by underwater trials at the seaside [21].
Hydrostor in Canada and the University of Windsor have
conducted significant engineering demonstrations and
research in UWCAES [22]. In 2009, Hydrostor conducted
the first UWCAES test at a depth of 18 meters.
Subsequently, in 2017, they implemented the first
onshore UWCAES system demonstration in Lake Ontario,

Canada. The system utilized six air storage bags fixed to
the seabed 65 meters below the water surface, with a
generating capacity of 660 kW, making it the only
demonstrated UWCAES system internationally [23]. Neu
et al. [24] experimentally explored heat transfer during
the liquid piston compression process in a near-
isothermal UWCAES system. Their findings suggest that
enhancing heat exchange is achievable by increasing the
length of the compression chamber or decreasing the
speed of the liquid piston. Subsequently, an experiment
on internal airflow in the slow piston compressor of an
isothermal CAES system followed soon after [25].

Existing experimental research on CAES systems
mainly focuses on key components like compressors,
expanders, thermal storage heat exchangers, and air
storage vessels. There is limited experimental literature
on the overall system of CAES, with a predominant focus
on isothermal CAES systems. Experimental inquiries into
isobaric CAES systems, particularly megawatt-scale
isobaric CAES systems with thermal storage, have not
been undertaken. This study marks the first attempt at
experimental research on megawatt-scale thermal
storage isobaric CAES, revealing the regulation
characteristics during start-up, operation, and shutdown
of the isobaric energy discharge process. These findings
establish the groundwork for the practical application of
isobaric CAES systems.

2. EXPERIMENTAL SYSTEM

The layout of the isobaric CAES experimental
prototype is presented in Fig. 1. The experimental
prototype consists of a middle-pressure four-stage
piston compressor, a high-pressure two-stage piston
compressor, a high-pressure storage tank with a volume
of 30 m3, an isobaric storage device with a volume of 28
m3, a four-stage centripetal turbine, a hydraulic
dynamometer, an eddy current dynamometer and four
heaters.

Due to the challenges posed by geographical
constraints and the high costs associated with
conducting experiments directly underwater, an isobaric
storage device is utilized. This device comprises a sizable
storage tank along with a flexible airbag, facilitating the
achievement of the isobaric air discharge process. The
storage tank is used to uphold a consistent external
pressure on the airbag, emulating the static pressure
underwater. Throughout the energy release process, the
compressed air in the storage tank is consistently
replenished by the high-pressure storage tank. The
compressed air is discharged from the airbag and
directed into the turbine for expansion after undergoing



heating by the heater. The shaft power of the turbine is
determined through a collaborative effort involving the
series eddy current dynamometer and the hydraulic
dynamometer. The eddy current dynamometer offers
high sensitivity and rapid response capabilities, while the
hydraulic dynamometer possesses high power and
slower response characteristics. Consequently, the eddy
current dynamometer is initially utilized to stabilize the
speed during the start-up process, after which the
hydraulic dynamometer is engaged to share the load.
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Fig. 1 Layout of the experimental prototype
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3. METHODOLOGY
3.1 Operation strategies

Initially, the isobaric storage device is pressurized
with compressed air to around 7 MPa using the mid-
pressure compressor (Valve #1, #3, #5 and #6 closed,
Valve #4 open), with the heat from compression being
stored in a hot water tank. Subsequently, the high-
pressure tank is pressurized to 27 MPa through a
collaborative compression process involving both the
middle-pressure compressor and the high-pressure
compressor (Valve #4 and #9 closed, Valve #1 and #2
open). The discharge process encompasses several
stages, comprising the startup phase, isobaric discharge,
and shutdown. Throughout this process, stored hot
water is utilized to reheat the air at each turbine stage
inlet. Considering the limited volume of the isobaric
storage device and the similarity between the
startup/shutdown processes of isobaric discharge and
isochoric discharge, the compressed air from the high-
pressure storage tank is used to explore the
startup/shutdown characteristics of the discharge
process.

The startup process (Valve #2, #4, #5 and #6 closed,
Valve #7, #8 and #9 open) comprises three stages: low-

speed rotation to ensure unit normalcy, traversing the
critical speed range, and elevation to the rated speed and
load. Upon reaching the rated speed and load, the gas
source undergoes a switch (Valve #2, #4 and #8 closed,
Valve #5, #6, #7 and #9 open). The isobaric storage
device provides compressed air to the turbine, while the
compressed air from the high-pressure storage tank
replenishes the isobaric storage device to sustain a
consistent external pressure on the airbag. During the
shutdown process, the compressed air source shifts back
to the high-pressure storage tank (Valve #8 open, Valve
#5 and #6 closed). Subsequently, the turbine intake
pressure gradually decreases wuntil it reaches
atmospheric pressure, causing the turbine rotation to
cease completely.

3.2 Data processing

The data collected during the experiment are all in
steady-state conditions. Given the substantial range of
pressure changes and the notable deviation of gas
properties from ideal gas behaviour, the physical
parameters of air are determined by referring to the
National Institute of Standards and Technology (NIST)
database REFPROP. After the data processing, the
following parameters can be obtained:

(1) Mass flow

The mass flow rate of the turbine is calculated using
the measured volumetric flow rate, air pressure and air
temperature:

m=V “PrT)

where m refers to the mass flow rate. V is the
measured volumetric flow rate. p donates the density
at the flow rate measurement point, which is determined
by referring to the REFPROP with air pressure and
temperature. P and T represent the air pressure and
temperature at the flow rate measurement point.

(2) Shaft power

The shaft power of the centripetal turbine is
absorbed by two dynamometers. The shaft power of the
dynamometer can be determined by measuring torque
and speed.

Wt =Tq @
60

where W; refers to shaft power, T, represents

torque, and n is speed.

4. RESULTS AND ANALYSIS

The results of the isobaric energy discharge
experiment are presented and analyzed in this section.
The temperature, pressure, and air mass flow discharge



of the isobaric air storage device are illustrated in Fig. 2.
Unlike isochoric CAES, where the compressed air
pressure and temperature within the storage device
decrease continuously, the pressure and temperature
within the gas storage device of isobaric CAES remain
nearly constant throughout the entire energy discharge
experimental process. Specifically, the average
temperature and pressure inside the gas storage device
are 20.01 °C and 7.05 MPa, respectively. At 16:39, the
turbine air source was switched to the flexible gas
storage device. The entire switching process lasted less
than 20 seconds, and following the switch, the flow rate
remained stable at 4.5 kg/s until the compressed air
within the airbag was completely released.
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Fig. 2 Isobaric storage devices

Fig. 3 Isobaric storage airbag

Three cameras were strategically positioned around
the airbag to monitor the morphological changes of the
flexible airbag. Fig. 3 depicts the alterations in the shape
of the flexible air storage bag throughout the isobaric

energy discharge process. The figures illustrate that as
the compressed air is discharged from the airbag, the
airbag gradually diminishes in size (Fig. 3 (a)-(b)-(c)) until
it is completely depleted (Fig. 3 (d)), indicating the
complete release of compressed air. This is also one
advantage of flexible isobaric air storage, allowing for
maximizing gas storage space utilization. It can
significantly reduce the construction expenses for gas
storage.
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Fig. 4 Speed and vibration of turbine

The speed and vibration characteristics of the
centripetal turbine during the experiment are presented
in Fig. 4. Fig. 4(a) displays both the target speed and the
actual speed of the turbine. The critical speed range of
the centripetal turbine employed in this experiment
spans from 900 rpm to 1150 rpm. Consequently, the
target speeds of the centripetal turbine are set at 800
rpm, 1350 rpm, and 1500 rpm in sequence. Firstly, the
no-load speed of the turbine is adjusted to 800 rpm to
ensure the normal operation of the turbine and its
auxiliary equipment. Then, the load is increased to
approximately 400 kW by adjusting the turbine inlet
pressure. Afterwards, the target speed is set to 1350 rpm
to pass through the critical speed region. Subsequently,
the load is increased to approximately 400 kW by
adjusting the turbine inlet pressure once more. Finally,
the speed is set to 1500 rpm, and the load is gradually
increased to the rated load. The experimental results
indicate that during the speed increase process, the
speed overshoot does not exceed 15 rpm, and the
fluctuation remains within 3 rpm after stabilization. Fig.
4 (b) displays the vibration characteristics in the X and Y
directions of the turbine for all stages throughout the
experiment. The vibration remains predominantly within
35 um, with the maximum value not exceeding 41 um.
During the gas source switching process, there were no
significant changes observed in the vibration of the



turbine. This indicates the stable and reliable mechanical
performance of the turbine unit under all operational
conditions.

The cold start from a standstill at 16:32:25 to 1500
rpm by 16:36:40 exhibited a remarkably swift duration of
4 minutes and 15 seconds, which is less than 5 minutes
in total. The shutdown process is equally efficient, as the
speed of the turbine decreases from 1500 rpm to a
complete halt within 2 minutes. The energy discharge
dynamics of the centripetal turbine indicate a load
response time for the CAES of approximately 5 minutes,
equivalent to the load response time of a pumped
storage power station.
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Fig. 5 Turbine shaft power varying with time

The variation of turbine shaft power over time is
depicted in Fig. 5. Until 16:37:30, the water valve of the
hydraulic dynamometer remained unchanged, stabilizing
the turbine speed via the eddy current dynamometer. At
16:32, the target speed was set to 800 rpm, and the
actual turbine speed gradually increased to 800 rpm.
Subsequently, the load on the eddy -current
dynamometer was gradually increased from 0 to 457.42
kW by adjusting the turbine inlet pressure. At 16:35, the
target speed was set to 1350 rpm while maintaining the
turbine inlet pressure unchanged. The turbine speed
quickly passed through the critical zone within 40
seconds, during which the power of the eddy current
dynamometer decreased from 457.42 kW to 88.51 kW.
The power of the eddy current dynamometer was
increased to 489.63 kW by adjusting the turbine inlet
pressure before setting the target speed to 1500 rpm.
Subsequently, after setting the target speed to 1500 rpm
and maintaining a constant turbine inlet pressure, the
power of the eddy current dynamometer decreased
from 489.63 kW to 347.60 kW. The power of the eddy
current dynamometer was increased to 754.53 kW
before the hydraulic dynamometer was engaged. From

16:37:30 to 16:38:10, the load of the eddy current
dynamometer was gradually transferred to the hydraulic
dynamometer by adjusting the water gate of the
hydraulic dynamometer. Then, the turbine inlet pressure
was gradually increased to raise the load of the eddy
current dynamometer. Eventually, the combined load of
the eddy current dynamometer and the hydraulic
dynamometer reached 1352.90 kW. Throughout the gas
source switching process, the total load remained
relatively stable.

5. CONCLUSIONS

An experimental study on the discharge process of
a megawatt isobaric compressed air energy storage
system was conducted in this paper. The study reveals
the startup, isobaric discharge operation, and shutdown
characteristics of the energy storage system. It exhibits
reliable and rapid regulation characteristics, with
vibration less than 41um, cold start time not exceeding 5
min, and shut down within 2 min. The flexible air storage
device can fully utilize the stored compressed air while
maintaining stable pressure at the compressor outlet
and turbine inlet. The turbine shaft power reaches
1352.90 kW. The research findings are expected to
promote the widespread application of isobaric
compressed air energy storage technology in coastal
areas, supporting the large-scale utilization of renewable
energy, and promoting sustainable development in
coastal regions.
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