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Abstract: The Compressed Air Energy Storage (CAES) system is a promising energy storage tech-
nology that has the advantages of low investment cost, high safety, long life, and is clean and
non-polluting. The compressor/expander is the core equipment of the CAES system, and its per-
formance has a decisive impact on the overall system efficiency and economic performance. Based
on the pneumatic motor, this study proposes and designs a test bench of the CAES system that
integrates compression and expansion functions. The off-design operation condition represented by
the pressure change in the air tank has an important influence on the efficiency and economy of the
CAES system. The effect of key parameters such as air tank pressure, torque, and mass flow rate
on the output and efficiency of the compressor is investigated. When the CAES system is operating
in energy storage mode, the compressor must continuously deliver gas to the gas storage. The
working pressure of the compressor increases with the pressure in the air tank, so the compressor
used for energy storage must operate continuously over a wide range of working conditions. The
parallel operation mode of the compressor is proposed to improve the working condition range of the
compressor torque and current, and improve the isotropic efficiency. When the air receiver pressure
is 2.6 bar and the rotational speed is 2850 r/min, the power consumption of the compressor reaches
the maximum value of approximately 1233.1 W. This new parallel mode could provide a CAES unit a
systematic solution.

Keywords: compressed air energy storage; compressor; parallel mode; energy efficiency; experimental
investigation

1. Introduction

Energy storage technology could promote and develop the use of renewable energy
and solve energy and environmental problems [1]. Although human activities have been
limited recently, climate issues have become more urgent than ever [2]. Nowadays, the
compressed air energy storage unit has many advantages such as low investment cost, high
safety, long life, and no pollution [3]. The CAES unit could solve shortcomings of renewable
energy fluctuation and intermittency such as photovoltaic, tidal, and wind power. The
CAES unit could use off-peak electricity to compress, transport, and store the air in the
tank, then release the compressed air during peak electricity demand to drive the generator
to produce electricity.

The compressor and expander play an important role in a CAES unit. There is a
high correlation between their performance and the overall efficiency of the system. The
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compressor must continuously draw gas from the tank when the CAES unit is operating
in storage mode. The chamber pressure increases with the gas flow injected into it, so the
compressor used for energy storage operates under variable conditions as the tank pressure
increases. This could lead to a large pressure ratio between the outside and the tank.
Christos et al. [4] tried to study the real gases and ideal gases in the reciprocating expanders
and compressors. His work related the losses to the properties. Mustapha et al. [5]
investigated a process of the compression-cooling-expansion cycle using the volume of fluid
model based on 3D CFD and tried to understand the transmission mechanism. He found
that liquid pistons could realize the isothermal process of CAES. Chen et al. [6] compared
isothermal CAES, closed isothermal type I-CAES, and open type O-CAES, and found that
closed isothermal type I-CAES had doubled energy storage density. Compression and
expansion could reach the isothermal process when the air temperature is below 5 °C,
and the round-trip efficiency is 76%. Li [7] tried to improve the isothermal process in this
case and used porous media to increase the energy storage density. Overall, this method
could maintain high efficiency and energy storage density. Chen et al. [8] established an
off-design model, validated the model via experimental data, and adopted the potential
induced degradation strategy to control the air temperature.

Compressors can be divided into volumetric compressors and speed compressors.
Volume type is also divided into reciprocating compressors, rotary compressors, and scroll
compressors. Speed type compressors are divided into axial compressors and centrifugal
compressors. Liu et al. [9] investigated the characteristics and the flow field and analyzed
the effect of radial clearance on the performance of the scroll compressor. The results
showed that the leakage has an important influence on the distribution of the velocity field
and the uneven distribution of the temperature field. Ma et al. [10] developed a hybrid
model of a scroll compressor based on fundamental physical principles and thermodynam-
ics, and the proposed model was validated by experimental results. The results showed
that the maximum error between experimental data and model results is within 10%. Wu
et al. [11] focused on single-screw expander lubrication and tried to compare six different
lubricant viscosities. The result showed that higher kinematic viscosity could improve
volumetric efficiency and smaller clearance, and the internal volume ratio had higher
efficiency and a lower gas consumption rate. In Mahbod et al.’s work [12], a multi-stage
quasi-isothermal CAES was promoted. This model had a lower cost compared to batteries
for longer-term storage solutions. Chen et al. [13] focused on two strategies of centrifugal
compressors to control the pressure ratio range. The result showed that adjustable inlet
guide vanes increased the pressure range by 207.3%. In the contract, adjustable inlet guide
vanes increased the pressure range by about 72.6% for compressor operation and control in
the CAES system. Lin et al. [14] investigated the influence of adjustable vaned diffusers on
the impeller backside cavity and the aerodynamic performance of centrifugal compressors,
focusing on pressure ratio, efficiency, torque, shaft power, and axial thrust. He found that
as the mainstream flow decreases or rotation speed increases, the predicted or measured
gradients of radial static pressure and static temperature increases. After one year, he inves-
tigated the effect of rotational speed and variable angles on the aerodynamic performance
of centrifugal compressors [15]. Then, he investigated the static temperature and static pres-
sure of the impeller backside cavity in a centrifugal compressor [16]. The results indicated
that the impeller backside cavity has an important effect on the efficiency, shaft power, and
pressure ratio of the centrifugal compressor. Meng et al. [17] established a centrifugal com-
pressor test rig to investigate the off-design performance. Experimental results showed that
the maximum value efficiency could be improved by 3.28% with the angle of adjustment
of inlet guide vanes varying from —20° to 50°. Xue et al. [18] investigated the effect of the
diffuser and impeller on the internal unsteady flow phenomena to illustrate the mechanism
of flow instabilities via experimental results. Chen et al. [19] established a thermodynamic
model considering energy loss analysis to investigate the compression performance with
variable charge pressure of a multi-stage centrifugal compressor. The results indicated
that the exergy and compression efficiency could reach up to approximately 82% and 80%,
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respectively. Based on his previous results, he [13] proposed adjustment strategies with
adjustable vaned diffusers and adjustable inlet guide vanes to investigate the off-design
performance via experimental results. The results indicated that the maximum efficiency
could be improved by 1.2% with the proposed strategies. Cao et al. [20] established a
thermodynamic model of an adiabatic CAES system with only one ejector alongside the
final stage compression via simulation investigation. The results showed that the exergy
and roundtrip efficiency of the proposed system could be improved.

The performance of the compressor, especially the efficiency, has an important impact
on the economy of the whole compressed air energy storage system. Patil et al. [21] investi-
gated the heat transfer enhancement in a liquid piston compressor using aqueous foam by
achieving isothermal compression to improve efficiency. The results showed that efficiency
could be improved by 4-8% using the proposed technology. Zhang et al. [22] proposed a
novel system with an inverter-driven air compressor to investigate the economic, exergy,
and dynamic characteristics, and to reduce the throttling loss of the adiabatic CAES system.
The results showed that the round-trip efficiency of the proposed system could be improved
by 1.8-5.7% and thus the cost of electricity is decreased. Khaljani et al. [23] investigated the
environmental and economic characteristics of small-scale CAES systems via a combined
experimental and modeling study with a liquid piston gas compressor/expander. Results
indicated that the maximum round-trip efficiency could reach up to 63%. In the same year,
his team [24] developed a liquid piston gas compressor prototype with aluminum parallel
plates to increase compression efficiency. Experimental results indicated that when the
plate inserts with a height of 0.2 m, 0.35 m, and 0.5 m, the compression efficiency could be
increased by approximately 3%, 4%, and 8%, respectively. Rice et al. [25] proposed an opti-
mal trajectory control method to solve the trade-off between power density and efficiency.
The results showed that the proposed solutions could improve the power density and keep
efficiency unchanged. Yao et al. [26] discovered a novel hybrid CAES system that could
reach near-isothermal compression on the same pressure ratio. The proposed system could
achieve the highest efficiency of 72.47% when the storage pressure is as high as 11 MPa.
Wieberdink et al. [27] proposed the concept of a liquid piston compressor/expander and
investigated the influence of porous media inserts on power density and efficiency via
experiment and simulation. Li et al. [28] proposed a liquid piston compressor/expander
with an optimal intensifier ratio via a hydraulic intensifier to reduce the flow requirement.
Hu et al. [29] built a compressor/expander with a tubular heat exchanger to increase the
efficiency and power density. The results showed that reducing the tube diameter could
improve the efficiency and power density. He et al. [30] established a thermodynamic
model of a CAES system with an adjustable pressure ratio to improve efficiency. The results
showed that the CAES system with adjustable pressure ratio could reduce power consump-
tion, increase the work output, and improve efficiency via the CAES system with variable
pressure ratio. Srivatsa et al. [31] developed a compressor/expander considering water
condensation/evaporation to investigate the effect of moisture on compression power and
efficiency. The results indicated that the increase in the specific heat capacity of air could
improve efficiency. Patil et al. [32] proposed a method of heat transfer enhancement using
metal wire mesh to improve compression efficiency via experimental results. The results
indicated that using metal wire mesh could obtain an improvement in the efficiency of
6—8%. Xu et al. [33] used compressed air to drive a pneumatic motor to generate electricity.
The experimental results show that the increase in the regulator valve and the electronic
load lead to the expansion ratio of the pneumatic motor, the temperature difference, and the
pressure difference increase. Then, his work [34] used compressed air to drive a pneumatic
motor, which is controlled by a magnetic powder brake. The experiment showed that the
power output and energy efficiency of pneumatic motors first increase and then decrease
with the increase in torque. And the max output of the pneumatic motor could reach 410 W.

From the above literature review, it is well known that the compressor/expander is
the core equipment of the CAES system, and its performance has an important impact on
the overall system efficiency and energy storage economy. One of the key technologies
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to develop CAES is to improve the compressor’s ability to change working conditions
efficiently and provide a safe and stable operation control scheme for the compressor.
Based on the pneumatic motor, this study proposes and designs an experimental bench
of the CAES system, which integrates compression and expansion functions. The off-
design operation state, which is represented by the pressure change in the air tank, has an
important influence on the efficiency and economy of the CAES system. When the CAES
system is working in the state of energy storage, the compressor needs to continuously
deliver gas to the air tank. The working pressure of the compressor increases with the
increase in the pressure in the gas storage tank, so the compressor used for energy storage
needs to operate continuously in a wide range of working conditions. The parallel operation
mode of the compressor is proposed to improve the working condition range of the
compressor. The influence of key parameters such as air tank pressure, torque, and mass
flow rate on the output performance and efficiency of the compressor is investigated.

2. Experimental Setup

The test bench of the CAES system is mainly composed of a power battery, DC/AC,
pneumatic motor (compressor), generator, coupling, data acquisition card, computer, recti-
fier, torque sensor, temperature and pressure sensor, flowmeter, check valve, and current
and voltage sensor. The working principle is that the power battery is connected to the gen-
erator via DC/AC, and the generator drives the pneumatic motor to generate compressed
air, which is stored in the air tank through the check valve. The temperature and pressure
sensors are installed at the intake and outtake of the compressor. The volume flow rate of
the compressed air generated by the compressor is measured by the flowmeter. The torque
sensor is used to measure the rotational speed and torque of the compressor and generator.
Figures 1 and 2 are the test bench and schematic diagram for the parallel compressor mode
of the CAES system, respectively. Tables 1 and 2 are the test bench parameters.

This test bench adopts a pneumatic motor as a compressor, which has the advantages
of small air consumption, good stability, high efficiency, low requirements for air quality,
impact resistance, and small inertia. The five cylinders are arranged on the circumference
of the pneumatic motor cast, and five crank slide mechanisms consisting of pistons, rods,
and crankshafts are arranged in a star shape in the center of the pneumatic motor. The
servo motor drives the compressor to compress air and stores it in the air tank.

Table 1. Parameters of pneumatic and servo motors.

Type Rated Rotation Speed Rated Power Rated Torque
QMHO050A 2000 r/min 485 W 7.0 N-m
80ST-M02430 3000 r/min 750 W 2.39 N-m

Table 2. Main parameters of various sensors.

Name Measuring Range Tolerances
Pressure sensors 0~15 bar +0.2% FS
Temperature sensor —20~100 °C £0.5% FS
Torque sensor 0~20 N'm +0.5% FS
Speed sensor 0~6000 r/min +0.5% FS
Flowmeter 0~5000 L/min +0.5% FS
Voltage sensor 0~250V +0.5% FS

Current sensor 0~30 A +0.5% FS
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Figure 2. Schematic diagram for parallel compressor mode.

3. Results and Discussion
3.1. Influence of Air Tank Pressure on the Performance of the Compressor

Figure 3 displays the torque of the compressor changes with the pressure of the air
tank. The torque of the compressor increases linearly with the increasing pressure of the
air tank. This is because, with the increase in the pressure of the air tank, the exhaust
back pressure of the compressor increases, and the compressor needs greater torque to
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produce higher-pressure air. When the pressure of the air tank is the same, the torque
value of the compressor increases with the increase in the rotational speed. The torque
curve of compressors 1 and 2 show the same variation trend with the changing of air tank
pressure. Compressors 1 and 2 are two compressors with the same type and the same data
acquisition system. The difference between compressors 1 and 2 is due to their different
performance. Compressor 1 and compressor 2 are the same compressors in this test bench.
It is obvious that higher air tank pressure needs more power to push, so the torque and
rotation increase with the tank pressure.

2 | —=— 450 r/min —e— 750 r/min
40 k 1050 r/min —v— 1350 r/min
1650 r/min —<€— 1950 r/min
3.5 ——2250 r/min —*— 2550 r/min,./"
z |—e— 2850 r/min L "
2 3.0 :
> |
Sa2s5 |
5 |}
= 2.0 |
P Solid: Compressor 1
151 Short dash dot: Compressor 2
1.0 |
0.5 " 1 " 1 " 1 " 1 " 1 " 1 " 1 " 1

1.0 1.2 1.4 1.6 1.8 2.0 2.2 2.4 2.6 2.8
Air tank pressure (bar)

Figure 3. Variation of torque with air tank pressure.

Figure 4 describes the variation of the power battery current consumed by the com-
pressor with the pressure of the air tank. In general, the current increases linearly with the
increase in air tank pressure. The amplitude of the current increase rises with the increasing
rotational speed. When the rotational speed is 450 r/min and the pressure of the air tank
increases from 1.4 bar to 2.0 bar, the current increases from 2.49 A to 3.69 A, and the current
increases by 1.2 A. When the rotational speed is 2850 r/min and the pressure of the air
tank increases from 1.4 bar to 2.0 bar, the current increases from 12.69 A to 17.72 A, and
the current increases by 5.03 A. At the same pressure of the air tank, the current increases
with the increase in the rotational speed. The changing trend of the current curve of power
battery for compressors 1 and 2 is basically the same. Increasing battery current is not
obvious at a low rotation speed and vice versa. The reason is that higher air tank pressure
needs more power from the battery pack.

The pressure ratio of the compressor is defined as the ratio of the outtake pressure to
the intake pressure. The formula can be written as

g = Pout (1)
Pin
where ¢ is the pressure ratio, pout is the outtake pressure, and pj, is the intake pressure.
Figure 5 shows the change in the pressure ratio with the pressure of the air tank. The
pressure ratio increases linearly with the pressure of the air tank. At different rotational
speeds, the pressure ratio curves of compressors 1 and 2 basically coincide at the same air
tank pressure. The compression ratio is a fixed value, which could not follow the air tank
pressure and motor rotations.
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Figure 4. Variation of current with air tank pressure.
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Figure 5. Variation of compression ratio with air tank pressure.
The expression of compressor power consumption is [35]
2 xn x T,
P.= """ 211000 @)

60

where P. is the compressor power consumption, 7 is the rotational speed, and T; is the
torque.

Figure 6a displays the variation of compressor power consumption with the pressure
of the air tank. In general, the power consumption of the compressor increases linearly with
the increase in air tank pressure. When the pressure of the air tank is the same, the power
consumption of the compressor increases with rotational speed. The power consumption
of compressors 1 and 2 basically shows the same change trend with the changing of air
tank pressure. When the pressure of the air tank increases from 1.4 bar to 2.0 bar and the
rotational speed is 450 r/min and 2850 r/min, the power consumption of compressor 1
increases from 60 W to 108.7 W and 677.7 W to 935.6 W, respectively. When the pressure of
the air tank is 2.6 bar and the rotational speed is 2850 r/min, the power consumption of
compressor 2 reaches the maximum value of approximately 1233.1 W.
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Figure 6. Consumption of CAES with air tank pressure. (a) Compressor power. (b) Battery power.

The expression of the power output of the power battery is
P=UxI 3)

where Py, is the power output (W) of the battery, U is the voltage (V), and I is the current (A).

Figure 6b presents the variation of the power output of the power battery with the
pressure of the air tank. It can be clearly seen in Figure 6b that the variation trend of the
battery output power with the air tank pressure is the same as the variation trend of the
power consumption of the compressor. This is because the power battery supplies power
to the generator through DC/AC, the generator and compressor are rigidly connected
through the coupling, and the generator and compressor have the same rotational speed
and torque. When the rotational speed is 2850 r/min and the pressure of the air tank is
2.6 bar, the maximum output power of the power battery is approximately 1685.1 W.

The DC/AC conversion efficiency is the ratio between the power consumption of
the compressor and the power output of the battery. The DC/AC conversion efficiency is

expressed by the following:
=g 4)
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Figure 7a displays the variation of 77; with the pressure of the air tank. In general, when
the rotational speed is low, #; increases first, then tends to be flat, and finally decreases
slightly with the increase in the air tank pressure. When the rotational speed is high, 74
decreases slightly with the increase in the air tank pressure. Under the same pressure as
the air tank, #; increases with the rotational speed. In terms of the overall change trend,
11 of compressor 2 is slightly higher than that of compressor 1, which is caused by the
performance difference of the compressor itself. The maximum value of #; is approximately
75%. DC/AC conversion efficiency is higher as the rotation speed increases. There is no
obvious tendency of DC/AC conversion efficiency when air tank pressure is increasing.
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Figure 7. Efficiency of CAES with air tank pressure. (a) DC/AC conversion efficiency. (b) Isotropic
efficiency.

12 is defined as the enthalpy difference between the compressor intake and outtake
divided by the isentropic enthalpy value at the compressor outtake minus the enthalpy
value at the compressor intake.

hy —

- - 5
= oy = &
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where iy, is the isentropic enthalpy of the compressor at the outtake, (kg/kJ); and 1 and hy
are the enthalpy of the compressor at the outtake and intake, respectively.

Figure 7b displays the variation of #, with the pressure of the air tank. With the
increase in air tank pressure, 7, shows a decreasing trend. With the increase in the air tank
pressure, the reduction in efficiency increases. When the pressure of the air tank is the same,
12 increases with the increase in the rotational speed. When the pressure of the air tank
increases from 2.2 bar to 2.6 bar and the rotational speed is 2850 r/min and 1650 r/min, 77,
decreases from 73.8% to 50.8% and 29.2% to 22.9%, respectively. When the pressure of the
air tank is 1.4 bar and the rotational speed is 2850 r/min, #, of the compressor reaches the
maximum value of approximately 95%.

3.2. Influence of Torque on the Performance of the Compressor

Figure 8 displays the variation of the current of the power battery with torque. The
current increases linearly with the increase in torque. When the torque is the same, the
current increases with the rotational speed. When the torque is the same, the power
consumption of the compressor is proportional to the rotational speed. The compressor and
generator have the same power, and the power of the generator is provided by the power
battery. The current corresponding to compressor 2 is greater than that corresponding to
compressor 1 under different rotational speeds and torques.

27
| —8— 450 r/min —— 750 r/min /.)
24 - 1050 r/min —v— 1350 r/min -
” 1650 r/min —<— 1950 r/min
| —®— 2250 r/min —*— 2550 r/min
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515 |
ol §
Sz | :
9 g 5
6 Solid: Compressor 1
I %o:__."'/‘ Short dash dot: Compressor 2
3+
0 [ " 1 " 1 " | - 1 1 1 1 1 1 " 1 " 1

1.2 15 18 21 24 27 3.0 33 3.6 39 42 45 48
Torque (N-m)

Figure 8. Variation of current with torque.

Figure 9 shows the variation of pressure ratio with torque. The pressure ratio increases
with the torque. When the torque value is the same, the pressure ratio shows a decreasing
trend with the increase in the rotational speed. The variation curves of the pressure ratio
with torque for compressors 1 and 2 coincide. Working at the same compression ratio,
selecting a higher rotation speed means higher torque.

Figure 10a displays the variation of compressor power consumption with torque. The
power consumption of the compressor increases linearly with the increase in torque and
rotational speed. The power consumption curves of compression 1 and 2 coincide with the
variation curve of torque. The power consumption of the compressor has great potential at
a high rotation speed. On the contrary, a higher rotation speed requires more torque than a
lower speed. When the compressor works at the variable rotation speed, the range is very
important for compressor power and torque.
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Figure 9. Variation of compression ratio with torque.
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Figure 10. Consumption of CAES with air tank with torque. (a) Compressor power. (b) Battery

power.
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Figure 10b shows the variation of the battery power output with torque. With the
increase in torque and rotational speed, the battery output power shows an increasing trend.
Under different torques and rotational speeds, the battery output power corresponding to
compressor 2 is greater than that corresponding to compressor 1.

Figure 11a displays the variation of 71 with torque. With the increase in torque, 7 first
increases, then tends to be flat, and finally shows a slight decrease. In addition, #; tends to
increase with the increase in rotational speed. The 71 of compressor 2 is higher than that of
compressor 1 under different torques and rotational speeds.
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(b)
Figure 11. Efficiency of CAES with torque. (a) DC/AC conversion efficiency. (b) Isotropic efficiency.
Figure 11b shows the variation of #, with torque. It can be seen that #, decreases with

the increase of in torque value but increases with the rotational speed. Under different
rotational speeds and torques, 77, of compressor 2 is greater than that of compressor 1.
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3.3. Influence of Mass Flow Rate on the Performance of the Compressor

Figure 12 describes the variation of torque with mass flow rate. With the increase in
mass flow rate, the torque first shows a linear increasing trend, then tends to be flat, and
finally shows an increasing trend again. At the same mass flow rate, the torque increases
with rotational speed. At different rotational speeds and mass flows rates, the torque value
corresponding to compressor 2 is greater than that corresponding to compressor 1.
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Figure 12. Variation of torque with mass flow rate.

Figure 13 displays the variation of current with mass flow rate. The current increases
with the increase in mass flow rate. At different rotational speeds and mass flow rates,

the current value corresponding to compressor 2 is greater than that corresponding to
compressor 1.
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Figure 13. Variation of current with mass flow rate.

Figure 14 presents the variation of pressure ratio with mass flow rate. With the increase
in mass flow rate, the pressure ratio first presents a linear increasing trend, then tends
to be flat, and finally presents an increasing trend again. At different rotational speeds
and mass flow rates, the pressure ratio corresponding to compressor 2 is greater than that
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corresponding to compressor 1. The mass flow rate clearly increases with the compression
ratio at the same rotation speed.
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Figure 14. Variation of compression ratio with mass flow rate.

Figure 15a displays the variation of compressor power consumption with mass flow
rate. With the increase in mass flow rate, the power consumption of the compressor first
presents a linear increasing trend, then tends to be flat, and finally shows an increasing
trend again. The power consumption of the compressor increases with the increase in
rotational speed. At different rotational speeds and mass flow rates, the power consumption
of compressor 2 is greater than that of compressor 1.

Figure 15b displays the variation of the battery power output with the mass flow
rate. With the increase in mass flow rate, the battery power output first presents a linear
increasing trend, then tends to be flat, and finally displays an increasing trend again. The
battery power output increases with the increase in rotational speed. At different rotational
speeds and mass flow rates, the battery power output corresponding to compressor 2 is
greater than that corresponding to compressor 1. Figure 15a multiplies DC/AC conversion
efficiency equal to Figure 15b.
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Figure 15. Cont.
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Figure 15. Consumption of CAES with mass flow rate. (a) Compressor power. (b) Battery power.

Figure 16a describes the variation of 771 with mass flow rate. With the increase in
mass flow rate, 71 first shows a linear increasing trend and then tends to be flat. Also, 11
increases with the increase in rotational speed. The #; of the compressor 2 is higher than
that of compressor 1 under different mass flow rates and speeds.

Figure 16b presents the variation of 7, with mass flow rate. #, decreases with the
increase in mass flow rate but tends to increase with the increase in rotational speed. When
the rotational speed is less than 2550 r/min, #, of compressor 2 is greater than that of
compressor 1.

3.4. Influence of Air Tank Pressure on the Performance of the Compressor in Parallel Mode

In Figure 17, solid and dash-dot lines show the variation of torque with the air tank
pressure when two compressors work in parallel. The torque increases with the pressure of
the air tank and rotational speed. In addition, the torque value corresponding to compressor
2 is greater than that corresponding to compressor 1. In parallel mode, the CAES unit
would have wide torque at the same rotation speed. It is obvious that under the same
pressure, the torque changed from 5.39 N-m to 8.23 N-m at the rotation speed of 2850 r/min.
On the contrary, single mode could reach 4.5 N-m at the same rotation speed. Parallel mode
could absorb more torque from the servo motor. Working in the variable condition, the
CAES unit would have a wide range to run. It is good for extensive CAES units. At the
same rotation speed of 2850 r/min, the parallel range is from 5.39 N-m to 8.23 N-m. On
the contrary, the single mode range is from 2.96 N-m to 4.25 N-m. But for lower rotation
speeds, the single range is from 1.24 N-m to 2.23 N-m at 450 r/min. The parallel range is
from 2.94 N-m to 4.65 N-m at 450 r/min.

Figure 18 shows the current at the same rotation speed has an influent on air tank
pressure. High torque needs a high current to drive the compressor. Especially at air tank
pressure, the compressor cannot pressurize the air in the tank easily, so it needs more
torque, and more current at the same rotation speed. Such as for 2850 r/min, 1.4 bar, the
current reaches 15.75 A and 12.71 A for compressor 2 and compressor 1. Dot lines show the
parallel influence, at 2850 r/min, the air tank pressure at 1.4 bar and 2.6 bar could reach
28.47 A and 46.4 A. Parallel mode could absorb more current from the grid because the
compressors are working in wide working conditions.
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Figure 16. Efficiency of CAES with mass flow rate. (a) DC/AC conversion efficiency. (b) Isotropic

efficiency.
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Figure 18. Variation of current with air tank pressure in parallel mode.

Figure 19 displays the variation of the pressure ratio with the pressure of the air tank
when two compressors work in parallel. The pressure ratio curves of compressors 1 and 2
basically coincide at different rotational speeds and air tank pressures. In parallel operation
mode, the pressure ratio corresponding to compressor 2 is greater than that corresponding
to compressor 1.
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Figure 19. Variation of compression ratio with air tank pressure in parallel mode.

Figure 20a describes the variation of compressor power consumption with the air
tank pressure in parallel mode. It can be seen from the figure that the compressor power
consumption increases with the increase in the air tank pressure and rotational speed.
In addition, the power consumption corresponding to compressor 2 is greater than that
corresponding to compressor 1 at different rotational speeds and air tank pressures.
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Figure 20. Consumption of CAES with air tank pressure in parallel mode. (a) Compressor power.
(b) Battery power.

Figure 20b describes the variation trend of the battery power output corresponding
to the compressor with the air tank pressure in parallel mode. The battery power output
corresponding to the compressor increases with the increase in the rotational speed and the
air tank pressure. In parallel mode, the battery power output corresponding to compressor
2 is greater than that corresponding to compressor 1.

Figure 21a displays the variation of 77; with the air tank pressure in parallel mode. In
general, 71 shows an increasing trend with the increase in the rotational speed and the air
tank pressure. In parallel mode, the 777 of compressor 2 is greater than that of compressor 1.

Figure 21b displays the variation of #, with the air tank pressure in parallel mode.
In parallel mode, the variation trend of #, with the air tank pressure is relatively gentle.
12 increases with the increase in rotational speed. In addition, the 7, corresponding to
compressor 2 is greater than that corresponding to compressor 1 at different rotational
speeds and air tank pressures.
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Figure 21. Efficiency of CAES with air tank pressure in parallel mode. (a) DC/AC conversion
efficiency. (b) Isotropic efficiency.

There is a large difference in isotropic efficiency at lower air tank pressures, but
the tendency is similar to Figure 16b. The air could obtain more energy at higher air
tank pressures at the same rotation speed. For isotropic efficiency, Figure 21b shows a
good performance in single mode, the isotropic efficiency is slowed down as the air tank
pressure increases. In parallel mode, this index first increases and then decreases in a small
fluctuation range.

3.5. Influence of Torque on the Performance of the Compressor in Parallel Mode

In Figure 22, solid and dash-dot lines display the variation of the battery current
corresponding to the compressor with torque in parallel mode. In parallel mode, the
battery current increases with the increase in torque and rotational speed. Moreover,
the battery current corresponding to compressor 2 is greater than that corresponding to
compressor 1 at different rotational speeds and torques. In parallel mode, the compressor
current range is from 29.02 A to 45.76 A, from 25.69 A to 42.07 A, and from 20.73 A to 37.61
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A, corresponding to 2850 r/min, 2550 r/min, and 2250 r/min. The values are larger than
those in single mode, and the range is wider than in single mode. That means compressor
parallel mode could work in a large and wide current situation.
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Figure 22. Variation of current with torque in parallel mode.

Figure 23 presents the variation of pressure ratio with torque in parallel mode. In
parallel mode, the pressure ratio increases with the increase in torque while decreasing
with the increase in rotational speed. The pressure ratio corresponding to compressor 2 is
greater than that corresponding to compressor 1 at different rotational speeds and torques.
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Figure 23. Variation of compression ratio with torque in parallel mode.

Figure 24a describes the variation of compressor power consumption with torque in
parallel mode. The power consumption of the compressor increases with the increase in
torque and rotational speed. In parallel mode, the power consumption of compressor 2 is
greater than that of compressor 1 at different rotational speeds and torques. A fixed voltage
could cause Figures 22 and 24a to overlap.
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Figure 24. Consumption of CAES with torque in parallel mode. (a) Compressor power. (b) Battery
power.

Figure 24b displays the variation of the battery power output corresponding to the
compressor in parallel mode with the torque. The power output of the battery corre-
sponding to the compressor increases with the increase in torque and rotational speed. In
parallel mode, the battery power output corresponding to compressor 2 is greater than that
corresponding to compressor 1 at different rotational speeds and torques.

Figure 25a exhibits the variation of #; with torque in parallel mode. In general, 71
increases first and then tends to be flat with the increase in torque. In parallel mode, the
11 of compressor 2 is higher than that of compressor 1 at different rotational speeds and
torques. Higher efficiency could be achieved in small torque and maintained in a wide
torque range.
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Figure 25. Efficiency of CAES with torque in parallel mode. (a) DC/AC conversion efficiency.

(b) Isotropic efficiency.

Figure 25b describes the variation of 17, with torque in parallel mode. When the
rotational speed is low, #, decreases first and then tends to be flat with the increase in
torque. When the speed is high, #, first increases, then tends to be flat, and finally decreases
slightly with the increase in torque. In parallel mode, 77, of compressor 1 is higher than
that of compressor 2 at different rotational speeds and torques. In parallel mode, a lower
torque leads to higher isotropic efficiency for the two compressors. As the torque increases,
isotropic efficiency is promoted at the same rotation speed. The isotropic efficiency is
distributed in a wide bell curve at high rotation speeds. But in the same torque range, the
fluctuation is not wide. On the contrary, a small rotation speed change is not significant.

3.6. Influence of Mass Flow Rate on the Performance of the Compressor in Parallel Mode

In Figure 26, solid and dash-do lines display the changing of torque with a mass flow
rate in parallel mode. It can be seen from the figure that torque increases with the increase
in mass flow rate and rotational speeds. The torque value corresponding to compressor 2 is
greater than that corresponding to compressor 1 at different rotational speeds and mass
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flow rates. In parallel mode, mass flow could affect apparently. The highest rotation speed
reached the platform at a mass flow rate of 8 g/s, which means higher torque could obtain
a smaller mass flow rate. In parallel mode, the operating range has changed outstanding
in large rotation speed and vice versa. The parallel ranges are from 6.57 N-m to 8.28 N-m,
from 5.12 N-m to 8.08 N-m, and from 4.81 N-m to 7.60 N-m, corresponding to 2850 r/min,
2550 r/min, 2250 r/min. However, single mode in all rotation speeds would be below
4.5 N-m, and high rotation could obtain greater mass flow rate.
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Figure 26. Variation of torque with mass flow rate in parallel mode.

Figure 27 exhibits the variation of power battery current with mass flow rate in
parallel mode. When the rotational speed is low, the current increases linearly with the
increase in mass flow rate and then tends to increase gently. When the rotational speed
is high, the current first shows a gentle growth trend with the increase in mass flow rate,
then shows a linear growth trend, and finally tends to slowly increase to the maximum
value. In addition, the current value corresponding to compressor 2 is greater than that
corresponding to compressor 1 at different rotational speeds and mass flow rates. In
parallel mode, the current is higher than single mode and the tendency is inherited from
single mode.
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Figure 27. Variation of current with mass flow rate in parallel mode.
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Figure 28 shows the variation trend of the pressure ratio with mass flow rate in
parallel mode. When the rotational speed and mass flow rate are low, the pressure ratio
increases linearly with the mass flow rate. In addition, the pressure ratio corresponding
to compressor 2 is greater than that corresponding to compressor 1 at different rotational
speeds and mass flow rates.
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Figure 28. Variation of compression ratio with mass flow rate in parallel mode.

Figure 29a shows the variation of compressor power consumption with mass flow
rate in parallel mode. It is not difficult to find that the variation trend of compressor power
consumption with mass flow rate is basically consistent with that of current with mass
flow. In parallel mode, the power consumption of compressor 2 is greater than that of
compressor 1 at different rotational speeds and mass flow rates.

Figure 29b shows the variation of battery power output with mass flow rate in par-
allel mode. The variation trend of battery power output with mass flow rate is basically
consistent with that of compressor power consumption with mass flow rate. Similarly, in
parallel mode, the battery power output corresponding to compressor 2 is greater than that
corresponding to compressor 1.

Figure 30a shows the variation of 771 with mass flow rate in parallel mode. When the
rotational speed is low, #; increases linearly with the increase in mass flow rate. When
the rotational speed is high, the variation of #; with mass flow rate is relatively gentle.
In parallel mode, the 771 of compressor 2 is greater than that of compressor 1. In parallel
mode, lower rotation speeds have great DC/AC conversion efficiency such as at 450 r/min,
750 r/min, and 1050 r/min.

Figure 30b displays the variation of 77, with a mass flow rate in parallel mode. With
the increase in mass flow rate, 7, shows a gradual variation trend first and then a down-
ward trend. At different rotational speeds and mass flow rates, the corresponding #, of
compressor 2 is greater than that of compressor 1. In parallel mode, isotropic efficiency is
not a downtrend compared to single mode. This curve would reach a peak in large rotation
speed, such as 1650 r/min, 1950 r/min, 2250 r/min, and 2550 r/min. It is better for the
compressor to operate at high efficiency.
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Figure 29. Consumption of CAES with mass flow rate in parallel mode. (a) Compressor power.
(b) Battery power.

In parallel mode, the compressor operation range will be wider, with torque and
current being able to increase twice as much than in single mode. It could be beneficial
for the small-scale CAES system to choose an appropriate scheme. Meanwhile, isotropic
efficiency has a significant improvement from a downtrend in single mode to a bell curve
in parallel mode. It could make the CAES system work with high efficiency.

3.7. Uncertainty Analysis

In accordance with the theory of error propagation, the square root method is used to
calculate the uncertainty [36], which can be written as

N9y 2
AY = —=AXj
L (55, 4% ©)
where AY is the absolute uncertainty of the variable Y and AX; is the absolute uncertainty
of the measured variable.
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Figure 30. Efficiency of CAES with mass flow rate in parallel mode. (a) DC/AC conversion efficiency.
(b) Isotropic efficiency.

The relative uncertainty of the variable can be written as [37]

AY
oY = 5 @)

In order to estimate the error related to the experimental data, uncertainty analysis is
required. Table 1 lists the estimated uncertainty of different instruments. Table 3 lists the
absolute and relative uncertainties of power outputs and efficiencies of the compressor and
generator.
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Table 3. List of the absolute and relative uncertainties.

Parameters Measuring Range Accuracy Relative Uncertainty
Pin, Pout 0-15 bar £0.2% FS 0.4%
Tin, Tout —20-100 °C +0.5% FS 2.5%
Torque 0-20 N-m +0.5% FS 1.67%
Rotation speed 0-6000 r/min £0.5% FS 1.5%
Volume flow rate 0-5000 L/min +0.5% FS 1.56%
Current 0-30 A +0.5% FS 1.67%

4. Summary and Conclusions

Based on the pneumatic motor, this study designed an experimental bench of the CAES
system, which integrates compression and expansion functions. The parallel operation
mode of the compressor was proposed to improve the working condition range of the
compressor. The main conclusions are as follows:

(1) The torque, pressure ratio, and power consumption of the compressor increase linearly
with the increase in the air tank pressure. The maximum value of power consumption
is approximately 1233.1 W.

(2) With the increase in mass flow rate, the pressure ratio and power consumption first
present a linear increasing trend, then tends to be flat, and finally shows an increasing
trend again.

(3) Parallel mode could extend the current and torque working conditions almost twice
as much as single mode.

(4) Inparallelmode, DC/AC conversion efficiency and isotropic efficiency have improved
significantly. The isotropic efficiency curve has a bell shape with a wide peak.

We should focus on different compressor performances for the CAES system, such as
the scroll compressor, wobble plate compressor, piston compressor, and rotary compressor,
and try to reveal the most influential parameters for the CAES system.
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Nomenclature
m Mass (kg)
n Rotation speed (r/min)
Pin Intake pressure (bar)
Pout Exhaust back pressure (bar)
P Power consumption of compressor (W)
Py Power output of battery (W)
T, Torque (N-m)
Greek letters
€ Expansion ratio
7 Efficiency
Acronyms

CAES Compressed air energy storage
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