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a b s t r a c t

Compressed air energy storage (CAES) is a method of energy storage which can convert the surplus
power to the internal energy of compressed air, and regenerates electricity whenever power is needed. A
clean CAES system coupled with wind and solar energy was developed to solve the dependence of
traditional CAES system on fossil fuels in China. The operating variables of the hybrid system include heat
exchanger effectiveness, ambient temperature, mass flow rate, total pressure ratio and compressor/
turbine stages. The effect of these variables on the system performance was evaluated, including output
power, overall efficiency, energy ratio (ER) and heat ratio (HR). The parameters, delineating criteria of the
potential development localities for the hybrid CAES system sites, such as solar and wind energy re-
sources, abandoned cavities of mines resources used as compressed air containers and the distribution of
cross-transmission lines in China were investigated. By this research, it was found that more than 13
major zones were of the capability to support the hybrid system in China. Finally, the environmental and
economic benefits of this CAES system were calculated, comparing to the conventional thermal power
plants; restrictions and policy supports of the CAES systems in China were discussed as well.

© 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Energies are the important driving force for global social, eco-
nomic and technological developments. The supply of energies
should be ensured as continuousness, reliability and low-pollution.
After nearly 40 years of development, China has become the
second-largest economy after the United States. However, the
economic progress of China is characterized by growing with high
energy consumption and severe environmental pollution. As seen
in Fig. 1, during the years of 1978e2013, the main energy con-
sumption of China is coal and oil. Even new forms of energy were
rapidly developed, such as hydro power, wind power and nuclear
power, the fossil fuels still took up a proportion as high as 89.98%
until 2013. This caused the economy development of China to
appear ‘High Carbon’ characteristic; and even more severe is that
oal Mine Disaster Dynamics
30, China.
the total carbon emission of China had exceeded that of both the
European Union and the United States in 2013, reaching approxi-
mately 10� 1010 tons [1,2]. Consequently, great harms are caused to
the climate, environment and humanity, such as global warming,
sea level rise, server smog and diseases spreading.

Especially in recent years, one of extreme weather, smog and
haze of China induced by wastes discharge of fossil fuels becomes
increasingly dangerous and has become a new threat to the all
Chinese. Up to now, smog and haze has occupied approximately
50% area of the entire country. Taking Beijing for example, in 2013,
the weather of smog and haze occupied over 189 days in total
during the whole year. In the most polluted periods, PM2.5 (fine
particular matter, with size less than 2.5 mm) approached 1000 mg/
m3. After that, straightly increasing of respiratory diseases, eye
diseases were caused. What's worse, fossil energies will eventually
run out in near future. It will be another global crisis for the entire
world. Hence, accelerating the development of renewable energies
to reduce the dependence on the fossil energies has become a
primary goal of the energy revolution of the China government, and
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Nomenclature

Symbols
hm mechanical efficiency, %
hmg motor-generator efficiency, %
b pressure ratio
cp specific heat at constant pressure, kJ/(kg K)
n polytropic index
k specific heat ratio

Subscripts
T temperature, K
p absolute pressure, bar
Dp pressure drop, bar
_m mass flow rate, kg/s
W power, kW
Q heat transfer rate, kW

ER energy ratio of motor to generator
HR heat rate
m heat exchange medium
c compressor
t turbine
in inlet
out exit
cool refrigeration process
hot heating process
cin inlet of compressor

Greek letters
cout exit of compressor
ε heat exchanger effectiveness
hn polytropic efficiency, %
h overall efficiency, %
tin inlet of turbine
tout exit of turbine

Fig. 1. The structure of energy consumption in China during 1978e2013 (C-coal, O-oil, HNWP-hydraulic, nuclear and wind power, NG-natural gas).
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it is also the sole way out of addressing the energy demand and
environment protection.

Renewable energy sources, such as wind power, solar power and
geothermal energy, have been discussed as renewable, sustainable
and environmentally friendly forms of energies. Thereby, they are
expected to play a major role in handling the demand for energy
and reducing environmental pollution [2e4]. China put forward the
revolution of energy production and consumption to develop clean
energies as a necessary mean for the prevention and controlling of
atmospheric pollution and carbon use reduction (2014 China Wind
Power Review and Outlook).

Renewable energy sources cannot directly provide either
continuous base-load power or peak-load power because of their
low power density and intermittent nature [5,6]. However, the
development and utilization of energy storage technologies make it
possible to solve these problems [7]. In recent years, energy storage
technologies have attracted great attentions from researchers and
policymakers due to their capabilities in reducing energy con-
sumption, costs and a possibility of being used as a substitute for
another energy source [8e13]. CAES (compressed air energy stor-
age) is one of the few energy storage technologies that is applicable
for long duration (tens of hours) and large power applications
(utility scale) at relatively low cost, as evidenced by the data on
capital costs [14].

What is CAES? A detailed introduce on CAES system is given in
Refs. [14,15]: when energy supply is under ‘Base loads’, surplus
electric power from the grid or the electricity generated from
renewable sources is utilized to compress the air and pump it into a
sealed underground cavern or a large sized storage tank at a high
pressure.Whenever there is power requirement, this high-pressure
air from the cavern or tank is retrieved and used to drive the tur-
bine, and electricity power is produced from the coupled generator.
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Quite often, the compressed air is mixed with natural gas and burnt
together to produce high compressed and high-temperature air
and then used to drive the generator to generate electricity. It can
generate as much as 80% of the power production and is regarded
as a high-efficiency energy storage system. And moreover, the
consumption of natural gas is very less. Thus it pollutes slightly to
the environments. Up to now, many countries has put forward to
build CAES system.

CAES is one of the two large-scale energy storage modes; the
other one is pumped hydroelectric storage (PHS) power station
[16]. Compared to conventional energy storage methods, CAES is
characterized by large high power, long duration and low price.
CAES is proposed and developed in recent years, and it is very
suitable for the energy storage and conversion of solar power and
wind power. CAES consists of large power mode, intermediate
mode, and small mode. The former needs sealed, large volume and
anti-compressed caverns as the compressed air storage space, such
as salt cavern, depleted oil/gas reservoirs or abandoned mine cav-
ities, and the working power can reach over 100MW; and the latter
used steel tanks as the compressed air container, and the power is
usually less than 10 MW. In this study, we predominantly focus on
large scale CAES. From the viewpoint of the world, as early as 1980,
Nordwest Deutsche Kraftwerke has already built the world's first
commercial CAES power station in the world in North Germany,
named as Huntort Power station [16,17], with a power rate of
290 MW. The compressed air container consists of two rock salt
caverns, having a total volume as great as 3,000,000 m3. This sta-
tion has an energy conversion energy rate of 80%. From 1980 to
now, this plant has been operated more than 8000 times, and it
works well up to now.

In 1991, Alabama Electric Cooperative built the second com-
mercial CAES power station in Alabama State of USA all around the
world. It is named as McIntosh Power Station, with the rated power
of 110 MW, which can supply electricity as long as 26 h and has a
short start-up time of 9e13 min. McIntosh had improved the
technology based on the Huntorf Station of Germany, including a
recovery system of waste heat, thus 25% of fuel can be saved. It also
used a salt cavern as the compressed air container, which has a
volume of 532,000 m3, with the running internal pressure between
4.5 and 7.4MPa [17]. In recent years, Japan is building a CAES Power
Station with a power rate of 35 MW, and a wasted mine cavity is
used as the compressed air container; Israel is also building a CAES
power stationwith the rate of 100MWand an aquifer is used as the
air storage space [15,18].

Since the 1940s, researches and developments on the CAES
system have been very attractive. The CAES system can be divided
into the following categories, according to whether they are hybrid
with other thermodynamic cycle systems [19].

(1) Conventional compressed air energy storage system;
(2) CAES and gas turbine hybrid power system, presented in

Refs. [20e23];
(3) CAES-gas turbine and steam turbine combined cycle, pre-

sented in Refs. [24e26];
(4) CAES and internal combustion engine hybrid system, pre-

sented in Refs. [26e29];
(5) CAES refrigeration system, presented in Ref. [30];
(6) CAES- renewable energy coupling system, presented in

Refs. [31e34].

However, the conventional CAES systems have these short-
comings: (1) they still need to burn fossil fuels; (2) the efficiency of
small systems is not high and (3) the large systems require specific
geological conditions to build compressed gas storage chambers.

This paper proposes a clean CAES system hybrid with wind and
solar energy. The system use heat storage/heat exchange devices
instead of combustion chamber of traditional CAES, use the surplus
energy of the wind power plant to provide power for compressed
air storage, and use solar energy to provide heat source for heat
storage/heat exchange devices, so as to solve the dependence on
fossil fuels of traditional CAES systems.

The paper is organized as follows: Section 2 introduces the
mathematical models of the system components considered in this
study (compressors, turbines, heat storage/heat exchange devices)
and discusses the influence of the key factors on system perfor-
mance. Section 3 introduces the wind and solar energy resources
distribution, available reservoirs for compressed air storage, and
the UHV (Ultra high voltage) line planning of China in recent years.
And then, we propose the potential sites of the hybrid CAES system
in China based on the above analysis. In Section 4, the economic
benefits of the hybrid CAES system are preliminarily assessed based
on environmental benefits, comparing with the thermal power. In
Section 5, the restrictions and policy supports for the new CAES
system in China were briefly discussed. Finally, concluding remarks
are provided in Section 6. This system is capable to not only provide
practical solutions for renewable energy continuous use with large
scale but also significantly alleviate the impacts of environmental
pollution caused by fossil energy consumption.

2. CAES system coupled with wind and solar energy

The clean CAES system coupled with wind and solar power was
developed, as shown in Fig. 2. The system includes power unit for
compressed air, staged compressor, heat storage/heat exchange
devices, gas chambers and staged turbine. In charging stage, air is
compressed to high pressure bymulti-stage compressors, using the
surplus electricity from wind power plants, and stored in the air
storage chamber; during peak load hours, solar collectors provide
enough heat for the heat storage device; during base-load stage, the
compressed air is heated by the heat exchanger, and then drive a
multi-stage expansion turbine to generate electric power. Each
stage compressor/turbine is equipped with separate heat exchange
equipment. When air is compressed, the heat exchange device
between the compressors absorbs the heat released by compressed
air, using cold water. When the turbine works, heat storage me-
dium (molten salt) with high temperature enter into heat
exchanger from heat reservoir to heat compressed air. Heat storage
medium with low temperature coming out from the heat
exchanger is collected to the cold reservoir, and reheated by a solar
collector for repeated use.

Different from conventional CAES systems, this new hybrid
CAES system stores solar radiation energy using a phase change
material of molten salt as the heat storage media. It can absorb or
release a lot of heat and achieves energy conversion in the process
of phase change. The molten salt has large energy-storage density,
high efficiency as well as wide temperature range (300e1000 �C),
and the endothermic/exothermic process is almost under
isothermal conditions [35]. It can solve the problem of low efficacy
in the process of compressed gas expansion doing work in a tur-
bine. Furthermore, compared to the conventional CAES system, this
new system also has these advantages:

(1) It is environmentally friendly with no pollutants and
greenhouse gas emissions.

(2) It can achieve significantly smooth power output to make up
the fluctuation of the wind and photovoltaic power genera-
tion, and ensure power output to bemore stable and reliable,
thus the proportion of wind-powered electricity in the po-
wer grid can be increased to 80%, far higher than the tradi-
tional ceiling of 40% [36].



Fig. 2. Schematic diagram of CAES system hybrid with wind and solar energy.
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(3) Available reserves of wind energy and solar energy resources
are adequate and have wide distribution, which makes the
site selection of systemmore flexible and achieve large-scale
and continuous use of the renewable energies.
2.1. Theoretical analysis

The system uses axial and centrifugal compressors. The axial
compressor is used at low pressure and centrifugal compressor at
high pressure. Axial flow turbine or centripetal turbine can be used
as compressor in the system. Molten salt is chosen as the thermal
storage medium. The compressors and heat exchangers between
compressors are numbered from 1 to N according to the air flow
direction, so are the turbines and heat exchangers between tur-
bines. And each compressor/turbine has the same pressure ratio. It
must be noted that the pressure drop and cycle power consumption
of the heat storage medium are not considered in the process of
thermodynamic model building and performance calculations.
Besides, the heat loss of pipes and heat reservoirs is not considered,
too.

2.1.1. Compressors
The polytropic efficiency (hn;c) of the axial flow compressor or

the centrifugal compressor changes with pressure ratio of the air
(bc), and it can be evaluated using the relations presented in
Ref. [37] as follows:

hn;c ¼ 0:91� bc � 1
300

(1)

The temperature rise in the compressor is calculated using the
polytropic relations for ideal gases as follows [38]:

Ti;cout ¼ Ti;cinb
n�1
n
i;c (2)

n�1
n can be replaced by the relation as follows:
n� 1
n

¼ k� 1
khn;c

(3)

The power of each compressor stage is computed by the
following equation:

Wi;c ¼ cp;air _mc;airTi;cin
�
b

n�1
n
i;c � 1

�
(4)

where, cp;air is calculated at the average inlet-exit temperature by
the following equation, in Ref. [39]

cp;air ¼
�
28:11þ 0:1967� 10�2 � Tin�e þ 0:4802� 10�5

� T2in�e � 1:966� 10�9 � T3in�e

�

=28:97 (5)

The pressure drop through each heat exchanger (Dpi�1;cool) is
evaluated using the relations presented in Ref. [37]

Dpi�1;cool ¼
0:0083ε
1� ε

� pi�1;cout (6)

Eq. (7) can be obtained from Eq. (6)

pi;cin ¼ pi�1;cout � Dpi�1;cool ¼ pi�1;cout

�
1� 0:0083ε

1� ε

�
(7)
2.1.2. Turbines
The polytropic efficiency of the turbine can be evaluated using

the relations presented in Ref. [37] as:

hn;t ¼ 0:9� bt � 1
250

(8)

The outlet temperature (Ti;tout) of each turbine is calculated
using the polytropic relations for ideal gases as follows:



Table 1
Calculation parameters of the hybrid CAES system.

Parameters Value

Heat exchanger effectiveness 0.7, 0.75, 0.8, 0.85, 0.9
Ambient temperature (K) 290, 295, 300, 305, 310
Mass flow rate (kg/s) 120, 140, 160, 180, 200
Total pressure ratio 71, 131, 173, 224, 313
No. of compression/turbine stage 2, 3, 4, 5
Ambient pressure atm (bar) 1.013
Outlet pressure of turbine (bar) 1.02
Heat medium temperature (K) 773 (500 �C)
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Ti;tout ¼ Ti;tin
.
b

n�1
n
i;t (9)

n�1
n can be replaced using the relation as follows:

n� 1
n

¼ hn;tðk� 1Þ
k

(10)

The power of each turbine stage (Wi;t) can be calculated by the
following equation:

Wi;t ¼ cp;air _mt;airTi;tin
�
1� 1

.
b

n�1
n
i;t

�
(11)

The pressure drop (Dpi;hot) through each heat exchanger is
evaluated using the relations presented in Ref. [40], as:

Dpi;hot ¼
0:0083ε
1� ε

� pi�1;tout (12)

Eq. (13) can be got from Eq. (12)

pi;tin ¼ pi�1;tout � Dpi;hot ¼ pi�1;tout

�
1� 0:0083ε

1� ε

�
(13)

2.1.3. Heat exchangers
According to the heat exchanger effectiveness presented in

Ref. [40], the outlet temperature (Ti;air;out) of each heat exchanger of
the compressor (turbine) is calculated as:

Ti;air;out ¼ ð1� εÞTi;air;in þ εTm;in (14)

ε will influence the value of Ti;air;out . Combining with Eq. (20), the
value of ε influence both numerator and denominator fraction.

Cold water is used as the heat exchange medium of every stage
compressor with the same temperature of 280 K (7 �C). Molten salt,
used as the heat storage medium of each stage turbine, is heated by
the collected solar energy. Here, we set the inlet temperature of a
turbine-side heat exchanger Tm;tin as 773 K (500 �C) [41].

Heat absorbed per unit time at isothermal stage heat exchanger
of turbine can be calculated as follows:

Qi ¼ cp;air _mt;air
�
Ti;tout � Ti;tin

�
(15)

By substitution of Eq. (14) into Eq. (15), the following relation is
obtained:

Qi ¼ εcp;air _mt;air
�
Tm;tin � Ti;tin

�
(16)

Thus, the total absorbed solar energy through turbine expansion
work is identified as follows:

Q ¼
XN
i¼1

εcp;air _mt;air
�
Tm;tin � Ti;tin

�
(17)

2.1.4. System performance
From the energy point of view, the energy input of the system

includes two parts Wc and Q, and the available energy output
comes from the turbine expansion work.

The total input power of the multi-stage compressor is calcu-
lated as:

Wc ¼
XN
i¼1

Wi;c (18)
The total output power of the multi-stage turbine is calculated
as:

Wt ¼
XN
i¼1

Wi;t (19)

Suppose that the working time of the compressor is the same as
that of the turbine, then the total efficiency of the system h is
calculated from Eqs. (17)e(19) as follows [42]:

h ¼ Wt

Wc þ Q

¼
PN

i¼1 cp;airmt;airTi;tin
�
1� 1

.
b

n�1
n
i;t

�
PN

i¼1

h
cp;air _mc;airTi;cin

�
b

n�1
n
i;c � 1

�
þ εcp;air _mt;air

�
Tm;tin � Ti;tin

�i

(20)

The motor power for compressors is:

Wm ¼ Wc

hmhmg
(21)

Assuming that the charging and discharging mass flow rates of
the air are the same, and so the charging and discharging time, then
the energy ratio (ER) is:

ER ¼ Wm

Wt
(22)

And the heat ratio (HR) is expressed as follows:

HR ¼ Q
Wt

(23)

ER reflects how much of the wind power transfers to the final
electricity from the turbine stage. The higher the ER, the more the
final electricity comes from the wind power. HR indicates the share
of the final output energy contributed by the solar power. Obvi-
ously, ER and HR behave a relationship of one failing and other
rising once the output power is constant.

2.2. Discussion of the system performance

The thermodynamic model of the system showed that the ef-
ficiency of the system was influenced by the heat exchanger
effectiveness, ambient temperature, mass flow rate, total pressure
ratio and number of compressor and turbine stages. The impacts of
these factors on the output power and overall efficiency of the
system were calculated and analyzed in this section. The specific
parameters are presented in Table 1.

Fig. 3 shows the variation of the system output power and
overall efficiency with different heat exchanger effectiveness (ε),
ambient temperature, mass flow rate ( _m), total pressure ratio and
number of compressor/turbine stages (N).



Fig. 3. Variation of output power (Wt) and overall efficiency (h) of the new hybrid CAES system with different specific parameters.
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Combining Eqs. (14) and (20), the values of ε influence both
numerator and demoninator in Eq. (20), so the curves between ε

and h is a curve rather than a straight line. Just as Fig. 3-a shows,
there is an optimal value of the heat exchanger effectiveness. Below
this value, both the output power (Wt) and overall efficiency (h)
increase with the heat exchanger effectiveness; when greater than
this value, the output power and overall efficiency reduce with the
heat exchanger effectiveness. Moreover, the overall efficiency
shows a larger variable range than that of the output power. So the
heat exchanger effectiveness has greater impact on the overall ef-
ficiency. In aword, to guarantee the overall efficiency of the system,
the heat exchanger effectiveness is recommended to be 0.85.

In Fig. 3-b, the output power (Wt) is almost constant with the
increase of the ambient temperature. Thus the ambient tempera-
ture has nearly no influence on the output power. As for the overall
efficiency (h), it is slightly increased with the ambient temperature,
ranging from 46.53 to 46.75%. Therefore, the ambient temperature
is an inessential factor on the performance of this system.

According to Eq. (11), the output power is directly proportional
to mass flow rate. Thus it is linearly increased with the mass flow
rate, as shown in Fig. 3-c but mass flow rate can be removed from
the numerator and denominator in Eq. (20), so it has no impact on
the overall efficiency. In a word, adding the mass flow rate is an
effectiveway to increase the output power of the system and obtain
the needed output power.

In Fig. 3-d, it shows when the total pressure ratio is between 71
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and 131, the overall efficiency (h) is elevated by increasing the total
pressure ratio. When the pressure ratio is over 131, h becomes
stable and even a little deceasing. However, the output power
continues increasing with the pressure ratio in the whole range.
This is easy to understand, increasing the pressure ratio means
more work, thus more energy transfers to output power.

In Fig. 3-e, the number of the compressor/turbine stages has a
remarkable influence on the overall efficiency.When the number of
stage equals one, h is as low as 39.88%; but when the stage number
is five, h is increased to 47.66%, with an increment of 19.5%. As for
the output power (Wt), it is also promoted by adding the number of
stage, but the incremental degree is much smaller than that of h.
Although increasing the number of stage is an available method to
improve the output power and overall efficiency, the extra
increased installing and operating of compressors/turbines also
adds cost. Thus, the number of stage for an actual engineering
should be comprehensively analyzed to determine.

Above all, the overall efficiency is around 46e47%. The number
of stages has the largest effect on the system's overall efficiency,
then the heat exchanger effectiveness. The other three factors have
only slight influences on it. Themass flow rate has the biggest effect
on the output power, then the pressure ratio. For a hybrid CAES
system, higher efficiency, more output power and better economy
are all desirable goals. Thus, for an actual hybrid CAES system, the
parameters and designing plans of the system should be furtherly
considered according to the specific circumstance.

Fig. 4 shows the variations of ER and HR with different heat
exchanger effectiveness (ε), ambient temperature, total pressure
Fig. 4. Variation of ER and HR with
ratio and number of compressor/turbine stages (N).
Fig. 4-a shows that improving the heat exchanger effectiveness

(ε) will reduce ER but increase HR. Even so, the variations of ER and
HR are very slight, especially that of HR.

Fig. 4-b shows that ER and HR are influenced a little by the
ambient temperature. Thus, similar with that in Fig. 3-b, the im-
pacts of the ambient temperature on ER and HR can be also
neglected.

As shown in Fig. 4-c, with the increasing of pressure ratio, ER is
increased indicating more wind power contributes to the final
output power. Correspondingly, HR is decreased with pressure ra-
tio. Combining with Fig. 3-d, it is recommended to add the pressure
ratio if economy is permitted. Moreover, the increase of the pres-
sure ratio can add the share of wind energy to the overall output
power, which is a good choice for the area with slightly insufficient
solar power.

In Fig. 4-d, the number of compressor/turbine stages shows the
largest impact on ER andHR. ER is significantly lessened as the stage
number increases. And HR is also remarkably promoted with the
stage number. Combining with the overall efficiency of Fig. 3-e, we
suggest the stage number be not less than three.

In addition, as the mass flow rate has no influence on the effi-
ciency of the system, it also behaves no impact on ER and HR, thus
the result is not given here.

Above all, all the parameters have influences on the variations of
ER and HR. Comparatively speaking, only the pressure ratio and
number of compressor/turbine stage have an obvious influence on
HR and ER. The effects of other parameters are slight to negligible.
different specific parameters.
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ER and HR reflect the proportions of wind energy and solar energy
to the overall output power, respectively. For an area owning wind
energy and solar energy, it is available to the new hybrid CAES
system. However, the proportions of wind power and solar power
are different in different areas. On the premise of acceptable output
power and overall efficiency, to improve the overall efficiency of
energy utilization, this section provides an available reference for
optimizing the parameters of an actual hybrid CAES system.
3. Suitable site selection for the hybrid CAES system in China

One of themost important condition to achieve this hybrid CAES
system is first to find the potential areas with adequate wind re-
sources and solar energy resources at the same time. The second is
to have the appropriate geological conditions to build enough space
to store compressed air. The third is to have a grid system to provide
the surplus power source for air compression and to output the
electric power generated by the compressed air expansion work.

The wind power, solar power and coal mine sources are pre-
sented in Figs. 5e7. Then the overlapping areas can be easily found.
More detailed description on these three figures will be presented
in other sections.
3.1. Wind energy potential in China

3.1.1. The distribution of wind energy resources
China has abundant wind energy resources. On land, the wind

power resources that 10 m above the ground level in the total
reserve is approximately 3.2 Billion kW, the exploitable capacity of
which is up to 253 Million kW. And the offshore wind energy
reserve that 10 m above the sea level is three times more than that
on land [43]. The theoretical reserve of the wind energy resource
that 50 m above the ground level is approximately 7.3 Billion kW
with an annual average wind power density greater than 300 W/
Fig. 5. Land wind resource and wind power plant distribution of China.
Source: http://www.weather.com.cn/zt/tqzt/09fn/08/63446_3.shtml
m2. And the technological development capacity of wind power
resource that 80 m above the ground level is 9.1 Billion kW with a
wind speed of 6.5 m/s [44].

Based on the annual effective wind power density and annual
cumulative hours of the wind speed, China's wind energy can be
divided into four areas (as shown in Table 2), distribution of wind
energy resource and the wind power plants in China is as Fig. 5
shows. The advantageous regions of wind power resource are
described as follows:

Wind energy resources on land mainly concentrate in the Three
North Region (northeast China, northwest China and the northern
areas of North China). And among them, the effective wind power
density in northern Xinjiang, Inner Mongolia, northern Gansu,
Heilongjiang, eastern Jilin, northern Hebei as well as Liaodong
Peninsula is above 200 W/m2. The annual cumulative hours of the
wind speed equal to or higher than 3 m/s surpass 5000 h in these
areas, and the annual cumulative hours of the wind speed equal to
or greater than 6 m/s is more than 3000 h.

China's South-East coastal areas and the nearby islands are also
rich in wind energy. The annual effective wind power density of
these regions is equal to or greater than 200 W/m2, the annual
cumulative hours of the wind speed equal to or greater than 3 m/s
is about 7000e8000 h, and the annual cumulative hours of wind
speed equal to greater than 6 m/s is approximately 4000 h. How-
ever, short of a land resource is a significant limitation to the uti-
lization of the wind power resources in these regions.
3.1.2. The overall condition of wind power installed capacity
In 2014, China's wind power industry enjoyed a booming

development, and the newwind power installed capacity refreshed
the historical record. According to the statistics, the whole country
(except for Taiwan Area) had newly installed 13,121 wind turbine
generators, and the new installed capacity increased by
23,196 MW; the whole country accumulatively installed 76,241

http://www.weather.com.cn/zt/tqzt/09fn/08/63446_3.shtml


Fig. 6. The spatial distribution of average amount of total radiation of China from 1978 to 2007 (kWh/m2).

Fig. 7. Coal resource distribution in Chinese mainland.

Table 2
The distributions of wind energy resources in China and their respective area percentage of the whole country [45].

Index High Moderate Marginal Poor

Annual effective wind power density (W/m2) >200 200e150 <150-50 <50
Annual cumulative hours of wind speed�3 m/s >5000 5000e4000 <4000-2000 <2000
Annual cumulative hours of wind speed�6 m/s >2200 2200e1500 <1500-350 <350
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wind turbine generators, and the accumulative new installed ca-
pacity reached 114,609 MW (See Fig. 8). Among them, Inner
Mongolia Autonomous Region still ranked first in the country with
an accumulative installed capacity reaching 22,312.31 MW, which
accounted for 19.5% of all. Then Gansu Province ranked second with
a percentage of 9.36%. Hebei Province and Xinjiang Autonomous
Region had similar percentages which were 8.61% and 8.44%
respectively (See Fig. 9). Seen from Fig. 9, the distribution of China's
wind power plants stays the same with the wind energy resources,
mainly concentrating in the Three North Regions as well. These
areas can provide sufficient cheap source of power for the hybrid
compressed air energy storage system, so they are potentially
applicable areas.
3.1.3. Situations of abandoned wind energy
As early as 2009, the wind power installed capacity of China

firstly surpassed the nuclear power and became the third-largest
one within the whole power source structure (See Fig. 10). It
means that wind power has occupied a decisive position in the
whole constitution of power sources. However, the utilization ef-
ficiency of wind power still stays low, and the abandoned wind rate
remains severely high because of the following reasons:

(1) The exploitation of wind power highly centralizes in the
Three North Region;

(2) Wind power and power grid construction is not
synchronized;

(3) Local load level is low;
(4) Lack of energy reserve system;
(5) Immature cross-province and cross-district market and

other reasons.

In 2012, the abandoned wind rate in China was 17.12%, reaching
a historically high level. Although the abandoned wind rate was
controlled down to about 11% in 2013, it still far surpassed the
reasonable range which is recognized as about 5% by the industry.
In recent years, the phenomenon of abandoning wind power and
Fig. 8. The new installed capacity and total installed capacity during 2004e2014.
Source of data: CWEA
limiting electricity mainly exists in the Three North Region where
there is an abundance of wind energy resource and centralized
installed capacity. Among them, as seen in Table 3, the provinces
like Jilin, Inner Mongolia, and Gansu are the areas with most
centralized phenomenon of abandoning wind power and the
highest abandoning rate (up to 20%). Especially, in the recent 5
years, the phenomenon of abandoning wind power and limiting
electricity has the following characteristics: Firstly, both the change
of the abandoned wind power quantity and the variety of aban-
doning wind power rate present a parabola tendency (See Fig. 11).
Secondly, the amount of abandoning wind energy is closely related
to thewind turbines installed capacity. Compared the total installed
capacity with the quantity of abandoning wind power, the total
amount of the abandoning wind energy tends to increase with the
growth of the wind turbine installed capacity. And thirdly, the rise
of the wind power proportion in the entire structure of energy
supply highlights the problem of wind energy resource wasting.

Therefore, the problem of abandoning wind energy has caused a
huge waste of clean energy resources and has gradually become a
high restriction to the exploitation of wind power. Also, it is still an
important reason why the use of non-clean energy resource like
thermal power always stays at a high level. Setting up an air
compression system, storing the electric energy at troughs and
providing electrical energy at peaks has become an effective way to
ease the waste of clean energy like wind power, which will bring
enormous economic benefits and environmental benefits to the
society.
3.2. Solar energy potential in China

The total land surface solar radiation energy reaches
1.47 � 1016 kWh each year in China. And the distribution of the
solar energy resources is very complex affected by latitude, terrain
and climate characteristics [47] (See Fig. 6). According to the
“Classification of solar energy resourcesdGlobal radiation”, the
solar energy resources is classified into four grades in China (See
Table 4).



Fig. 9. The total wind power installed capacity of different provinces of China in 2014.
Source of data: CWEA

Fig. 10. The installed power-generating capacity of China from 2003 to 2013.
Source of data: The National Bureau of Statistics of the People's Republic of China
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There is a most abundant solar energy resources belt, consisting
of Xinjiang southeast edge, Tibet, Midwest of Qinghai, west of the
Hexi Corridor in Gansu Province, Alxa Plateau and western area of
Inner Mongolia, which covers 20% of the total land areas. And the
south of Tibet and Golmud in Qinghai are the two high-value
centers with the total annual radiation of 2000 kWh/m2. The
northwest and eastern part of the belt, are the two “richer zone” of
China's solar energy resources, accounting for nearly 40% of the
land area. Therefore, these regions are the concentrated locations to
provide sufficient clean solar source for the hybrid CAES system and
are substantially coincident with the potential use area of wind
resources.



Table 3
2012e2013 Comparison Table of abandoning wind energy situations in key areas (resource of date: Renewable Energy Information Management Center of China).

Regions Quantity of electric loss by abandoning wind
energy (100 GWh)

Rate of abandoning wind energy

Year of 2012 Year of 2013 Year of 2012 Year of 2013

Jilin 20.32 15.72 32.23% 21.79%
Gansu 30.24 31.02 24.34% 20.65%
East of Inner Mongolia 52.36 33.99 34.30% 19.54%
Hebei 17.65 28 12.48% 16.59%
Heilongjiang 10.5 11.51 17.40% 14.61%
West of Inner Mongolia 60.99 29.9 26.03% 12.17%
Xinjiang 2.15 4.31 4.29% 5.23%
Liaoning 11.29 5.28 12.54% 5.00%
Yunnan 1.7 1.69 5.98% 3.68%
Ningxia 0.47 0.43 1.22% 0.73%
Shanxi 0.16 0 0.57% 0.00%
National average 208.22 162.31 17.12% 10.74%

Fig. 11. Statistics of the total quantity of abandoned wind energy of China in recent 5 years [46].

Table 4
Solar energy resources grades.

Name Grade symbol Classification threshold (kWh/m2)

Richest A �1750
Richer B 1400e1750
Rich C 1050e1400
Ordinary D <1050
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3.3. Energy storage availability in China

The compressed air reservoirs can be hard rock cavern, depleted
gas reservoirs or salt cavern [18,48,49]. From the distribution rule of
wind energy and solar energy resources, it is not hard to find that
the “Three North Region”where there is no deep salt mine resource
(except Pingdingshan city) or aquifer resource, and oil and gas
fields are partially overlapped with wind and solar energy regions.
Therefore, it is unreasonable to use salt caverns or aquifers as
compressed air storage. However, there are enormous reserves of
coal resources in these regions, and the coal reserves in Xinjiang,
InnerMongolia, Shaanxi and Shanxi accounted for 79.5% of the total
reserves of China [50], and the primary mining method is under-
ground mining (see Fig. 7). In China, coal resources concentrated in
these regions, forming a large number of coal cities including
Fushan, Datong, Tangshan, Zaozhuang, Huainan, Pingdingshan, Jixi,
etc. As much as 80% of the total mining cities has been at its best or
recession time, which means that there will be plenty of under-
ground tunnels and cavities being abandoned, forming hundreds of
millions of cubic meters of space in the future years [51,52]. Ac-
cording to statistics from 1953 to 1998, there were 459 abandoned
state-owned key coal mines, mainly in the Northeast and North
China, such as Jixi, Hegang, Fuxin, Beipiao, Shuicheng, Yongyong,
Tianfu mining areas.

Reasonable secondary utilization of the abandoned mine tun-
nels, cavities, not only has the primary benefits of saving land,
protecting the environment, improving ground transportation, but
also has the following advantages:

(1) The depth of the abandoned mine tunnel reaches to hun-
dreds of meters, even over 1 km, providing higher security
than the general underground space or surface tanks.

(2) The temperature, humidity and other environmental condi-
tions in the abandoned mine tunnels have small changes
throughout the whole year because of the large depth and
relatively separating with atmospheric environment.
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(3) Abandoned mine tunnels save much investment than the
new construction underground space or surface tanks,
though they need be transformed, reinforced and repaired
before putting into operation.

There have been precedents for the abandoned mine converted
into useful resource for power generation all around the world. For
instance, the Netherlands made use of geothermal resources of
abandonedmine to build a newgeothermal power plant, which can
reduce carbon dioxide emissions compared with the conventional
coal-fired power station [53]. And in this respect, China has made
some achievements in scientific research. In 2004, Shen Lang
(China) developed a method of building compressed air energy
storage power station using abandoned mine, and successfully
applied for a patent. In short, the secondary use of waste coal mine
as a compressed air reservoir, both amounting to available re-
sources and technical feasibility meet the corresponding
conditions.

In addition, several big oil/gas reservoirs are situated in the
Three North Region, such as Daqing oilfield in Heilongjiang, Huabei
Oilfield in Heibei, Zhongyuan oilfield in Henan, Yumen oilfield in
Gansu, and Karamai oilfield in Xinjiang. There are a large number of
depleted oil/gas reservoirs in these oilfields, which provide a sec-
ond candidate as the compressed air storage. In Three North Region,
salt caverns only exist in Pingdingshan, which probably provides a
site for the air compression storage. However, some other salt
mines, such as Jintan salt mine and Huai'an salt mine are nearby the
eastern coastal areas [54,55], which supply potential air compres-
sion storage for utilizing local wind power.
3.4. Grid connection availability in China

Considering the market size and resources for peak load regu-
lation, further construction space of large-scale wind farm in the
“Three North Region” is very limited if there are no outgoing
channels. But nationwide, the current wind power accounts for
only approximate 6% of the total installed power, and there is still
Fig. 12. Plan of Chinese UHV lines in 2020. Abbreviation explanation: SJZ-Shijiazhuang, YC
Source: China Wind Power Review and Outlook in 2014
huge space for development (China Wind Power Review and
Outlook in 2014).

Currently, the cross-transmission line between Gaoling and
Tianma was put into operation, which increased the wind power
transmission capacity to 3 GW and achieved cross transaction of
wind power between the Northeast and North China. The main
power grid of 750 kV, contacting Xinjiang and the Northwest, has
been completed and operation, which increased the wind power
transmission capacity of Gansu Jiuquan from 2600 MW to
4200 MW, promoting wind power coordinate consumptive of
Gansu in the entire northwest Power Grid (China Wind Power
Review and Outlook in 2014).

According to the plan of the national grid, more than 500 Billion
RMB will be invested to build three vertical and three horizontal
backbone grids of UHV AC and 11 HVDC transmission project in the
period of the 12th Five-Year Plan of China. The program will set
energy bases as the center, deliver the wind power of Xinjiang
Autonomous Region to Henan province, and output the Inner
Mongolia wind power and photovoltaic power to Beijing. By 2020,
the State Grid will build “five vertical and five horizontal” UHV AC
backbone network and 27 HVDC transmission project (see Fig. 12).
By then, the State Grid will have 450 Million Kilowatts of cross
provincial transportation ability, which will improve the lack of
cross-transmission capacity in China, and provide favorable con-
ditions for hybrid CAES system to play a role of “cut peak and fill
valley”.
3.5. The best potential use areas of the hybrid CAES system in China

According to the analysis in Section 3.1e3.4, south China,
southwestern China, eastern coastal regions of China and central
China all lack of one or more necessary factors for the hybrid CAES
site. For instance, the eastern coastal areas are rich of wind power,
grid capacity and salt caverns but poor in solar power. So these
areas are all unsuitable to the hybrid CAES system. Only the Three
North Region simultaneously owns wind and solar power, grid
capacity and underground space. Then by further narrowing the
-Yinchuan, JB-Jingbian, AY-Anyang, ZMD-Zhumadian, XZ-Xuzhou.



Fig. 13. The best potential use regions of the hybrid CAES system in Chinese mainland.

Table 5
Pollutant emission rates for one ton of coal fired [56].

Pollutants SO2 NOy CO2 CO TSP Ash Slag

Emission rate (kg/t) 1.25 8 1730.97 0.26 0.4 110 30

Notice: TSP-total suspended particulate.

Table 6
Charges for emissions of various pollutants in thermal power industry [57,58].

Pollutants SO2 NOy CO2 CO TSP Ash Slag

Charges standard (yuan/kg) 6.00 8.00 0.13 1.00 12.20 0.12 0.10
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sites in this region, the following conclusions can be drawn: the
best potential use regions of the hybrid CAES system include the
northeastern edge of Xinjiang, mid-eastern Inner Mongolia, mid-
western Liaoning Province, northern Shaanxi Province, north-
western Gansu Province, northern Ningxia Autonomous Region,
central Qinghai Province, Hebei Province, Shanxi Province, and Jilin
Province (see Fig. 13). The reason is as follows:

(1) Wind energy and solar energy are sufficient. The annual
average wind energy density in these areas is more than
150 W/m2. As of 2014, the cumulative wind power capacity
in these areas accounts for more than 72% of the nation. The
total annual amount of solar radiation in these areas is more
than 1400 kWh/m2, belongs to the A or B grade.

(2) Massive quantities of abandoned mines can be used as the
compressed air reservoirs. These areas are rich in under-
ground mineral resources, and coal resource is the most
widely distributed, the amount of coal mining accounts for
more than 80% of the country's coal mining, which can
provide a lot of cheap gas storage for the CAES system.

(3) Facilities of the grid connection are improved. Several cross-
transmission lines of these areas will be established in the
next few years. A unified, strong and smart grid will be
formed to contact the local renewable energy base andmajor
load centers. This will realize nationwide optimal allocation
of wind power and photovoltaic resources, helping the
hybrid CAES systems play a “load shifting” role in these areas,
and effectively solving the severe phenomenon of aban-
doning wind power.

4. Environmental-economic suitability of the hybrid CAES
system

The CAES system couples with clean wind and solar energy,
almost no emissions of any pollutant compared to conventional
thermal power. Table 5 shows the pollutant emission rate of one
ton of coal in power plants according to the current thermal power
generation technology. In Table 5, the unit calorific value of coal
quality is 21.2 MJ/kg, sulfur content is 1%, ash is 15%, and electro-
static precipitator efficiency is 99%. The current standard of emis-
sions charges of various pollutants in the thermal power industry is
shown in Table 6.

The environmental benefits of the hybrid system are related to
the thermal power generation. The system will generate
1.28 � 109 kWh every year as the parameters of system set in
Table 7. Coal consumption of the thermal power generation is set
350 g/(kWh) in the process of calculation. Then, the hybrid CAES
system will save coal 447,037 tons each year for China. Pollutants
environmental values can be calculated as follows:

PEV ¼ Qreduce � f
Eout

(24)

where, PEV is the pollutants environmental values, RMB/KWh;



Table 7
Parameters of the hybrid CAES system.

Total pressure ratio ε Ambient temperature (K) _m (kg/s) N Wt (kW) Annual working time (h) Generator efficiency Annual generation capacity (kWh)

131 0.8 300 180 4 131,404.3 1800 0.9 1.28 � 109
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Qreduce is the pollutant reduction, ton; f is the charges standard of
pollutants, yuan/ton; Eout is the total generating capacity, kWh.

The environmental benefits of the hybrid CAES system are
calculated using Eq. (24), combined with Tables 5 and 6, as shown
in Table 8. The total environmental benefits of system is 0.1122
RMB/(kWh), and the vast majority of all pollutants environmental
values belongs to CO2 and NOx. As shown in Table 8, the hybrid
CAES system can reduce CO2 emissions 773,808.38 tons, reduce
NOx emissions 3576.30 tons, reduce SO2 emissions 558.80 tons and
reduce TSP 178.81 tons per year. This will help reduce China's
carbon oxides and other greenhouse gas emissions, alleviate air
pollution caused by NOx and SO2 emissions, and obviously lessen
the frequency of fog and haze appearance in northern China.
Meanwhile, it also can save ¥143,645,600 each year for emission
costs, and improve the competitiveness of enterprises.

5. Discussion

From the above study, this proposed new hybrid system has
many advantageous, such as to ease the abandonment of wind and
solar power, to reduce the fog and haze in north China, as well as to
eliminate partial mining disasters. But any energy system is
imperfect and it is still a long way to realize this system. In China
the current electricity price from wind and solar sources are much
higher than the thermal power; their discontinuity as well, raises
the difficulty to feed in the electricity grid. Regional protectionism
is another restriction to hinder the promotion of wind and solar
energy, as the generation and use of these powers may affect rev-
enue of local authorities. On one side, even for traditional CAES
systems, there is no any ripe case up to now because of the diffi-
culties to feed into the power network, let alone a newly hybrid
one. On the other side, electricity price is stable but not varying
with the market, thus enterprises are also unwilling to develop
energy storage systems to utilized the renewable even though
these energies are rich and of high abandonment rate.

However, as the aggravating of environmental pollution, espe-
cially the severe fog and haze in north China, Chinese Government
has attached importance to the development of renewable energy.
The coordination between different departments are been
improving. The investment of renewable energy are been pro-
moting. Thus the development of renewable energy has been
gradually regarded as a fundamental task of the whole country. In
the report of ‘The 13th Five-Year Plan’, Chinese government
expressly indicates that ‘in the new energy utilization, to vigorously
develop ocean, wind, solar and biomass energy’ and ‘improve the
energy security reserve system’ [59,60]. Although there is no
Table 8
The environmental benefits of the hybrid CAES system.

Pollutants Annual pollutants emission reductions(t) Charges standard (yuan/t) Ann

SO2 558.80 6000 335
NOx 3576.30 8000 286
CO2 773,808.38 132 10,2
CO 116.23 1000 11.6
TSP 178.81 12,200 218
Ash 49,174.12 120 590
Slag 13,411.12 100 134
Total 14,3
detailed regulation on CAES systems, in the “13th Five-Year” Na-
tional Science and technology innovation planning, formulated by
the Ministry of Science and Technology of China [61], it pointed out
‘Largely develop flexible transmission, large-scale renewable en-
ergy generation and consumption’, this provides policy supports for
the feeding of wind and solar power into power network; Certainly,
CAES systems are significant guarantees to realize the use of
renewable energy. Therefore, we believe the new hybrid CAES has a
great potential in the future in China.

The above-ground techniques of the CAES systems are mature,
the more concerns are focused on the underground compressed air
storage caverns. The stability, tightness and suitability of the un-
derground caverns are strictly required. Even the feasibilities of the
underground caverns are the decisive condition for a CAES system.
Although there are enormous coal mining tunnels and caverns in
north China, it needs further indicating how much the space is
suitable to store the high-pressure air for actual application.
Moreover, the use of the underground caverns is a certain extent to
ease geological disasters; but unreasonable use of them must be
prevented to cause new disasters. Moreover, mineral resources are
predominantly situated in north China. Excepting coal mines, other
mined out cavities, such as gypsum, granite and limestone are
potential candidates as compressed air storage.

6. Conclusion

This paper primarily presented a clean CAES system coupled
with wind and solar energy and analyzed the technical feasibility,
potentially suitable areas, environmental and economic benefits of
the system. Some important conclusions are drawn as follows:

(1) Features of the system are the coupling of clean wind and
solar energy sources, and the use of molten salt as the heat
storage material to store solar radiation energy, which im-
proves the efficacy of compressed gas expansionwoke in the
turbine.

(2) Thermodynamic analysis of the system showed that: the
efficiency of the system was affected by the compressor and
turbine stages N, total pressure ratio, heat exchanger effec-
tiveness, mass flow rate and ambient temperature.
Compressor/turbine stages increasing helps to reduce ER, but
increases system output power and efficiency. The increasing
of total pressure ratio and heat exchanger effectiveness and
ambient temperature can reduce HR and increase the effi-
ciency and output power of the system, but both the heat
exchanger effectiveness and the total pressure ratio have an
ual cost savings of emissions (10,000 yuan) Environmental benefits (yuan/kWh)

.28 0.00262
1.04 0.02235
14.27 0.07980
2 0.00009
.15 0.00170
.09 0.00461
.11 0.00105
64.56 0.11222
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optimum value. Change of the mass flow has no effect on the
ER, HR and the system efficiency, but it will affect the sys-
tem's output power.

(3) Comprehensive analysis of solar and wind energy resources,
abandoned mines used for compressed air reservoir and
connection grid distribution in China, the best potential use
area of the hybrid system was obtained as shown in Fig. 13.

(4) Analysis of environmental- economic benefits indicates that
the hybrid CAES system can save RMB 143,645,600 yuan each
year for emission costs, and reduce CO2 emissions 773,808.38
tons, reduce NOx emissions 3576.3 tons, reduce SO2 emis-
sions 558.8 tons and reduce TSP 178.81 tons per year based
on the conditions in Table 7.

According to the analysis mentioned above, the system stitches
the intermittent renewable energy together and achieves stable
output. It provides effective solutions for renewable energy large-
scale and continuous using, and effectively relieves Chinese wind
and solar power abandoning problem, also helps alleviate the
problem of environmental pollution caused by fossil energy
generation.
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