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Abstract: Compressed air energy storage (CAES) is a large-scale technology that provides
long-duration energy storage. It is promising for balancing the large-scale penetration of
intermittent and dispersed sources of power, such as wind and solar power, into electric grids.
The existing CAES plants utilize natural gas (NG) as fuel. However, China is rich in coal
but is deficient in NG; therefore, a hybrid-fuel CAES is proposed and analyzed in this study.
Based on the existing CAES plants, the hybrid-fuel CAES incorporates an external combustion
heater into the power generation subsystem to heat the air from the recuperator and the
air from the high-pressure air turbine. Coal is the fuel for the external combustion heater.
The overall efficiency and exergy efficiency of the hybrid-fuel CAES are 61.18% and
59.84%, respectively. Given the same parameters, the cost of electricity (COE) of the
hybrid-fuel CAES, which requires less NG, is $5.48/MW-h less than that of the gas-fuel
CAES. Although the proposed CAES requires a relatively high investment in the current
electricity system in North China, the proposed CAES will be likely to become
competitive in the market, provided that the energy supplies are improved and the large
scale grid-connection of wind power is realized.

Keywords: compressed air energy storage (CAES); hybrid fuel; external combustion heater;
exergy analysis; techno-economic analysis
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1. Introduction

Global warming was initiated by increasing concentrations of CO, and other greenhouse gases
(GHG) in the atmosphere [1,2]. Since 2006, China has become the largest annual carbon emitter [3].
Wind energy and other clean technologies are significant contributors to reverse this difficult
situation [4,5]. However, due to the intermittent nature and variability of wind power, the integration
of large wind energy sources into the grid will affect its security and power quality. To reduce the
negative effects that wind electricity brings to the grid, electric energy storage and peak load shaving
must be widely employed. Currently, available technologies for electric energy storage include potential
(e.g., compressed air energy storage (CAES) and pumped hydro storage (PHS)) [6,7], kinetic, thermal,
and chemical energy storage. PHS and CAES are the most viable technologies for large-scale storage.

At present, PHS is a large capacity form of grid energy storage. It operates under special hydrologic
and geographic conditions and adversely affects the environment. In addition to PHS, CAES is another
technically proven solution for bulk energy storage. According to reported data [8,9], the investment
required by a CAES power plant is far lower than that required by a PHS power plant with
equivalent capacity.

In 1978, the first CAES plant (290 MW) was built in Huntorf, Germany [10]. In 1991,
a 110 MW plant was constructed in McIntosh, AL, USA, and improved upon the Huntorf design by
incorporating a recuperator (air-to-air heat exchanger) to preheat air from the cavern using exhaust
heat from the turbines [11]. This plant has operated at over 95% reliability since it addressed its
startup issues. The successful operations of the McIntosh and Huntorf plants demonstrate the technical
viability of CAES technology with respect to ancillary services, load following, and the generation of
intermediate power.

CAES remains a hot research topic given its vital role in the power grid. Research is mainly
focused on system analysis and optimization, different kinds of fuels, integration with wind power,
and techno-economic analysis.

Novel CAES systems have been analyzed and optimized in previous literature, including a hybrid
wind-diesel-CAES system [12]. De Biasi [13] has also proposed methods to enhance energy storage.
The second-generation CAES technology regulates smart grids, synchronizes reserves, and uniquely
manages renewable energy, power demand, and peak shaving. Bullough et al. [14] proposed an
adiabatic CAES (AA-CAES) which theoretically requires no fuel and offers a significant improvement
in cycle efficiency.

CAES systems have been analyzed in terms of energy, exergy, and economy in the literatures.
Hessami et al. [15] and Zafirakis et al. [16] both conducted economic analyses for CAES associated
with wind power. Kim et al. [17] performed energy and exergy analyses of a micro-CAES system.
Grazzini et al. [18] conducted a thermodynamic analysis of the multistage AA-CAES. Salgi et al. [19]
analyzed the energy-balance effects of adding CAES to an energy-system. Kim et al. [20] conducted a
numerical modeling study of coupled thermodynamic, multiphase fluid flow and heat transport
associated with CAES. The estimated GHG emission rate of a CAES plant combined with wind power
is one-fourth that of cycle plants combined with natural gas (NG) and approximately one-tenth of that
of pulverized coal plants [21]. From the theoretical study of the characteristics of using various energy
storage methods to strengthen the power networks and maintain load levels [22], we conclude that
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CAES is a profitable and mature storage technology. However, with respect to the incorporation of
large-scale energy storage into similar installations of wind turbines, CAES should therefore be
investigated further.

In 2011, the wind power installed in China amounted to 45 GW, thus ranking it first in terms of
installed wind capacity worldwide [23]. In China, the use of wind power is increasing at a rate of
30% annually, and sources of wind energy have increasingly penetrated the Chinese electrical grid.
To meet the demands of wind power, large-scale storage applications must thus be developed.
However, some areas, such as north and northwest of China, are rich in wind energy but lack the
appropriate conditions to develop PHS. The lack of peak-load regulation causes a large capacity of
wind curtailment. However, most of these regions with stable geomorphology can establish CAES
based on the artificial caves, including salt, coal, NG, and other metal mines caverns. CAES is likely to
meet the demand for developing renewable energy in China; as a result, many power groups have been
generated to develop this storage system. Several studies on CAES have been conducted recently,
but few of these investigations have examined the situation in China.

Given these factors, this study proposes a hybrid-fuel CAES system adapted for the situation in
China. The system performance of the hybrid-fuel CAES is analyzed in the paper and the exergy
analysis is also conducted. This study also investigates the economic performance of the proposed
CAES to decide whether it is competitive in electricity market in China. Moreover, the paper analyzes
the economic variations of the proposed CAES by changing the fuel supplies conditions and electricity
system conditions. It also provides suggestions to enlarge and optimize the usage of the proposed
CAES system further.

2. CAES System for the Situation in China
2.1. Development of CAES Technology
2.1.1. The First-Generation CAES System

The first-generation CAES system, given its practicality and similarity to a gas turbine power plant,
was first used commercially about 36 years ago. In this system, air is compressed by a motor using
low-cost and off-peak electricity. This compressed air is then stored in either underground caverns or
in porous media. Subsequently, the pressurized air is released from the ground prior to mixing and
burning with gas in a combustor. During peak demand periods, the hot gas drives a turbo expander and
activates a generator, which in turn produces electricity. The compressor series and gas turbine are
linked to the motor and the generator, respectively, by clusters. The conceptual diagram of this system
is shown in Figure 1.
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Figure 1. Conceptual diagram of the first-generation compressed air energy storage (CAES)
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2.1.2. The Second-Generation CAES System

The second-generation CAES system is similar to its first-generation embodiment [13]. Figure 2
depicts a typical configuration of the second-generation CAES technology, which utilizes standard
industry-proven equipment component to develop a reliable and economic CAES plant. In this system,
some gas turbine technologies have been improved, as shown by the lowered heat rate (HR) and
enhanced overall efficiency (approximately 54% against the 48% to 50% efficiency of the first-generation
CAES system). The second-generation CAES technology is an open cycle and uses a traditional
gas turbine. The exhaust from the gas turbine preheats the compressed air from the caverns.

Figure 2. Diagram of the second-generation CAES system.
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2.1.3. The Third-Generation CAES System

The third-generation CAES technology is also known as AA-CAES [14]. The typical configuration of
this technology is presented in Figure 3 and also utilizes standard industry-proven equipment components.
Key components include motor-driven compressors, thermal oil, a heat exchanger, and air expanders,
all of which come with commercial guarantees and warranties. AA-CAES units do not use fuel to
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convert compressed air in storage into peak electricity power. Instead, thermal energy storage cools down
the air in the compression phase and heats the stored air for power production. In storage operations,
“cold oil” inter-cools the compressed air and generates “hot oil” for power production. This “hot oil”
then heats the air from storage reservoir before the compressed air enters the expander for power
production. The overall efficiency of electricity conversion from off-peak to on-peak varied from 70%
to 75% [24]. However, thermal energy storage is the main problem of the third-generation CAES system,
which is currently under investigation. The novel material used in thermal energy storage is
high-temperature molten salt, which is also utilized to concentrate solar power.

Figure 3. Diagram of the third-generation CAES system.
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2.2. Structure of Energy Sources and Technology Characteristics in China
2.2.1. Structure of Fossil Energy Sources in China

The distribution of energy sources and industry is extremely uneven in China. Statistics show that
coal and NG reserves in China amount to 5.6 trillion tons and 50 trillion m’, respectively. In the
western and northern regions of China, the structure of coal reserves is rich, whereas that in the eastern
and southern regions is poor [25,26]. Coal reserves are mainly concentrated in undeveloped provinces,
such as Shanxi, Inner Mongolia, Shaanxi, Xinjiang, Guizhou, and Ningxia. The coal reserves in these
areas amount to approximately 4.63 trillion tons and constitute approximately 82.8% of the total
reserves in the nation. In such coal-rich regions, the coal is readily available and of good quality.
However, the southeast coast, eastern region and some prosperous cities are industrially developed but
lack of energy sources. Only approximately 5.3% of the total reserves in the nation are found in
Beijing, Shanghai, Tianjin, Shandong, Hebei, Liaoning, Jiangsu, Zhejiang, Guangdong, Fujian,
Guangxi, Hainan, Hong Kong, and Taiwan. Nature gas (NG) reserves are abundant in the northwest
and southwest areas of China [27], and 80% of the national NG reserves are concentrated in the Ordos
Basin and the Sichuan Basin, the Tarim Basin, Tu-Ha Basin, and Zhungeer Basin in the autonomous
region of Xinjiang Uygur, the Chadamu Basin in the Qinghai Province, the Eastern-Sea Basin, and the

Yunnan—Guizhou region.
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2.2.2. Geographical Situation of Wind Energy, Power Load and Water Resource in China

Rich sources of wind energy are mainly located in the northern and the southeastern coastal areas,
as well as their adjacent islands. However, the geographical distribution of wind energy sources does
not match the power load profile of the country. Areas with heavy power loads are concentrated in the
economic centers along the coastal provinces in the east, in which sources of inland wind are scarce.
However, in the northern regions, wherein wind sources are abundant, the power loads are light and
the grid infrastructure is weak. The asynchrony between economic development and wind energy
amplifies the present imbalance of wind power production and consumption.

Regions rich in water resources are mainly situated in southern China [28]. A boundary line is
drawn by the Kunlun Mountain, Qinling Mountain, and Dabie Mountain, and the areas north of this
boundary line have limited water resources. 17 northern provinces (including cities and autonomous
regions) provide 21.4% of annual national water resources at 600.8 billion m’. In northern China,
Tathang Mountain is the boundary line. Eastern regions are also richer in water resources than
western regions. For instance, Shanxi, Gansu, and Ningxia provide only 7.5% of water resources in
the north. In these three provinces (autonomous regions) and their adjacent provinces (Shaanxi, Inner
Mongolia, and Xinjiang), rainfall quantity is below 500 mm, hence, resulting in a limited water resources.

As noted above, China’s resources distribution can be summarized as that the regions where energy
sources are abundant are relatively undeveloped, whereas developed regions and power load centers
are noticeably short in wind energy and water sources, and the regions rich in wind energy sources
also possess much coal. As mentioned above, the wind power industry has developed fast in China.
Nonetheless, wind-rich regions lack the proper hydrologic and geographic conditions to construct
pumped hydro power plants for power grid peak shaving. Therefore, numerous CAES power plants
must be built in west China.

Based on the analyses above, we believe that the following factors should be considered in the
development of CAES in China: (1) the increased utilization of coal as fuel. China is rich in coal and
deficient in NG. Thus, coal should be the main source of energy in China given the current distribution
of energy sources. Moreover, Coal is also relatively lower in cost than NG. (2) The large capacity to
level peak and off-peak power. The power grid and the wind power generation integrated to the
power grid in China are extremely large. Only large CAES capacity can have access to level peak and
off-peak power. (3) Relatively proven technology with simple structures. The industry base is poor overall
in China as a developing country, and its economic support is limited. Given the current situation,
a hybrid-fuel CAES system should be established.

2.3. Design of the Hybrid-Fuel CAES System

In consideration of the situation in China as discussed above, a hybrid-fuel CAES system is proposed.
A conceptual configuration of the proposed CAES system is shown in Figure 4. It consists of an
energy storage sub-system and an electricity-generation sub-system. In the energy storage stage,
the compressors are driven by a motor that uses low-cost, off-peak electricity or remainder renewable
energy power, and the air, compressed by the compressors, is stored either in underground caverns
or in porous media, as in the first-generation CAES system. In the electricity generation stage,
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the pressurized air, released from the ground, is heated by a recuperator before flowing into the
external combustion heater. The heated air released from the external combustion heater finally enters
the high-pressure air turbine. After expanding in the air turbine, the air is piped to the external
combustion heater for reheating, and then the heated air is mixing and burning with NG in the combustor.
Finally, the resultant hot gases are used to drive the low-pressure gas turbine. Subsequently, the
high-pressure air turbine and low-pressure gas turbine are linked to a generator to produce electricity
during peak demand periods.

Figure 4. Flow sheet of the hybrid-fuel CAES system.

P

S1

Air External ~ NG
— — heater S15
S14
L — L—
A A 4 S16
—
'SZ S3 S4 S5 S6 S8 S13 Combustion chamber
A Y Y Aftercooler A
Intercoolers

S11] Air

turbine

GT

S17

Cooling water

4\/;

Recuperator

S9 A
S1 I—> Exhaust

S18

Cavern

The energy storage sub-system is composed of a motor and a compression system. This compression
system contains a coaxial compressor train with four stages. To achieve the lowest power consumption
for the compression process, three intercoolers are arranged in the compression process. The compressed
air is cooled down to 35 °C in the intercooler before entering the next stage of the compressor. After the
air passes through the fourth compressor system, it is compressed to approximately 70 bar on average.
Finally, the compressed air is injected into the cavern after cooling down to 35 °C by the aftercooler.
In order to realize heat transfer, each output tube of the compressor is connected to the input tube of
the corresponding cooler. Water is the cooling medium, and counter flow is adopted in the cooler.
The heat generated in the compression process is carried away by the cooling water.

The sub-system that generates turbine electricity consists of an air turbine, a gas turbine, a combustor,
a recuperator, a generator and an external combustion heater. During the peak power consumption periods,
high-pressure air is released from the air room. This air is first preheated in the recuperator and absorbs
heat from the exhaust of the gas turbine. The preheated air then passes through external combustion
heater for further heating. The external combustion heater, using coal as fuel, is structurally similar to
a heat-pipe hot blast stove. For safety considerations, the coal-combustion flue gas, whose temperature is
over 1200 °C, is not allowed to transfer heat to the air directly. Therefore, a part of the external combustion
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heater exhaust is used to mix with the coal-combustion flue gas to decrease the gas temperature.
And then the mixed flue gas, whose temperature is 800 °C, transfers the heat to the hot air. After the
two-stage heating process, the heated air enters the air turbine to generate electricity. Thereafter, the air
from the air turbine is reheated to 580 °C in the external combustion heater, and then the heated air
with the adequately high pressure enters the combustion chamber along with high-pressure NG. Due to
the fact that the pressure of NG in the NG transmission pipeline is about 40 bar, NG must be throttled
to slightly above 19 bar before going into the combustor. The combustor output is linked to the gas turbine.
By combustion, the gas is heated to 1200 °C before it enters the gas turbine. This turbine shares
the axis of the air turbine to generate additional electricity. The gas turbine exhaust passes through the
recuperator as the heat source of the cool compressed air and cools down to approximately 100 °C.

This proposed CAES design uses standard industry-proven equipment components to generate
reliable and economic energy cycles from compressed air. All of the key components of the system
come with commercial guarantees and warranties. The external combustion heater in the proposed
CAES system is upgraded based on a heat-pipe hot blast stove. There are two tube bundles in the
external combustion heater and counter flow is adopted. The air from the recuperator, with the
temperature of 500 °C, flows through the high temperature zone of the external combustion heater,
and the air from the air turbine flows through the low temperature zone. The heat-pipe hot blast
stove is a widely utilized device with its thermal efficiency can reach to 75%—-80% [29]. The highest
output temperature of the air in a hot blast stove can even exceed 500 °C, therefore, with some
optimization methods; the coal-fired boiler can satisfy the requirements of the hybrid-fuel CAES system.
As the coal-fired boiler and the external combustion heaters are introduced into the CAES, aside from NG,
coal constitutes more than 1/3 of the fuel for power generation. Thus, this hybrid-fuel CAES costs less
and is more promising in consideration of China’s structure of energy sources.

3. Performance of the Hybrid-Fuel CAES System
3.1. Evaluation Criteria

The CAES plant has two different energy inputs (electric energy and fuel during the charging and
discharging phases, respectively) given its dual purposes (peak power generation and energy storage).
The evaluation criteria for CAES plants vary from those for conventional power plants. For instance,
the thermodynamic merits of the CAES plant cannot be identified through specific fuel consumption,

unlike in a conventional power cycle. Thus, new criteria are developed.
3.1.1. Energy Rate (ER)

ER is the ratio of the pumping energy in the off-peak period to the energy generated during the
peak period:

o

ER =

(1)

=
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However, this ER does not consider fuel consumption and is specific to CAES plants. Thereby, it is
accompanied by W, as a performance parameter, which denotes the net output of electric energy during
the discharge phase.

3.1.2. HR

HR is expressed as the kW-h of heat required to produce a kW-h of energy:

0
AR = @

t

where QO is the total fuel energy (kW-h) used in the combustors and the boilers during generation.
3.1.3. Overall Efficiency

The output from a CAES plant is work, and this output may be compared with the energy inputted
into the plant, namely, NG and compressor operation [30]:

W,

t

T 0+, ®)

nee

This equation may express storage efficiency; however, it is questionable because storage efficiency
is represented by two different types of energy that are consumed by various parts of the process at
dissimilar points in time. Fuel is not a component of electricity storage; it merely heats the air that
transitions to the turbine.

3.1.4. Efficiency of Electricity Storage

The efficiency of electric energy may be defined as follows [30]:
/4

t

nes =
VVC + nsysQf (4)

System efficiency mqys is @ measure of the thermal efficiency of the energy system, and its value
depends on the system to which the CAES plant is applied. For either a coal-fired or a gas turbine
power plant, the g value is between 30% and 55%. In this study, the 1y, values of a coal-fired and
a gas turbine power plant are 40% and 55% [31,32], respectively. Considering that the ratio of gas and
coal is approximately 2:1, the total ny of the proposed hybrid-fuel system is set to 50%.

3.2. System Simulation

In the hybrid-fuel CAES system, the hot air in the external combustion heater is heated indirectly,
so the final temperature of the air is limited. The inlet temperature of the air turbine in the proposed
CAES is 540 °C, which is similar to that of the Huntorf plant. However, in consideration of the
technological improvement of the gas turbine, the inlet temperature of the gas turbine is set to 1200 °C.
The parameters of compressors in this paper are based on the data that Mortazavi et al. [33] chose for
their simulation model. The parameters of turbines are selected with reference to existing data [34].
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The total heat exchange capacity of the two external combustion heaters is approximately 114 MW,
and the thermal efficiency of coal-fired boiler in this hybrid-fuel CAES is 0.8 based on a high-efficiency
heat-pipe hot blast stove [29]. All the basic conditions and assumptions of the simulated system
process are given in Table 1.

Table 1. Basic conditions and assumptions for simulation. LHV: lower heating value; and
NG: natural gas.

Category Parameter Value
Inlet temperature of air turbine (°C) 540
Inlet temperature of gas turbine (°C) 1,200
) ) Pressure ratio of air turbine 3
Air and gas turbines ) )
Pressure ratio of gas turbine 18
Isentropic efficiency of air turbine (%) 88.00
Isentropic efficiency of gas turbine (%) 90.00
Number of stages 4
Number of intercoolers 3
Compressors Number of after-coolers
Pressure ratio of each stage 2.84-2.94
Average isentropic efficiency of compressors (%) 86.00
. . LHYV of coal (MJ/kg) 29.31
Fuel information LHV of NG (MJ/kg) 50.03
Thermal efficiency of external combustion heater (%) 80.00
Efficiency of generators (%) 99.00
Efficiency of motors (%) 99.00
Total hybrid-fuel ngy (%) 50.00
. System efficiency Neyscoa (%0) 40.00
Other assumptions )
System efficiency Neysgas (%) 55.00
Volume of the cavern (m°) 400,000
Minimum pressure in the cavern (bar) 65.18
Maximum pressure in the cavern (bar) 74.62
Air throttling pressure from the cavern (bar) 57.00
. Continuous operation time of the compressor (h) 8
Operating time . D .
Continuous operation time of the turbine (h) 2

The proposed CAES system is evaluated using the Aspen Plus commercial software. All of the state
equations generated above for the simulated physical and chemical processes are calculated using the
Peng-Robinson (P-R) base method. The P-R base method can compute all thermodynamic properties,
except for the molar volume of liquid. This method is recommended for gas processing, oil refining,
and chemical application because it can determine the thermodynamic properties of pure components.
It is especially effective under high temperature and pressure; thus, critical regions can be
computed reasonably. Moreover, the P-R equation can calculate the thermodynamic properties of
gas mixtures, such as fugacity coefficient, density, enthalpy, entropy, and Gibbs free energy.

As the volume of the cavern in the hybrid-fuel CAES system is constant, the air pressure inside
the cavern increases along with the compressed air injected continuously into the cavern in the
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low-load period. The procedure requires an amplitude variation in compressor outlet air pressure
to effectively store air. Therefore, the compressor operates on continuously variable conditions in the
compression process, and the pressure as well as the temperature of the streams in compression train is
varying continuously. Considering the limitation of ASPEN PLUS, we analyze the thermodynamic
characteristics of the hybrid-fuel CAES based on the average.

The discharge pressure of the cavern and the power output of the gas turbine both decrease as the
compressed air is continuously discharged from the cavern in the load period. The gas turbine driven
by sliding air pressure is not feasible due to the load characteristics in its supply network. Thus, the air
from the cavern in this hybrid-fuel CAES is throttled down to 57 bar before it is fed into the
combustion chamber, so the gas turbines operate under invariable conditions.

The pressure, temperature, mole flow, and composition of each stream corresponding to the points
in Figure 4 are listed in Table 2. Noting that the streams from S2 to S9 are the average values in the

COIan'GSSiOIl process.

Table 2. Parameters of main points of the hybrid-fuel CAES system.

Streams Temperature Pressure Mass flow Mole fraction (%)

cO) (bar) (kg/s) N, 0, CH, CcO, H,0
S1 10.00 1.01 102.00 79.00 21.00 0.00 0.00 0.00
S2 124.79 2.90 102.00 79.00 21.00 0.00 0.00 0.00
S3 35.00 2.90 102.00 79.00 21.00 0.00 0.00 0.00
S4 161.40 8.41 102.00 79.00 21.00 0.00 0.00 0.00
S5 35.00 8.41 102.00 79.00 21.00 0.00 0.00 0.00
S6 161.70 24.39 102.00 79.00 21.00 0.00 0.00 0.00
S7 35.00 24 .39 102.00 79.00 21.00 0.00 0.00 0.00
S8 162.25 70.73 102.00 79.00 21.00 0.00 0.00 0.00
S9 35.00 70.73 102.00 79.00 21.00 0.00 0.00 0.00
S10 50.00 57.00 400.00 79.00 21.00 0.00 0.00 0.00
S11 500.85 57.00 400.00 79.00 21.00 0.00 0.00 0.00
S12 540.00 57.00 400.00 79.00 21.00 0.00 0.00 0.00
S13 359.11 19.00 400.00 79.00 21.00 0.00 0.00 0.00
S14 580.00 19.00 400.00 79.00 21.00 0.00 0.00 0.00
S15 50.00 20.00 6.42 0.00 0.00 100.0 0.00 0.00
S16 1,200.04 19.00 406.42 76.78 14.80 0.00 2.81 5.61
S17 537.09 1.06 406.42 76.78 14.80 0.00 2.81 5.61
S18 100.00 1.06 406.42 76.78 14.80 0.00 2.81 5.61

3.3. Performance Evaluation

The simulation results of the proposed CAES system are presented in Table 3. As indicated in
Table 3, ER and HR are 0.50 and 1.13, respectively. These values suggest that to produce a kW-h
of energy, both the power consumed by compressors and the thermal energy required from fuel are
relatively lower in the proposed CAES system than in the first-generation CAES system. The overall
efficiency of the proposed CAES plant is also high at 61.18%. The high efficiency of electricity
storage at 93.67% demonstrates that the proposed CAES system is efficient and effective.
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Table 3. Simulation results of the hybrid-fuel CAES system. ER: energy rate; and
HR: heat rate.

Category Parameter Value
Coal input (MW) 142.91
Fuel input NG input (MW) 321.19
Subtotal (MW) 464.10
Air turbine (MW) 79.54
Power generation Gas turbine (MW) 329.72
Subtotal (MW) 409.26
Internal power consumption Compressors (MW) o121
Subtotal (MW) 51.21
Coal/NG_ratio 0.44
ER 0.50
Evaluation criteria HR 1.13
Nee 61.18%
Nes 93.67%

A comparison between the hybrid-fuel CAES and three generations of CAES technologies can be
seen in Table 4. As shown in Table 4, the hybrid-fuel CAES has the lowest ER of the four CAES systems;
this is attributed mainly to the efficiency improvement of both the compressor and gas turbine.
Moreover, in the hybrid-fuel CAES, the compressed air is preheated in the external combustion heater
before entering the combustion chamber. Assuming that the inlet air flow and outlet gas temperature of
the combustion chamber keep unchanged, as the inlet air temperature of the combustion chamber increases,
the amount of NG required for burning will decrease, thus, given the same power generation, the proposed
hybrid-fuel CAES has a less NG consumption than other CAES. From this perspective, we believe that
in most areas of northern China, in which is poor in NG but rich in coal, the hybrid-fuel CAES has far
reaching application potential in electric energy storage and peak load shaving.

Table 4. Comparisons of the main parameters of hybrid-fuel CAES and other CAES systems.
For the second-generation, the CAES plant power, based on a 172 MW Fr 7FA gas turbine
with air injection for power augmentation, is rated at 420 MW net output.

The first-generation  The second-generation  The third-generation Hybrid-fuel

Name
CAES [10] CAES [13] CAES [35] CAES
Location Huntorf, Germany No practical plant No practical plant No practical plant
Output 290 MW (about 2 h) 420 MW 114.5 MW 410 MW
Compressor power 60 MW (about 8 h) 71 MW 157.6 MW 52 MW
Commission date 1,978 - - -
Pressure tolerance 50-70 bar - - -
HR 1.6 kW-h/kW-h 1.08-1.11 kW-h/kW-h 0 1.13 kW-h/kW-h
Cavern capacity 310,000 m’ - - Assumed 400,000 m’
Energy ratio 0.82 kW-h/kW-h 0.70-0.75 kW-h/kW-h 0.727 kW-h/kW-h 0.50 kW-h/kW-h
Fuel NG NG No fuel Coal and NG
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4. Discussion
4.1. Exergy Analysis

To determine the internal phenomena of the hybrid-fuel CAES system, exergy analysis is
conducted [36]. The general exergy balance of each component of the CAES system can be expressed
by the following rate form:

AE:X = ZEX(in) + Z WZin) - ZEX(out) - Z I/I/;out) (5)

where Exn) and Wiy, refer to the exergy input and the power input, respectively; Ex(our and Wou
denote the exergy output and the power output, respectively. The CAES systems are divided into
several parts to conduct a detailed study on the exergy analysis. And the exergy analysis of all the
equipment mentioned in this article is conducted according to the general exergy balance equation.
Table 5 lists the exergy destruction of different system components.

Table 5. Expression of exergy destruction in the main components of the system.

Components Schematic view Exergy destruction

AE, Ey, +W—E

Compressor

©Com) — X X(2)
Cooler AEX(CO) = Exa) + EX(S) - EX(Z) - EX(4)
T
Storage cavern PR AEy sc) = Exqy = Exe
g | ! (8C) ) @)
______ 1
T
Combustion 1i 13 _
= AExco) = Exqy T Ex) ~Ex
chamber Lo,
3
e AEy o, = Ex .+ Ey 5 —Ex . —E
I
Recuperator or heat Z,F% i XRe) XM X3 x@ X
| 1
h 1 ! — — —
exchanger 1'—--1;1--’ AEx e = Exay T Exq) ~Exe) ~Exa
_____ 2
| 1
[}
Turbine i : L AExm = Exa) _EX(Z) -w
1'4 ----- }
2t
External : 5
) S T AEy g = Exay + Exa) + Exis) = Exo) ~ Exw ~ Exe
combustion heater g
1
The exergy of air or gas stream can be expressed as:
Eyx =(H~H,)~T,(S-S,) ©)

where H and S are enthalpy and entropy of the steam, respectively; and the subscript 0 indicates that
the properties are taken at the environmental temperature and pressure (7o = 25 °C, Py = 101 kPa).
Therefore, the exergy input of air can be calculated with the initial parameters shown in Table 2.
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To improve the compressor and gas turbine units and to enhance the suitability of the proposed
CAES system for the actual conditions in China, we modified the pressure ratio, air flow, and inlet
temperature of the turbine in the proposed system according to those of the Huntorf plant. The existing
Huntorf CAES plant is selected as reference case in this paper. Considering the charge process and
discharge process are not synchronous, and the compressor operates on variable conditions in the 8-h
charge process, we conduct the exergy analysis on a 10-h cycle of the operation of the two systems.
The analysis results are provided in Table 6. As shown in Table 6, the exergy efficiency of the proposed
system is 59.84%, which is approximately 20% higher than that of the first-generation Huntorf CAES
system at 40.46%. The result confirms the effectiveness of the proposed system compared with the

conventional CAES systems.

Table 6. Exergy analysis of the hybrid-fuel CAES system.

Hybrid-fuel CAES system Huntorf CAES system

Category Value Proportion Value Proportion
(MW-h) (%) (MW-h) (%)
Air 1.87 0.14 1.98 0.14
Power consumption by compressors 409.71 29.95 463.22 31.71
Exergy input Thermal energy input of coal 285.81 20.90 - -
Thermal energy input of NG 670.44 49.01 995.54 68.15
Subtotal 1,367.84 100.00 1,460.75 100.00
Exergy output Generation of electricity power 818.52 59.84 590.97 40.46
Compressors 40.98 3.00 63.95 4.38
Sub-system
Coolers 72.50 5.30 97.45 6.67
of energy .
Air storage room 20.38 1.49 35.78 2.45
storage
Subtotal 133.86 9.79 197.18 13.50
High-pressure turbine 10.44 0.76 18.31 1.25
Exergy Sub-system .
. . Low-pressure turbine 28.35 2.07 36.65 2.51
destruction  of electricity
. Recuperator 19.92 1.46 - -
generation
Subtotal 58.71 4.29 54.97 3.76
. External combustion heater 148.55 10.86 - -
Combustion )
Combustion chamber 190.94 13.96 458.72 31.40
sub-system
Subtotal 339.49 24.82 458.72 31.40
Exergy of exhaust stream 15.89 1.16 153.29 10.49
Total exergy output 1,366.48 99.90 1,455.13 99.62
Error of exergy input and output (%) 0.10 0.38
Exergy efficiency (%) 59.84 40.46

Exergy destruction is mainly induced by the combustion chamber, the external combustion heater,
and the coolers in the sub-system of energy storage. The exergy destruction in the sub-system of
turbine electricity generation in the proposed system was lower than that of the typical first-generation
CAES system. This finding is mainly attributed to the following reasons: First, the inclusion of the
recuperator significantly reduced the exergy destruction in the exhaust gas from the gas turbine.
Second, the installation of external combustion heater, which is fuelled by coal, also contributed to the
decreased exergy destruction; the exergy destruction in the combustion chamber is significantly higher
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in the typical first-generation CAES system. Third, the thermal energy derived from the coal enhanced
the thermodynamic properties of the air to match the high parameters of the gas turbine (1200 °C);
thus, the sub-system of power generation can generate more power.

4.2. Techno-Economic Analysis
4.2.1. Fundamental Parameters of a CAES Plant

Based on a typical CAES system, the hybrid-fuel CAES power plant can be analyzed. The volume
of air storage required for a typical CAES plant is most economically provided by geological structures,
such as salt caverns, aquifers, depleted oil, gas reservoirs, and rock mines. The cost of CAES investment
is closely associated with the construction of air storage domes, the amount invested of Huntorf Plant
(290 MW CAES) and Mclntosh Plant (110 MW CAES) are $400/kW and $410/kW, respectively.
And with the increase of the generating capacity, the total capital investment costs for 10 h air storage
cavities range from $436/kW to $739/kW [9].

To configure a plant that optimizes the capability of the facility to capture market opportunities at
any given location, standard compression blocks at 52 MW each can be combined with standard
generation blocks at 410 MW each. The use of multi-unit trains on both the compression and
generation sides maximizes the flexibility of the operator to manage the load, storage, and generated
products of the CAES efficiently and cost-effectively. These multi-unit trains possess wide spans and
respond quickly.

Therefore, the equipment used in this study was configured as follows:

Compression—a plant can operate under loads ranging from 26 MW to 52 MW given a 52 MW
train. The load can be injected into storage.

Generation—a plant can operate under loads ranging from 205 MW to 410 MW. Loads can be
withdrawn from storage.

Storage volume is optimally sized to allow a daily exchange of injected and withdrawn volumes.
It is designed to accommodate a maximum of 10 h of rated injection into storage. The resultant generation,
compression, and storage size of the CAES plant are 410 and 52 MW and 2050 MW-h, respectively.

The overnight cost of above-ground equipment includes all costs of equipment, engineering,
procurement and construction, spare parts, contingency, and interconnects for gas, air, water,
and electricity. With a clutch, a generator can therefore be disconnected from the turbine to operate as
a synchronous condenser. Cavern development costs include all of the costs associated with the
acquisition of the land and mineral rights, the solution mining of the caverns, well-drilling and
completion, and piping and casing.

Fixed operations and maintenance (FOM) cost includes expenses associated with start costs,
including plant personnel and major maintenance accrual, and ancillary costs such as auxiliary power
and water treatment. Variable operations and maintenance (VOM) cost mainly consists of accrual
for major maintenance based on turbine utilization. The annual FOM and VOM costs are both
assumed to be 2% of the total investment cost.



Energies 2014, 7 5003

The fuel cost of the hybrid-fuel CAES includes NG cost and coal cost. The NG cost varies from
place to place due to different gas sources and pipeline transportation conditions, for typical provinces
located at the Three North area such as Gansu, Hebei, Shandong, and Harbin, their NG price is about
$0.30/Nm°~$0.46/Nm’ [37]; While the coal cost varies because of different coal types, for example,
the price of steam coal is approximately $46.2/ton—-$107.7/ton, whereas the price of anthracite coal is
about $138/ton—$184ton [38]. The annual off-peak electricity cost is related to the annual electricity
generation and the local low price, peak and valley electric charges are widely adopted in the
northwestern areas of China, taking Hebei Province as an example, the industrial electricity price at
off-peak time is $25.8/MW-h—-$46.2/MW-h [39]. Considering that either low-cost off-peak electricity
from the grid or discarded wind energy meets the compression requirements, the price of off-peak
electricity is assumed to be $30.77/MW-h.

Table 7 summarizes the main assumptions regarding the 410 MW CAES plant. The prices of NG
and coal and off-peak electricity apply to the electricity system in North China, where are suitable for
developing the hybrid-fuel CAES. The $/¥ rate used in this paper is 6.5.

Table 7. Fundamental parameters of the hybrid-fuel 410 MW CAES plant. VOM: variable
operations and maintenance; and FOM: fixed operations and maintenance.

Name Value and unit Name Value and unit

Generation range per unit 205410 MW Overnight cost—above ground equipment $500/kW

Compression range per unit 26-52 MW Overnight cost—cavern development $100/kW
Cavern storage capacity 2,050 MW-h Total overnight cost $600/kW
. 2% of total

ER (kW-h in/(kW-h out) 0.50 Annual VOM cost o oL totd

investment cost
2% of total

HR (kW-h in/(kW"h out) 1.13 Annual FOM cost )
investment cost
LHV of NG 36 MJ/Nm’ Price of NG $0.38/N-m’
LHYV of coal 29.31 MJ/kg Price of coal $123.08/ton
Equivalent base-load time 1,200 h Price of off-peak electricity $30.77/MW-h

4.2.2. Economic Data

The levelized cost of electricity (COE) for a power plant is difficult to calculate [40]. Based on the
assumption that the costs of energy production and of operation and maintenance are similar annually,
the simplified expression for COE calculation can be described as:

COE = [(CRF)(Total investment cost) + (Annual O & M cost) + AFC + AOEC]/
Annual on-peak electricity output

(7)

where AOEC denotes annual off-peak electricity cost; AFC refers to annual fuel cost; COE represents
the levelized cost of electricity ($/kW-h); and CRF denotes the capital recovery factor, which is related
to the discounted rate (k) and equipment life. CRF is computed as:

CRF = [k-(1 + ky'V[(1 + k)" — 1] (8)

The generation cost of a CAES system can be calculated in relation to the data shown in Table 7.
The costs of NG and coal are computed according to the LHVs and HRs of NG and coal. The related
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data are exhibited in Table 8. As indicated in Table 8, the hybrid-fuel CAES model computes a
COE of $131.07/MW-h. In consideration that there is no CAES plant built in China currently,
the techno-economic analysis is conduct based on a comparison of gas-fuel CAES and the
hybrid-fuel CAES. The gas-fuel CAES has no external combustion heater but introduces two
combustion chambers to produce high-temperature gas for turbines. And only NG is used as the fuel of
the gas-fuel CAES. The other devices in the two CAES systems are identical in structure and parameter.
As the thermal efficiency of combustion chamber is higher than external combustion heater, the gas-fuel
CAES requires less thermal energy for air heating process, thereby ER of the gas-fuel CAES is
decreased. However, the COE of the gas-fuel CAES is $136.55/MW-h, which is $5.48/MW-h higher
than that of the hybrid-fuel CAES. The increase in the COE of the gas-fuel CAES can be attributed to
that NG price ($10.68/KJ) is higher than coal ($4.20/KJ).

Table 8. Economic data of the hybrid-fuel 410 MW CAES plant. AOEC: annual off-peak
electricity cost; CRF capital recovery factor; and COE: cost of electricity.

Name Value and unit Name Value and unit
Total investment cost $246 million CRF 0.12
NG fuel rate 2.83 MJ/kW-h NG cost $30.15/MW-h
Coal fuel rate 1.26 MJ/kW-h Coal cost $5.28/MW-h
Annual VOM cost $4.92 million VOM cost $10/MW-h
Annual FOM cost $4.92 million FOM cost $10/MW-h
AOEC $7.68 million Cost of off-peak electricity $15.61/MW-h
Total electricity output of 4.92 x 10° MW-h COE $131.07/MW-h
CAES annually
Price of off-peak electricity $30.77/MW-h - -

4.2.3. Sensitivity Analysis

Apart from Beijing and Tianjin (the municipalities directly under the Central Government), the price
of on-peak electricity in North China is $107.69-$138.46/MW-h [39]. Although the hybrid-fuel CAES,
whose COE is $131.07/MW-h, presents better economic performances compared to the gas-fuel CAES,
it is still too expensive for grid integration if no additional incentives are taken for the implementation
of the CAES system. In a competitive market, plant developers have no incentive to build generators to
meet reserve requirements unless the market funds the average fixed costs (capital and operating costs)
over the lifespan of the plant. Thus, the prices of off-peak energy, NG, coal, and CRF should be
regarded as variables. The data obtained from sensitivity analysis are displayed in Figure 5, in which
investment and VOM costs are fixed.

As shown in Figure 5, the equivalent base-load time has the most significant effects on the COE of
the proposed CAES, and the price of coal has the slightest effects on the COE of the proposed CAES.
In fact, when the location condition and grid condition of CAES vary, the price of off-peak
electricity and NG will change considerably. The COE of the proposed CAES system ranges from
$123.27/MW-h to $138.88/MW-h when the prices of off-peak energy range from $15.38/MW-h to
$46.15/MW-h. The COE of the proposed CAES ranges from $115.98/MW-h to $146.17/ MW-h when
the NG price ranges from $0.19/Nm’ to $0.58/Nm’. Moreover, if the equivalent base-load time of
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CAES increases, the annual power generation will increase accordingly, which is beneficial to reducing
the COE of CAES, as illustrated in Figure 5. When the equivalent base-load time climbs up to 1400 h,
the COE of the proposed CAES dropped to below $120/MW-h.

Figure 5. Sensitivity analysis of the COE of the hybrid-fuel CAES system.

—®— Off-peak electricity price 175 | COE($/MWh)
—— Natural gas price

—4A— Coal price
—v— CRF
—&—Equivalent base-load time

100
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Percent Change from Base(%)

The COE of the proposed CAES system varies due to different fuel supply conditions and grid
conditions. The variation principles can be expressed as follows:

(1) If the proposed CAES system is close to the gas source field, the NG cost is relatively low,
which ensures the COE of CAES is relatively low;

(2) If wind power takes a large proportion in the grid, part of the electric power required by the
CAES charging process can be replaced by the power from wind curtailment, and then it is of
great importance to reduce the COE of CAES;

(3) When the peak valley fluctuations of the grid is rather large, indicating there is a huge load
demand, then the annual peak-shaving power generation duration of CAES will be increased,
as a result, the COE of CAES is reduced.

In conclusion, if the external environment condition in which CAES is located changes, the COE of
CAES will fluctuate significantly. For example, the Ordos Basin areas in China contains plentiful NG,

coal and wind resources, the COE of CAES located at these areas can be expected to reduce to about
100 $/MW-h.

4.2.4. Further Discussion

The economic performance of the hybrid-fuel CAES is analyzed under the electricity market
condition of North China Grid. The COE is estimated based on an average value of current data which
are applied to the North China Grid. The results show that the hybrid-fuel CAES costs less than the
gas-fuel CAES. However, without additional incentives, the hybrid-fuel CAES is still expensive for
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grid integration into North China Grid as the previous analysis. The main reasons for high COFE can be
summarized as: (1) there is no CAES plant built in China before, so the equipments of the CAES
system are expensive under the current national conditions. Thus, building a new CAES plant in China
would be rather expensive. (2) China is lack of NG resources, resulting in a high fuel cost of the
CAES system.

However, it can be seen from the sensitivity analysis on COE of the proposed CAES system
that COE is expected to drop significantly with the improvement in the fuel supply situations and
electricity market conditions. Deduced from the current development trend, the hybrid-fuel CAES is
likely to become competitive, concrete analysis is as follows:

(1) The Chinese government encourages using NG as the fuel for electricity generation. More NG
is being introduced from other countries, and more NG transmission engineering projects
are carried out to improve the conditions of the NG transport [41]. The NG price is likely to
fall predictably; it is beneficial to reduce the fuel cost of CAES.

(2) More wind power will be connected to the power grids, bringing in a huge market space for
CAES systems which contribute to balance grid wind power. There is a cost reduction in
the charging process when CAES use the energy from wind curtailment to compress the air.
Thus, the COE of CAES system is decreased accordingly.

(3) The proposed CAES is similar with PHS systems in storing off-peak electricity or wind power.
As the government regards CAES as an emerging strategic key industry [42], there should
be a compensation mechanism based on the capacity of CAES, thus the price of electricity
generated by CAES is expected to rise. The hybrid-fuel CAES power plant is competitive in
the Chinese energy market if the on-peak energy price exceeds $153.85/MW-h.

(4) As mentioned above, the hybrid-fuel CAES, which use coal to replace part of NG, is more
suitable for China’s conditions. If the hybrid-fuel CAES can be widely launched in China,
more efforts and funds can be introduced to improve the equipment performance, which is bound
to reduce the construction cost of CAES and improve the market competitiveness to CAES.

Besides, the proposed CAES system is helpful to accelerate the move to lower carbon generation
in China. For the wind power centralized areas in China, peak-shaving methods with low carbon
emissions such as pumped-storage is rarely adopted, thus leaving coal-fired power generating units as
the only option. If CAES can be widely applied to wind power regulation, on the one hand, the coal-fired
units used for wind power regulation can be reduced, which has significant effects on CO,
emissions reduction. For generating per kW-h electricity, the standard coal consumed by CAES is
about 43 g/kW-h, which is much lower than that of the coal-fired power units (310-320 g/kW-h),
in turn realizing CO; emissions reduction. On the other hand, large amounts of wind curtailment can
be recycled, which is of great help to enhance the share of wind power in the grid, the wind power
utilization rate is thus increased, again, this is beneficial to reduce the CO; emissions of China.

5. Conclusions

In this study, a hybrid-fuel CAES system is proposed to address the energy situation in China.
The hybrid-fuel CAES follows a typical CAES model to ensure the reliability and stability of the
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proposed system. Moreover, in this system, standard components of industry-proven equipment are
used to generate reliable and economic cycles of compressed air. An external combustion heater,
whose fuel is coal, is integrated to the proposed CAES to reduce the NG consumption of the system.
The system performance of the hybrid-fuel CAES is derived and forecasted in theory, and exergy
analysis and techno-economic analysis of the hybrid-fuel CAES are also conducted in the paper.

Due to the structure optimization of the CAES system and the performance improvement of the
equipment, both ER and HR of CAES decrease significantly compared to the conventional first-generation
CAES system. Thus, the overall efficiency of the hybrid-fuel CAES is reaching up to 61.18%. The results
of the exergy analysis show that the hybrid-fuel CAES has an exergy efficiency of 59.84%, which is
approximately 20% higher than that of the conventional first-generation CAES system. This advantage
is mainly attributed to the inclusion of the process of heating from the exhaust gas, the installation of
external combustion heaters, and the derivation of thermal energy from coal, which enhances the
thermodynamic properties of the air to match the high parameters of the gas turbine (1200 °C).

The paper conducted a techno-economic analysis on the proposed CAES based on the electrical
system in North China. Considering that CAES is a completely new system in China, where the lack of
NG is an issue currently, the proposed CAES has no evident superior competition. However, if the
given conditions such as NG were applied, large scale grid-connected wind power could be realized,
and since technologies are continuously improving, the proposed CAES can be expected to have lower
COE. Moreover, as the Chinese government is devoting efforts to supporting CAES, more preferential
policies are likely to be implemented. Therefore, the proposed CAES system is simple, technically
feasible, highly efficient, and could be helpful for CO, emission reduction in China. Based on the
current development tendency of China, CAES still possesses high market competiveness in the future.
There should be broad application prospects for the proposed CAES to be developed in China.
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