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Abstract: The compressed air energy storage (CAES) system, considered as one method for peaking
shaving and load-levelling of the electricity system, has excellent characteristics of energy storage
and utilization. However, due to the waste heat existing in compressed air during the charge stage
and exhaust gas during the discharge stage, the efficient operation of the conventional CAES system
has been greatly restricted. The Kalina cycle (KC) and organic Rankine cycle (ORC) have been
proven to be two worthwhile technologies to fulfill the different residual heat recovery for energy
systems. To capture and reuse the waste heat from the CAES system, two systems (the CAES system
combined with KC and ORC, respectively) are proposed in this paper. The sensitivity analysis shows
the effect of the compression ratio and the temperature of the exhaust on the system performance:
the KC-CAES system can achieve more efficient operation than the ORC-CAES system under the same
temperature of exhaust gas; meanwhile, the larger compression ratio can lead to the higher efficiency
for the KC-CAES system than that of ORC-CAES with the constant temperature of the exhaust gas.
In addition, the evolutionary multi-objective algorithm is conducted between the thermodynamic
and economic performances to find the optimal parameters of the two systems. The optimum results
indicate that the solutions with an exergy efficiency of around 59.74% and 53.56% are promising for
KC-CAES and ORC-CAES system practical designs, respectively.

Keywords: integrated energy storage system; CAES; Kalina cycle; ORC; thermo-economic

1. Introduction

Due to the increasing depletion of fossil fuels and the deterioration of global environmental
pollution, integrating renewable energy sources into the power system has developed rapidly during
the last few decades. However, the inherent nature of renewable energy, i.e., randomness and
intermittence, has greatly restricted the large-scale utilization of renewable energies, mostly in the
power grid [1,2]. Energy storage technology can deal with the encountered situation by storing the
excess renewable energies and releasing the energy to balance the difference between energy demand
and supply [3].

At present, pumped hydroelectric energy storage (PHES) and compressed air energy storage
(CAES) are two energy storage technologies suitable for large-scale energy storage applications [4,5].
Compared with PHES, CAES has the advantages of low investment costs, fast construction time and
high economic feasibility. The system may contribute to creating a flexible energy system with a better
utilization of fluctuating renewable energy sources [3,6]. During the charge period at the off-peak
time, electricity produced by renewable energy sources converts into internal energy of compressed
air, which is stored in an under-ground cavern; during the discharge period at peak demand,
the compressed air is heated up first and then expanded in the turbine to produce electricity [4,7].
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In recent years, many works regarding the CAES system have been conducted in order to
improve the applicability of the system [8]. Grazzini and Milazzo [9] presented a thermodynamic
analysis for an adiabatic compressed air energy storage system (ACAES) and proposed the variable
configuration system with a variable compression ratio to address the un-steady operation of the
components. Wolf and Budt [1] introduced a low-temperature adiabatic compressed air energy
storage (LTA-CAES) plant, which can avoid all of the technical challenges of adiabatic CAES designs.
Arabkoohsar et al. [10–12] proposed a CAES system equipped with an ancillary solar heating system for
a large-scale PV farm in Brazil, and the thermodynamic and economic analyses are conducted to select
the best operation strategy of the power plant. Abbaspour et al. [13] and Zhao et al. [14] conducted a
preliminary dynamic behavior analysis for CAES integrated with wind power to find the optimization
and improvement methods of the system. Fu et al. [15] described a new gas turbine power generation
system coupled with conventional CAES technology to improve the thermal efficiency at least 5% over
that of the existing system. Bouman [16] and Gulagi [17] discussed the environmental impacts and
importance associated with a CAES or ACAES system as a means of balancing the electricity output.

Although the CAES system has had remarkable attention paid to it, the large-scale CAES
system needs a suitable underground geology to store the compressed air, which leads to the great
limitation of the commercial application of CAES. Thus, developing a small-scale CAES system, which
could use an artificial air vessel instead of a natural cavern to store compressed air, has become
the main trend in recent years [5]. Because of the advantages of the gas engine in the small-scale
industrial system, integrating the gas engine with CAES could not only boost the system output
power, but also improve the efficiency of energy utilization and operation flexibility in the system [5].
Ibrahim et al. [18] presented a hybrid wind-diesel CAES to heighten diesel power output, increase
engine lifetime and reduce the fuel consumption and greenhouse gas emissions. Yao et al. [5] proposed
a novel combined cooling, heating and power system (CCHP) combined with CAES and a gas
engine; the system increases the output power of the CCHP system and realizes energy cascade
utilization. Nielsen et al. [19] and Basbous et al. [20] exposed new CAES systems based on diesel
engines, which can be applied to remote areas and ships.

The mentioned systems, due to the waste heat from the engine or compressor exhaust
gas not being utilized efficiently and flexibility, cause much destruction of the available energy.
The organic Rankine cycle (ORC) and Kalina cycle (KC) have been proven to be two worthwhile
technologies to fulfill the residual heat recovery for energy systems [21,22]. Therefore, the two cycles
(i.e., ORC and KC) can be employed in the CAES system to utilize the waste heat and improve the
efficiency of the system. To the best of the authors’ knowledge, there is only one paper related to
the CAES combined with KC at present. Zhao et al. [8] proposed an integrated energy system based
on CAES and the Kalina cycle, which can recover the waste heat of exhaust from a low pressure
turbine during the discharge process. However, the heat produced by the compressor is provided
to users directly, which will lead to the irrational utilization of high-grade energy when the exhaust
temperature of the compressor is high. Therefore, we consider the possibility of recovering heat from
the exhaust gas of the compressor and the gas engine by means of KC and ORC in this paper to
improve the operating efficiency of the system greatly and expand the scope of application of the
energy storage system.

This paper is organized into the following sections: Section 2 describes the schematic diagram
of two novel CAES systems. Then, the mathematical modelling of each component, including
thermodynamics and exergy model, is presented in Section 3. The sensitivity analysis and optimization
of the system are shown in Section 4. Finally, the conclusions are summarized in Section 5. The main
originality of this paper is summarized as follows:

(a) In this paper, two novel combined CAES systems which have never been presented are proposed.
(b) Compared with ACAES, the thermal storage vessel is not employed in the proposed system.

In addition, the output power of the system can increase with the increasing power demand of
the electric network.
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(c) The heat produced during the charging and discharging stage is used to generate electricity,
which can improve the operation efficiency.

2. System Description

The schematic of the compressed air energy storage (CAES) system is shown in Figure 1.
The working process of the system can be divided into two periods: charge period and discharge
period. During the charge period, the compressor is driven by renewable energies to compress the
ambient air to high-pressure compressed air (from Streams 1 to 5). The compressed air enters the
evaporator for after-cooling (Streams 2 and 3) and then is stored in the air storage vessel (Stream 5).
The compression heat produced by Evaporators 1 and 2 (EP1 and EP2) will be provided to the heat
recovery cycle, i.e., the Kalina cycle (KC) or organic Rankine cycle (ORC).

During the discharge period, the high-pressure air passes through the throttle valve (THV),
which is used to adjust the air flow rate (Stream 6) and then enters the regenerator (Reg) for preheating
(Stream 6). After that, the compression air expands in the air turbine to drive the generator to produce
electricity (Stream 7). After the expansion, the mixture of the exhaust air from the air turbine and
the fuel enters the gas engine (GE) (Stream 8). The energy produced by the GE includes three parts:
the power energy, the heat of exhaust gas and the heat of jacket water (i.e., used to cool the GE to
prevent the inside temperature of the GE from becoming too high). The jacket water heat will be
absorbed by EP4 (Stream 12) for the heat recovery cycle. The exhaust gas heat will be used to preheat
the compressed air (Stream 9) coming from the air storage vessel first, and then, the residual heat of
the exhaust gas will be employed for the heat recovery cycle in EP3 (Stream 10).
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Figure 1. Schematic diagram of the CAES system.

Figure 2 illustrates the schematic diagram of ORC combined with CAES (ORC-CAES). During
the charge or discharge stage, the working fluid absorbs the heat energy from the exhaust gas in the
evaporator to produce superheated vapor. After that, the vapor is expanded in the turbine (TurO)
to the output power (stream n′). The exhaust gas of the turbine is cooled in the regenerator (RegO)
(Stream 14′), condensed by cooling water (ConO) (Stream 15′), compressed (PumO) (Stream 16′)
and cooled by the regenerator (RegO) (Stream 17′). Finally, the working fluid enters the evaporator
(stream m′) to carry out the next cycle. For the working fluid in the ORC, R245fa is selected as
the working fluids, due to its good thermodynamic performance and small negative impact on the
environment [23,24].

The schematic of the combination of the KC and CAES (KC-CAES) is shown in Figure 3. The KC
could provide a better match to a heat source than the constant-temperature evaporation of a pure
substance (water/steam) [21]. This cycle employs an ammonia-water mixture as its working fluid.
During the working process, the mixture splits into four streams (basic solution, working solution,
rich solution and poor solution) with different concentrations to provide the flexibility of optimizing
the heat recovery system [21,25]. During the charge or discharge stage, the ammonia-water mixture
absorbs the heat energy from the exhaust gas with a high temperature and pressure in the evaporator to
produce superheated vapor. Then, the ammonia-water vapor expands in the ammonia turbine (TurK)
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(stream n’); meanwhile, power is generated. After that, the ammonia turbine exhaust is cooled in the
regenerator (HRegK) (Stream 18′) and diluted with ammonia-poor liquid in a mixture (M1) to become
basic solution (Stream 20′). In the condenser (LConK), the basic solution is condensed to saturated
liquid (Stream 21′), which will be compressed to an intermediate pressure (Stream 22′) in low pressure
pump (LPumK) after leaving LConK by cooling water. The diverter (D1) divides working solution into
two parts (Stream 22′). One of them is heated by the regenerator (LRegK, HRegK) (Streams 23′ to 24′)
and then enters the separator (Stream 25′) that separates the medium into the ammonia-poor solution
and the ammonia-rich vapor; the other part (Stream 26′) mixes directly with the rich ammonia solution
(Stream 28′) in the mixer (M2) to become the working solution (Stream 26′). Finally, the working
solution will be cooled, condensed by cooling water (HConK), compressed (HPumK) and sent to the
evaporator (Streams 29′ to m′) [26].
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3. Mathematical Modeling

The mathematical models of the novel energy storage system include the CAES, the KC and the
ORC. The following assumptions are made [8,9,26]:

(1) The air is treated as an ideal gas in the CAES system;
(2) Ambient air is composed of 78.12% nitrogen, 20.96% oxygen and 0.92% argon;
(3) The temperature and pressure of ambient atmospheric environment are 298.15 K and

101.325 kPa, respectively;
(4) The fuel of the gas engine is composed of 100% methane;
(5) In the KC and ORC, the working fluid in the condenser is cooled by water coming from the

atmospheric environment.

3.1. CAES Mathematical Model

3.1.1. Turbine and Compressor

For the compression process, the power consumption of the compressor can be obtained:

.
WComp =

kRgTin
.

mComp

(
πComp

(k−1)/k − 1
)

(k− 1)ηComp
, (1)

where
.

mComp is the air mass flow rate of the compressor, Tin stands for the inlet temperature of
the compressor, k is the isentropic exponent and πComp and ηComp represent the pressure ratio and
isentropic efficiency of the compressor, respectively.

The outlet temperature of the compressor can be given as:

Tout = Tin

[
(πComp

(k−1)/k − 1)
ηComp

+ 1

]
, (2)

Then, the isentropic efficiency of the compressor can be expressed as:

ηComp =
hout,s − hin

hout − hin
, (3)

In the expansion process, the power output by the turbine can be calculated by the
following equations:

.
WTur =

ηTurkRgT6
.

mTur

(
1− πTur

−(k−1)/k
)

(k− 1)
, (4)

where
.

mTur is the air mass flow rate of the turbine, T6 is the inlet temperature of the turbine and πTur

and ηTur represent the pressure ratio and isentropic efficiency of the turbine, respectively.
The outlet temperature and isentropic efficiency of the turbine are shown below:

T7 = T6

[
1− ηTur

(
1− πTur

−(k−1)/k
)]

, (5)

ηTur =
h6 − h7

h6 − h7,s
. (6)

3.1.2. Gas Engine

The power output of the gas engine is the product of the power efficiency ηGE and fuel
consumption rate

.
QGE:

.
WGE =

.
QGE · ηGE, (7)



Energies 2017, 10, 15 6 of 19

The fuel consumption rate by the gas engine can be written as:

.
QGE =

.
mfuel · LHV (8)

where LHV denotes the low calorific value of fuel and
.

mfuel is the mass flow rate of the fuel.

3.1.3. Air Storage Vessel

According to the conservation law of mass, the following equation can be obtained:

∑ min,ASV = ∑ mout,ASV (9)

where ∑ min,ASV and ∑ mout,ASV are the total input and output mass of air, respectively.
Due to the heat dissipation existing in the air storage vessel (ASV), the outlet temperature of

compressed air from the ASV can be considered as ambient temperature:

T6 = T0 (10)

where T0 is the ambient temperature.

3.2. ORC and KC Mathematical Model

3.2.1. Turbine and Pump

The power output of the turbine can be expressed as:

.
WTur,HRC =

.
mTur,HRC ·

(
hin

Tur,HRC − hout
Tur,HRC

)
, (11)

where
.

mTur,HRC denotes the mass flow rate of the working fluid in the heat recovery cycle and hin
Tur,HRC

and hout
Tur,HRC are the inlet and outlet enthalpy of turbine, respectively. The subscript HRC represents

the heat recovery cycle: ORC or KC.
The isentropic efficiency of the turbine is:

ηTur,HRC =
hin

Tur,HRC − hout
Tur,HRC

hin
Tur,HRC − hout

Tur,HRC,s
. (12)

The power consumption and isentropic efficiency of the pump can be written as:

.
WPum,HRC =

.
mPum,HRC

(
hout

Pum,HRC − hin
Pum,HRC

)
, (13)

ηPum,HRC =
hout

Pum,HRC,s − hin
Pum,HRC

hout
Pum,HRC − hin

Pum,HRC
, (14)

where hin
Pum,HRC, hout

Pum,HRC are the inlet and outlet enthalpy of the pump.

3.2.2. Mixer, Separator and Diverter

Assuming that there is no energy loss in the mixer, separator and diverter, the following model
about the mixer, separator and diverter can be used:

∑
.

min
mixer = ∑

.
mout

mixer

∑
.

min
diverter = ∑

.
mout

diverter

∑
.

min
seperator = ∑

.
mout

seperator

, (15)
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∑

.
min

mixerxin
mixer = ∑

.
mout

mixerxout
mixer

∑
.

min
diverterxin

diverter = ∑
.

mout
diverterxout

diverter

∑
.

min
seperatorxin

seperator = ∑
.

mout
seperatorxout

seperator

, (16)


∑

.
min

mixerhin
mixer = ∑

.
mout

mixerhout
mixer

∑
.

min
diverterhin

diverter = ∑
.

mout
diverterhout

diverter

∑
.

min
seperatorhin

seperator = ∑
.

mout
seperatorhout
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, (17)

where x represents the concentration of ammonia-water.

3.3. Heat Exchanger Model

In the heat exchanger, the working fluid may work in different thermodynamic states, namely
superheated state, two-phase state and sub-cooled state, which causes the heat transfer process in
the heat exchanger to be divided into many regions. In the condenser, the working fluid is liquefied
from one state (such as the superheated state or saturated liquid state) to another state (liquid state);
while the working fluid may work in the sub-cooled region, two-phase region and superheated region
in the evaporator [27]. However, the superheated region and the sub-cooled region can be considered
as a single-phase region compared to a two-phase region [27].

The plate heat exchanger is employed in this paper due to the high heat transfer coefficient,
good acclimatization, compact size and fewer materials’ consumption [28,29]. According to the law of
energy conservation, the heat released by hot fluid is equal to the value of heat absorbed by cold fluid.
For the evaporator and regenerator, the following equations can be employed:

(hhot,in − hhot,in)
.

mhot = (hcold,in − hcold,in)
.

mcold (18)

(A) Single-phase flow:

The heat rate of the heat exchanger can be given as [30,31]:

.
Q = UA∆tm, (19)

where U represents the overall heat transfer coefficient of the heat exchanger and ∆tm is the logarithmic
mean temperature difference (LMTD) that can be calculated as:

∆tm =
∆tmax − ∆tmin

ln(∆tmin/∆tmax)
(20)

where ∆tmax and ∆tmin are the maximum and minimum temperature difference between cold and hot
fluid, respectively.

According to the law of energy conservation, the overall heat transfer coefficient of the heat
exchanger is:

1
U

=
1

hhot
+

δ

λ
+

1
hcold

, (21)

where hhot and hcold are the heat transfer coefficient of hot fluid and cold fluid, respectively. δ is the
thickness of the plate, and λ is the thermal conductivity.

The equivalent diameter of flow channel has been presented by Wang [28] and can be defined as:

Dh =
4A
C

=
4Lb

2(L + b)
, (22)

where L, b are the channel width and channel spacing, respectively [28,31]. C is the wetted perimeter
of the cross-section. A is the cross-section area of the channel.
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The mass velocity of fluid:

G =

.
mf

NLb
, (23)

where N is the number of the channels [28,31].
The Reynolds number (Re) is a dimensionless quantity that is used to predict similar flow patterns

in different fluid flow situations, which can be obtained by Equation (24) [5]:

Re =
GDh

µ
, (24)

where µ is the viscosity of fluid.
The Prandtl number (Pr) is the ratio of momentum diffusivity to thermal diffusivity [31]:

Pr =
cpµ

λ
, (25)

where λ and cp are the thermal conductivity and specific heat of the fluid, respectively.
The Nusselt number (Nu) is the ratio of convective to conductive heat transfer across the boundary,

which is calculated by Equation (26) for the single-phase region [32].

Nu = 0.724
(

6β

π

)0.646
Re0.583Pr1/3, (26)

where β stands for the chevron angle of the plates, being expressed by [32].
Therefore, the heat transfer coefficient HTC for single-phase flow can be expressed as:

HTC =
λ · Nu

Dh
. (27)

(B) Two-phase flow:

The properties of fluid in the two-phase region are not constant, which will lead to inaccurate
calculation results in the single-phase flow model. Thus, the two-phase region is divided into a number
of small regions where the properties of the fluid keep almost constant [28,33,34]. The LMTD and
overall heat transfer coefficient for each region can be obtained by Equations (20) and (21).

In the condenser, the heat transfer coefficient on the hot side for each region can be given by [28,33]:

NuCon,i = 4.118Re0.4
i Pr1/3

i ; (28)

while in the evaporator, the heat transfer coefficient on the cold side for each region can be expressed
as [28,33]:

NuEva,i = 1.926

[
(1− xm,i) + xm,i

(
ρl
ρv

)0.5
]

Re0.5
i Pr1/3

i Bo0.5
i , (29)

where Boi is the boiling number and xm,i is the dryness of the fluid [28,33]. Rei, Pri can be obtained
using Equations (24) and (25), respectively.

3.4. Exergy Model of Systems

Exergy analysis reveals the location, the magnitude and the sources of thermodynamic
inefficiencies within the energy system [5]. In addition, the exergy analysis can be used to improve the
system efficiency by determining the sources and magnitude of irreversibility.

The total exergy of a material stream can be divided into two parts: chemical exergy (Exch
ix ) and

physical exergy (Exph
ix ) [35]:

Exix = Exph
ix + Exch

ix , (30)
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Exph
ix = m[hix − h0 − T0(six − s0)], (31)

Exch
ix = m

(
∑
jx

xjxε0 + RT0∑
jx

xjx ln xjx

)
, (32)

where xjx is the mole fraction and ε0 is the standard chemical exergy of the involved
chemical component.

3.5. Performance Evaluation Criteria

In order to evaluate the thermodynamic and economic performance of the proposed system,
the following system indicators are introduced [36–38]:

The round-trip efficiency η of the system is the ratio of the total energy generated ∑
.

Wout

(i.e., the power produced by the sum of ammonia turbine, air turbine and gas engine) and the total
energy consumed by the system (i.e., the power consumed by compressor and pump ∑

.
Win and the

fuel consumption of the gas engine
.

QGE).

η =
∑

.
Wout

.
QGE + ∑

.
Win

, (33)

Exergy efficiency used to characterize the utilization of the total effective energy of the system is
defined as the ratio between exergy product and exergy fuel [6,39,40]. The exergy product and the
exergy fuel are defined by considering the desired result produced by the component and the resources
expended to generate this result [21,35].

ε =

.
ExP,tot
.
ExF,tot

, (34)

where
.
ExP,tot is the exergy product of the whole system and

.
ExF,tot is the sum of input power and the

exergy of input fuel.
In order to evaluate the relationship between fuel consumption and output power of the system,

the heat rate (HR) is introduced [1,41,42]:

HR =

.
QGE

∑
.

Wout
, (35)

The total investment cost per total output power (ICPP) as a widely-used economic indicator is
used to calculate the approximate total investment cost of a given system for different scales [5,28]:

ICPP =
Ctotal

∑
.

Win

, (36)

where Ctotal is the total investment of the novel systems. The cost functions of the involved components
in the systems are listed in Appendix A.

4. Results and Discussions

4.1. Sensitivity Analysis

The main thermodynamic parameters of the components in the systems are listed in Table 1.
In this paper, the concentration of ammonia-water is 0.8 [43,44]. From the previous studies [25,44],
the value of the temperature of exhaust gas (Teg) reveals the ability of waste recovery by the heat
recovery cycle. In this paper, the compression ratio and temperature of the exhaust gas (Teg) are
the key parameters to find the different requirements for the two proposed systems to recover the
heat efficiently.
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Table 1. The simulation condition of the proposed CAES system.

Term Unit Value

Ambient temperature K 298.15
Ambient pressure MPa 0.10

Pinch temperature difference K 8
Turbine isentropic efficiency - 0.9

Compressor isentropic efficiency - 0.9
Pump isentropic efficiency - 0.7

Work solution concentration - 0.55
Rich solution concentration - 0.80
Basic solution concentration - 0.25
Gas engine power efficiency - 0.42

Rated air flow rate of compression kg/s 98.80
Volume of air storage vessel m3 30,000.00

Figure 4 shows the effect of pressure ratio of the compressor (πComp) on the exergy efficiency
(εORC-CAES), round-trip efficiency (ηORC-CAES) and heat rate (HRORC-CAES) of the ORC-CAES system.
With the increasing πComp, both εORC-CAES and ηORC-CAES decrease slowly at first; after the πComp

reaches 4.3, the system performance indicators decrease quickly. However, as the πComp increases,
the HRORC-CAES increases from the beginning to the end. This is because the increasing πComp causes
the increasing irreversible loss of the compressor, which would lead to the decrement of exergy
efficiency and the round-trip efficiency. In addition, the final pressure of the air storage vessel increases
with the increment of πComp, which will cause the increasing of the fuel consumption, resulting in the
increase of the heat rate finally. Figure 5 shows the behaviors of the heat rate (HRKC-CAES), round-trip
efficiency (ηKC-CAES) and exergy efficiency (εKC-CAES) of the KC-CAES systems. It can be seen that
with increasing πComp, εKC-CAES and ηKC-CAES of the KC-CAES system decrease, whereas HRKC-CAES

increases. The reason for these trends is similar to the ORC-CAES system. Moreover, comparing
Figure 4 with Figure 5, the exergy efficiency and the round-trip efficiency of KC-CAES are higher than
that of ORC-CAES. This is because the boiling point of the ammonia-water can be adjusted to suit the
heat input temperature of the heat source, resulting in a good temperature match between the heat
source and the working fluid of KC.Energies 2017, 10, 15 11 of 20 
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The effect of the outlet temperature of the exhaust gas (Teg) on exergy efficiency (εORC-CAES),
round-trip efficiency (ηORC-CAES) and the heat rate (HRORC-CAES) of the ORC-CAES system are given
in Figure 6. With the increasing Teg from 300 K to 325 K, εORC-CAES and ηORC-CAES of the system
decrease slowly, whereas HRORC-CAES increases slowly. This is because the exergy destruction of the
compressor, gas engine and air turbine keep constant due to the fixed operation parameters; however,
the increment in the outlet temperature of the exhaust gas leads to the decrement of the temperature
difference between the inlet and outlet of the hot fluid of the evaporator, resulting in a decreasing heat
recovery in the evaporator. After Teg reaches 325 K, with the increasing Teg, both the εORC-CAES and
ηORC-CAES have remarkable plunges and then keep almost constant with the increase of temperature,
whereas the HRORC-CAES rises at first and then keeps constant. The reasons are the change of the
thermodynamics property of the exhaust gas and that there is a breaking of the performance parameters
of ORC-CAES systems when the Teg is in the range of 325 to 330 K. Figure 7 illustrates the effect of the
outlet temperature of the turbine on the enthalpy and entropy of the exhaust gas. There is a sudden
increase of the enthalpy and entropy as the outlet temperature increases, which is mainly caused by
the changing of the compression factor of nitrogen.Energies 2017, 10, 15 12 of 20 
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Figure 7. Effect of the outlet temperature of the exhaust gas on the enthalpy and entropy.

Figure 8 exhibits the effect of the temperature of the exhaust gas of the KC-CAES system (Teg) on
the exergy efficiency (εKC-CAES), round-trip efficiency (ηKC-CAES) and heat rate (HRKC-CAES). Similar
to the effect of Teg on the exergy efficiency and round-trip efficiency of ORC-CAES, as Teg increases
from 300 K to 320 K, the performance the parameters of the system decreases. However, there is little
difference of the performance parameters between ORC-CAES and KC-CAES as Teg is higher than
320 K. This is because the thermodynamics property (entropy, density, etc.) of ammonia-water changes
greatly compared to R245fa as the temperature increases, resulting in the power produced by the heat
recovery cycle changing greatly.Energies 2017, 10, 15 13 of 20 
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4.2. Parameter Optimization of Systems Based on the Genetic Algorithm

The sensitivity analysis shows the effect of a single system parameter on the system performance.
In this section, the multi-objective optimization is carried out to find the trade-off between the
thermodynamic performance and the economic performance of the system. The genetic algorithm
(GA) is a method for solving both constrained and unconstrained optimization problems based on
a natural selection process that mimics biological evolution. The algorithm repeatedly modifies a
population of individual solutions. At each step, the GA selects individuals randomly from the current
population and uses them as parents to produce the children for the next generation. Over successive
generations, the population “evolves” toward an optimal solution [45,46].
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To operate the system in the optimal state, the NSGA-Π is employed with two decision variables:
the temperature of the exhaust gas (ORC-CAES: 305–347.5 K, KC-CAES: 305–355 K) and the pressure
ratio of the compressor (ORC-CAES: 3.7 to 11.2, KC-CAES: 6.5 to 11.8); setting the population size,
generations and function tolerance to 100, 200 and 1 × 10−4 for the algorithm, to find the maximize
exergy efficiency (ε) and minimize the total investment cost per total output power (ICPP).

Figure 9 shows the Pareto optimal solutions for the ORC-CAES system between exergy efficiency
and ICPP. In the multi-objective optimization, each point located on the Pareto frontier is a potential
optimum solution. It can be seen that the maximum exergy efficiency can reach 55.2% as the ICPP
achieves the maximum value of 0.83 k$/kW (Point E), whereas the minimum exergy efficiency of
50.1% is obtained, and the ICPP also attains the minimum value of 0.57 k$/kW (Point F). Since it is
impossible to make each objective at its optimum value simultaneously, i.e., to achieve the greatest
value of exergy efficiency and the lowest value of ICPP (Point B), the process of decision-making is
mostly performed based on engineering experiences [27,29]. While in this paper, the design point in
the Pareto front, which has the shortest distance from the hypothetical Point B, is selected as the final
optimal design point (Point A) [29]. In addition, the Pareto front is flat when the exergy efficiency is
below approximately 53.56%. Afterward, the ICPP increases substantially in the course of the increase
in exergy efficiency. With the help of the above decision-making process, Point A with the exergy
efficiency value of 53.56% and the ICPP of 0.67 k$/kW is selected as the final optimal solution that is
promising for engineering design.Energies 2017, 10, 15 14 of 20 
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Figure 10 gives the Pareto optimal solutions for the KC-CAES system between exergy efficiency
and ICPP. The minimum exergy efficiency achieves 57.3% with the minimum ICPP (Point H), whereas
as the investment cost obtains the maximum, the maximum exergy efficiency is obtained (Point G).
Point D, which is a hypothetical point, is the ideal point with the minimum investment cost and
maximum exergy efficiency. Point C possesses the shortest distance from the hypothetical point and is
selected as the final optimal solution that is promising for engineering design.

Thus, the final optimal parameters of the two systems are shown in Table 2. Comparing with
the ORC-CAES system, the KC-CAES system can achieve a lower temperature of the exhaust gas
under the optimum conditions, resulting in less waste of the exhaust heat and higher exergy efficiency;
besides, the KC-CAES system can operate at lower capital cost at the optimum conditions.
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Table 2. Optimal parameters of the two systems.

System πComp Teg (K) Exergy Efficiency (%) ICPP (k$/kW)

KC-CAES 7.33 323 59.74 0.61
ORC-CAES 6.42 344 53.56 0.67

The relative efficiency of the two proposed systems, including relative round-trip efficiency
((ηHRC-CAES − ηCAES)/ηHRC-CAES) and relative exergy efficiency ((εHRC-CAES − εCAES)/εHRC-CAES),
based on the single CAES system are given in Table 3. It can be seen that the second law efficiency of
the proposed KC-CAES and ORC-CAES system improves 27.32% and 16.83% compared to that of the
single CAES system, respectively. The round-trip efficiency of the combined two systems improves
27.35% (KC-CAES) and 16.89% (ORC-CAES). Moreover, the KC-CAES system achieves higher exergy
and round-trip efficiency than those of the ORC-CAES system. The reason is that KC could provide
a better match to a heat source and could achieve higher efficiency (20.5%) operation than that of
ORC (11.7%).

Table 3. Comparison of the efficiency between KC-CAES and ORC-CAES at the optimal point (based on
the single CAES).

System Relative Exergy
Efficiency (%)

Relative Round-Trip
Efficiency (%)

Heat Recovery Cycle
Efficiency (%)

KC-CAES 27.32 27.35 20.5
ORC-CAES 16.83 16.89 11.7

5. Conclusions

In this paper, two novel compressed air energy storage systems (CAES), i.e., CAES combined
with the organic Rankine cycle (ORC-CAES) and CAES combined with the Kalina cycle (KC-CAES),
are proposed to utilize renewable energy sources efficiently by recovering the residual heat
recovery. The dependence of the system’s thermodynamic performance on the compression ratio
and temperature of the exhaust is investigated by a sensitivity analysis. Besides, the multi-objective
optimization is conducted to find the optimal parameters of the two systems. The main conclusions
are summarized as follows:

(1) Firstly, increasing the pressure ratio of the compressor, the exergy efficiency and round-trip
efficiency of the two energy systems decrease, resulting in the operation performance of the
systems become worse. Secondly, the effect of the temperature of exhaust gas on KC-CAES is
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more obvious than that of the ORC-CAES; the KC-CAES system possesses higher operation
efficiency and a lower heat rate, which illustrates that the Kalina cycle is more suitable as a heat
recovery cycle of the CAES system.

(2) For ORC-CAES, due to the changes in the total investment cost per total output power (ICPP)
being relatively slow when the efficiency is less than 53.56%, the ICPP increases significantly
when the efficiency is more than 53.56%; the optimal solutions around exergy efficiency of 53.56%
are suggested for industrial applications. Moreover, the exergy efficiency value of 59.74% has
been selected for the KC-CAES system as the final optimal solution, which is based on the design
point in the Pareto front having the shortest distance from the hypothetical point.
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Abbreviations

The following abbreviations are used in this manuscript:
A area of components (m2)
b channel spacing (m)
Bo boiling number
C capital cost
cp specific heat capacity at constant pressure (J/kg·K)
Ex exergy (kJ)
G mass velocity
h enthalpy (kJ/kg)
HTC heat transfer coefficient (W/m2·K)
k isentropic exponent
K constant
L average distance between the channel (m)
LHV lower heating value (J/kg)
.

m flow rate (kg/s)
N number of channel
Nu Nusselt number
p pressure (pa)
Pr Prandtl number
Re Reynolds number
Rg universal gas constant (J/kg·K)
T temperature (K)
U overall heat transfer coefficient (W/m2·K)
V volume of components (m3)

.
W power (kW)
x mass fraction of ammonia
Greek letters
β chevron angle
δ thickness of the plate (m)
ε exergy efficiency
η round-trip efficiency
λ thermal conductivity of fluid (W/m·K)
µ dynamic viscosity (N·s/m2)
π pressure ratio
ρ density (kg/m3)
Subscripts and superscripts
ch chemical
cold cold fluid
Comp compressor
Con condenser
Div diverter
eg exhaust gas
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Eva evaporator
GE gas engine
Hhex high pressure regenerator
hot hot fluid
HRC heat recovery cycle
in input of the system
ix material stream
jx chemical components
K Kalina cycle
Lhex low pressure regenerator
O ORC
out output of the system
P product
ph physical
PS proposed system
Pum pump
s isentropic
tot total
Tur turbine
x percentage of components

Appendix A

The large-scale application of the energy system can be determined by economic operation, which
means lower-cost and higher profits. Therefore, an economic analysis of a novel compressed air energy
storage (CAES) system is conducted in order to optimize the business-economic profits on the market.
The centrifugal pump is employed in the two proposed systems.

The total investment of the novel systems:

CTotal,PS = CTotal,CAES + CTotal,HRC, (A1)

where the subscript PS represents the proposed system, ORC-CAES (CAES combined with ORC) or
KC-CAES (CAES combined with Kalina cycle), and the subscript HRC denotes the heat recovery cycle:
KC (Kalina cycle) or ORC (organic Rankine cycle); CTotal,CAES is the overall capital cost of the CAES,
and CTotal,HRC is the overall capital cost of the heat recovery cycle.

(1) Economic model of KC and ORC:

The overall capital cost of the system is determined by the summation of individual components:

CTotal,HRC = ∑ CCi,HRC + ∑ CCj,HRC (A2)

where CCi,HRC and CCj,HRC represent the capital cost of components in the heat recovery cycle.
The capital cost of components (including turbine, separator, mixer or diverter) in the cycle is

expressed as [29,47]:

CCi,HRC =
584.6
397

FCi,MPFSC0
Ci,HRC, (A3)

where the subscript Ci represents components in the cycle, such as the turbine, separator, mixer
or diverter. FCi,MP is the material and pressure factor of the components (stainless steel). FS is the
additional factor. C0

Ci,HRC is the basic cost of the components made from carbon steel and can be given
by [29,47]:

log C0
Ci,HRC = K1,Ci,HRC + K2,Ci,HRC log

.
WCi,HRC + K3,Ci,HRC

(
log

.
WCi,HRC

)2
, (A4)

where
.

WCi,HRC is the power output for the turbine, whereas
.

WCi,HRC represents the volume for
the separator, mixer or diverter. K1,Ci,HRC, K2,Ci,HRC and K3,Ci,HRC are respectively constants for the
components’ type.
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For other components (including the pump and heat exchanger), the capital cost is given
by [4,29,47]:

CCj,HRC =
584.6
397

(
B1,Cj + B2,CjFCj,MFCj,P

)
FSC0

Cj,HRC (A5)

where Cj represents the pump or heat exchanger. B1,Cj and B2,Cj are constants for the component type.
FCj,M and FCj,P are the material factor and pressure factor of components (stainless steel). C0

Cj,HRC is the
basic cost of components made from carbon steel.

log C0
Cj,HRC = K1,Cj,HRC + K2,Cj,HRC log

.
WCj,HRC + K3,Cj,HRC

(
log

.
WCj,HRC

)2
, (A6)

where K1,Cj,HRC, K2,Cj,HRC and K3,Cj,HRC are constants for the components.
.

WCj,HRC is the consumption
power for the pump.

log FCj,P = C1,Cj + C2,Cj log PCj + C3,Cj
(
log PCj

)2 (A7)

Note that C1,Cj, C2,Cj and C3,Cj are constants for the component type. PCj is the design pressure of
the corresponding components [4,29,47].

(2) Economic model of CAES:

The economic models proposed by Couper et al. [48–50] are employed in calculating the capital
cost of CAES.

CTotal,CAES = CTur + CComp + CReg + CGE + Cvessel, (A8)

where CTur, CComp, CGE and Cvessel denote the air turbine (Tur), compressor (C1 and C2), gas engine
(GE) and air storage vessel.

Equations for evaluating the capital cost of the CAES components are shown in Table A1.

Table A1. Capital cost model of each component of the CAES.

Components Investment Model (k$)

Air turbine, Tur CTur = 0.110
( .

WTur

)0.81
[49,50]

Compressor, C1 or C2 CComp = 0.790
( .

WComp

)0.62
[49,50]

Regenerator, Reg CReg = 1.218 fd fm fp exp
[
8.821− 0.30863

(
ln AReg

)
+ 0.0681

(
ln AReg

)2
]
10−4 [49]

Gas engine, GE CGE = 0.65
.

WGE

(
16137

.
W
−0.3799
GE

)
10−4 [48]

Air storage vessel Cvessel = 10−4 × 1.218 exp
[
2.631 + 1.3673(ln Vvessel)− 0.06309(ln Vvessel)

2
]

[49]

f d: type correction factor; f m: material correction factor; f p: pressure correction factor.
.

WTur,
.

WComp and
.

WGE are respectively the output power of the turbine, the power consumption of the compressor and the
output power by the gas engine. AReg and Vvessel present the area of the regenerator and the volume of the air
storage vessel.
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