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A novel thermodynamic system is proposed to recover the waste heat of an internal combustion engine (ICE) by integrating the
transcritical carbon dioxide (CO

2
) refrigeration cyclewith the supercritical CO

2
power cycle, and eight kinds of integration schemes

are developed. The key parameters of the system are optimized through a genetic algorithm to achieve optimum matching with
different variables and schemes, as well as the maximum net power output (𝑊net). The results indicate that replacing a single-
turbine scheme with a double-turbine scheme can significantly enhance the net power output (𝑊net) and lower the inlet pressure
of the power turbine (𝑃

4
). With the same exhaust parameters of ICE, the maximum𝑊net of the double-turbines scheme is 40%–

50% higher than that of the single-turbine scheme. Replacing a single-stage compression scheme with a double-stage compression
scheme can also lower the value of 𝑃

4
, while it could not always significantly enhance the value of 𝑊net. Except for the power

consumption of air conditioning, the net power output of this thermodynamic system can reach up to 13%–35% of the engine
power when it is used to recover the exhaust heat of internal combustion engines.

1. Introduction

The internal combustion engine (ICE) has been a primary
power source for automobiles, long-haul trucks, locomotives,
and ships in the past few decades. Although a lot of advanced
technologies have been developed to increase the thermal
efficiency of the ICE, around 60%–75% of the fuel energy is
still lost as waste heat through the exhaust and the coolant
[1]. Despite the engine exhaust and the engine coolant having
similar energy content, the higher temperature of the engine’s
exhaust gas makes it more thermodynamically attractive
when viewed from the perspective of exergy. This results in
a higher theoretical efficiency gain when coupled to a heat
engine [1].

Recently, many efforts have been made to recover waste
energy from the engine exhaust. Bianchi and De Pascale [2]
evaluated three thermodynamic cycles, the organic Rankine
cycle (ORC), Stirling, and the inverted Brayton, in order to
recover low- andmedium-gradewaste heat.They determined
that an ORC is the most attractive one of the three. Jansen

et al. [1] developed a waste heat recovery system using the
Brayton cycle, which consists of a heat exchanger to recover
the exhaust heat, a turbocharger system to compress air
and convert the heat energy into mechanical work, and an
electric machine integrated into the turbocharger shaft to
generate electric power. Results indicate that it can improve
fuel efficiency by as much as 10%. Song et al. [3] simplified
the above system using the turbocharger compressor as
the Brayton cycle compressor and the fuel economy of the
diesel engine was improved only by 2.6% at high engine
speed and 4.6% at low engine speed under engine full-load
operating conditions. In 2005, Cummins Inc. proposed a
scheme to recover the waste heat of a heavy-duty diesel
engine through ORC. Then, AVL Inc. planned to develop a
supercritical ORC to recover the waste heat of heavy-duty
automotive diesel engine. Diego A. Arias from the University
of Wisconsin proposed three different supercritical ORCs to
recover different kinds of waste heat from a hybrid engine.
BMW Inc. produced the “Turbo Steamer” system with a
high temperature cycle and a low temperature cycle. The
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high temperature cycle recovers the waste heat of the engine
exhaust, and the low temperature cycle mainly recovers the
waste heat of the engine cooling system. Although research
regarding the use of ORC to recover the waste heat of ICE has
made some progress, the large size of the package unit and the
leakage of organic fluids restrict its engineering application
[4].

For the past few years, the transcritical/supercritical CO
2

power cycle has attractedmore andmore attention. Persichilli
et al. [5, 6] compared the cycle efficiency, equipment cost,
and environmental performance of the transcritical CO

2

cycle, the ORC, and the steam Rankine cycle. Results show
that the CO

2
transcritical power cycle can achieve a high

efficiency over a wide range of heat source temperatures
(from 204∘C to 650∘C) with lower cost. They also did
preliminary tests of a 250 kW waste heat recovery system
using CO

2
as the working fluid, which proved that the system

performed as expected. Chen et al. [7] also compared the
CO
2
transcritical power cycle and the ORC with R123 as

a working fluid. They found that when utilizing the low-
grade heat source with equal mean thermodynamic heat
rejection temperature, the CO

2
transcritical power cycle has

a slightly higher power output than the ORC. Besides, other
studies [8–11] on the CO

2
power cycle for waste heat recovery

have been reported, which confirmed its feasibility. CO
2
is

superior to other working fluids because of its lower critical
temperature (31.18∘C, close to ambient temperature), smaller
latent heat of vaporization in the transcritical power cycle,
and no pinching point problem during the supercritical heat
transmission [12–14]. In addition, CO

2
is natural, cheap, and

environmentally friendly. It does not decompose or explode
within the temperature range of the ICE exhaust gas [15–19].
Furthermore, CO

2
is suitable for the compact microchannel

heat exchanger because of its excellent flow and heat-transfer
properties. Under the conventional working parameters, the
density of CO

2
is 5 to 20 times the density of organic fluids,

which makes the compressor, turbine, and piping system of
the CO

2
cyclemuch smaller than that of theORC. So the CO

2

cycle is highly suitable for recovering the waste heat from the
ICE exhaust [5].

As is well known,most of the existing automobile air con-
ditioning systems use HFC-R134a as a refrigerant. Because
of the vibration and the frequent overhaul of the unit, the
leakage of refrigerant is much greater than in household air
conditioning, which is one of themain sources of greenhouse
gas. Recently, BMW, Volkswagen, and some other major
automobile manufacturers have planned to use CO

2
as

the refrigerant for automobile air conditioning in order to
reduce the emission of greenhouse gas [20–24]. Several new
and innovative designs for heat exchangers, compressors,
and valves have emerged from studies in this area. This
application has recently received increased attention based
on the European Parliament’s July 2006 vote to phase out the
refrigerant HFC-134a.

Hence, a system of combined power and refrigeration
generation using the CO

2
thermodynamic cycle to recover

thewaste heat of an internal combustion engine is interesting.
This system can not only take full advantage of the superiority
of CO

2
power cycles in high efficiency and small size, but also

can be furthermade simple and compact because theworking
fluid and some equipment are shared by the refrigeration
cycle and the power cycle, which can be the most feasible
way for the waste heat recovery of ICE. In 2005, Chen et
al. [25] proposed a thermodynamic cycle system with CO

2

as a working fluid to recover the waste heat of the ICE.
The system works separately or works in combination with
the already exiting CO

2
A/C unit to produce power for

the A/C system’s compressor or even add further power to
the propulsion system. In this paper, some new integration
schemes of combined power and refrigeration generation
with the CO

2
thermodynamic cycle are proposed, and the

key parameters of the system are optimized using a genetic
algorithm to get optimum matching with different variables
and schemes, as well as the maximum net power output.This
research is very significant for promoting the development of
ICE waste heat recovery.

2. System Description and Modeling

2.1. Thermodynamic Cycles. In most cases, a large terminal
temperature difference is selected to reduce the size of the
automotive heat exchanger, so that the typical values of the
condensing temperature are usually higher than the critical
temperature of carbon dioxide. Therefore, the waste heat
recovery of an automotive internal combustion engine has to
use the supercritical power cycle.

Figure 1(a) shows a typical single turbine supercritical
CO
2
power cycle system, referred to as STC. In this cycle,

first the CO
2
is compressed by a high-pressure compressor

(HPC) from state 2 to state 3. Then, it is heated to state 4 by
the exhaust gas of the ICE in the gas heater. Next, the CO

2

expands in a high-temperature turbine (HT), which can drive
the vehicle directly or generate electricity (G). Lastly, the CO

2

exhaust of the HT is cooled from state 5 to state 2 in a gas
cooler, thus completing a power cycle.

In order to improve the efficiency of waste heat recovery
and lower the exhaust temperature of HT, a double-turbine
supercritical CO

2
power cycle system as shown in Figure 1(b)

is proposed, which is referred to as DTC. In this cycle, first
the CO

2
is compressed by a high-pressure compressor (HPC)

from state 2 to state 3. Next, it is divided into two parts; one
part is heated to state 4 by the exhaust gas of the ICE in the gas
heater and then expands in a high-temperature turbine (HT).
The other part is heated to state 4 by the CO

2
exhaust of the

HT in the regenerator and then expands in a low-temperature
turbine (LT). Lastly, the two parts of the CO

2
meet in a gas

cooler and release the residual heat to the ambient air, during
which the parameters of CO

2
vary from state 1 to state 2,

completing a power cycle. Here, the HT and the LT have the
same expansion ratio and inlet pressure but different inlet
temperatures, which can significantly improve the efficiency
of waste heat recovery and thermal power conversion. In
addition, compared to the STC system, it is a very compact
system, with the addition of a low-temperature turbine (LT)
and a regenerator in the basic of STC system.

According to literature [20], a transcritical CO
2
refriger-

ation cycle system as shown in Figure 2(a) can be used as the
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Figure 1: Typical system layout of the supercritical CO
2
power cycle.
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Figure 2: Typical system layout of the transcritical CO
2
refrigeration cycle.

air conditioning in an automobile. In this cycle, supercritical
CO
2
(state 12) is compressed by a low-pressure compressor

(LPC) from state 11 to state 12. Then, it is cooled down
to state 2 and state 8 in the gas cooler and fore cooler,
successively. Next, the CO

2
with low temperature and high

pressure condenses to state 9 through a throttling valve.
Further, the CO

2
liquid evaporates by absorbing the heat

of the automobile compartment in the evaporator and the
automobile compartment is cooled. Finally, the CO

2
after

evaporation (state 10) is heated up to state 11 in a fore
cooler before entering LPC, completing a refrigeration cycle.
Considering the limits of vehicle space, removal of the fore
cooler is an alternative, as shown in Figure 2(b). However,
the effect of the fore cooler on the whole performance cycle
requires further analysis.

Based on the operating principle of thermodynamic
cycles and the basic idea of combined power and refrigeration
generation, two patterns are proposed to integrate the waste
heat recovery supercritical CO

2
power cycle and thetranscrit-

ical CO
2
refrigeration cycle to simplify and make the system

compact, as shown in Figures 3 and 4. For the integration
pattern in Figure 3, the exhaust CO

2
pressure of HT is equal

to the discharge pressure of LPC.HPC can only be used by the
power circuit and LPC can only be used by the refrigeration
circuit. However, the two circuits share a gas cooler, a working
fluid tank, and other auxiliary equipment. For the integration
pattern in Figure 4, the exhaust CO

2
pressure of HT is equal

to the intake pressure of LPC, and two circuits share the LPC
as well as the gas cooler, the working fluid tank, and other
auxiliary equipment. In this system, the power cycle includes
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(c) System layout of DSF cycle
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(d) 𝑇-𝑆 diagram of DSF cycle

Figure 3: System layout and 𝑇-𝑆 chart of SSF and DSF cycles.

a double-stage compression with intercooling. According
to the characteristics of the integrated pattern, the systems
shown in Figures 3(a) and 3(c) are referred to as the SSF
scheme and the DSF scheme, respectively, while the systems
shown in Figures 4(a) and 4(c) are referred to as the SDF
scheme and the DDF scheme, respectively. The first letter
“S” or “D” represents single turbine or double turbines. The
second letter ”S” or “D” represents single-stage compression
or double-stage compression of the power cycle. The third
letter “F” denotes the refrigeration cycle with fore cooler.
The absence of the third letter means the absence of the
fore cooler. Thus, there are totally eight kinds of integration
schemes: SSF, DSF, SDF, DDF, SS, DS, SD, and DD, based
on the STC and DTC systems and the refrigeration system
shown in Figure 2. No matter what kind of scheme, the HPC
and LPC are driven by the coaxial turbine, and the system net
power output is used to drive the vehicle directly or generate
electricity.

Figures 3(b), 3(d), 4(b), and 4(d) show the 𝑇-𝑆 diagram
of the SSF, DSF, SDF, and DDF schemes, respectively. In these
diagrams, the inlet pressure of the turbine was chosen to be
20MPa and the discharge pressure of the LPC and the evapo-
rator pressure are set at 10MPa and 5MPa, respectively. It can
be seen from these diagrams that the turbine exhaust CO

2

temperature of the double-turbine scheme is significantly
lower than that of the single turbine scheme. In addition,
the turbine exhaust CO

2
temperature of the double-stage

compression scheme of the power cycle is also significantly
lower than that of the single-stage compression scheme.
However, further thermodynamic analysis and parameter
optimization are necessary for improving the waste heat
recovery of the ICE.

2.2. Energy Analysis of Thermodynamics Models. For the
simulation of cycle performance, the following assumptions
are made.
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(c) System layout of DDF cycle
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(d) 𝑇-𝑆 diagram of DDF cycle

Figure 4: System layout and 𝑇-𝑆 diagram of SDF and DDF cycles.

(1) All physical parameters and flow velocity of CO
2

on the same cross-section remain constant in these
cycles, which means that it is a one-dimensional
process.

(2) Flow losses in the pipelines and heat exchangers as
well as the leakage of CO

2
are neglected.

For the DSF scheme shown in Figure 3(c), the isentropic
efficiency of HPC is

𝜂HPC =
(ℎ
3𝑠
− ℎ
2
)

(ℎ
3
− ℎ
2
)
. (1)

The power consumption of HPC is
𝑊HPC = 𝑚𝑇 (ℎ3 − ℎ2) , (2)

where 𝑚
𝑇
is the total mass flow rate of CO

2
in this power

cycle, namely,𝑚
𝑇
= 𝑚
𝐻
+ 𝑚
𝐿
.

The thermal balance equation of the gas heater can be
expressed as

𝑄 = 𝑐g𝑚g (𝑇gi − 𝑇go) = 𝑚𝐻 (ℎ4 − ℎ3) , (3)

where 𝑐g and 𝑚g are the average specific heat and the mass
flow rate of the engine exhaust gas, respectively; 𝑇gi and 𝑇go
are the inlet and outlet temperatures of the engine exhaust gas
in the gas heater, respectively.
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The isentropic efficiency of HT and LT is

𝜂HT =
(ℎ
4
− ℎ
5
)

(ℎ
4
− ℎ
5𝑠
)
,

𝜂LT =
(ℎ
4
 − ℎ
5
)

(ℎ
4
 − ℎ
5𝑠
)
.

(4)

Turbine power is

𝑊
𝑇
= 𝑊HT +𝑊LT, (5)

where𝑊HT = 𝑚𝐻(ℎ4 − ℎ5) and𝑊LT = 𝑚𝐿(ℎ4 − ℎ5).
The thermal balance equation of the fore cooler can be

expressed as ℎ
11
− ℎ
10
= ℎ
2
− ℎ
8
.

The cooling capacity is

𝑊
𝑅
= 𝑚
𝑅
(ℎ
10
− ℎ
9
) , (6)

where 𝑚
𝑅
is the mass flow rate of CO

2
in the refrigeration

cycle.
The isentropic efficiency of LPC is

𝜂LPC =
(ℎ
12𝑠
− ℎ
11
)

(ℎ
12
− ℎ
11
)
. (7)

The power consumption of LPC is

𝑊LPC = 𝑚𝑅 (ℎ12 − ℎ11) . (8)

The net power output of the system is

𝑊net = 𝑊𝑇 −𝑊LPC −𝑊HPC. (9)

The pressure ratio of the power cycle is

𝜋
𝑇
=
𝑃
3

𝑃
2

. (10)

The pressure ratio of the refrigeration cycle is

𝜋
𝑅
=
𝑃
12

𝑃
11

. (11)

If the pressure losses of the pipelines and heat exchangers
are neglected, then

𝑃
3
= 𝑃
4
= 𝑃
4
 , 𝑃

2
= 𝑃
5
= 𝑃
5
 = 𝑃
6
= 𝑃
1
= 𝑃
12
. (12)

For the DDF scheme shown in Figure 3(d), the LPC
shares equipment between the power cycle and refrigeration
cycle, and its power consumption is

𝑊LPC = 𝑚𝑅 (ℎ12 − ℎ11) + 𝑚𝑇 (ℎ12 − ℎ7) . (13)

The isentropic efficiency of LPC is

𝜂LPC =
𝑚
𝑅
(ℎ
12𝑠
− ℎ
11
) + 𝑚
𝑇
(ℎ
12𝑠
− ℎ
7
)

𝑚
𝑅
(ℎ
12
− ℎ
11
) + 𝑚
𝑇
(ℎ
12
− ℎ
7
)
. (14)

The pressure ratio of the power cycle is

𝜋
𝑇
=
𝑃
3

𝑃
7

. (15)

The pressure ratio of the refrigeration cycle is

𝜋
𝑅
=
𝑃
12

𝑃
11

. (16)

If the pressure loss of the pipelines and heat exchangers is
neglected, then

𝑃
3
= 𝑃
4
= 𝑃
4
 , 𝑃

7
= 𝑃
5
= 𝑃
5
 = 𝑃
6
= 𝑃
11
. (17)

The calculation formulas of other parameters are the same
as that of the DSF cycle. The calculation formulas of the
other six kinds of integration schemes can be obtained by
simplifying the calculation formulas of the DSF scheme and
the DDF scheme.

2.3. Optimization Methods and Operating Conditions. The
cooling capacity (𝑊

𝑅
), the exhaust temperature of the ICE

(𝑇gi), and the CO2 temperature in the outlet of the gas cooler
(𝑇
2
or 𝑇
7
) are the primary independent variables for the

above-mentioned waste heat recovery system in the vehicle,
which will vary with the ambient temperature, the engine
capacity, the engine speed, and so forth. However, the net
power output of the waste heat recovery system (𝑊net) is the
most important dependent variable, which is also the objec-
tive function of the thermodynamic system optimization.
The maximum𝑊net can be obtained by selecting the suitable
integrated scheme of the thermodynamic system, as well as
optimizing the key parameters such as the inlet pressure of
the HT (𝑃

4
) and the intake pressure of the LPC (𝑃

2
).

In this study, a typical internal combustion engine with
200 kW was used as the object to quantitatively analyze the
characteristics of the waste heat recovery system. During
design, about 28% of fuel combustion energy is converted
into useful work to drive the vehicle and its accessory loads,
and 34% of fuel combustion energy is carried out by the
engine exhaust gases. Therefore, the maximum value of
available exhaust heat (𝑄max) is equal to 242.9 kW. If the
ambient temperature is 25∘C, the following expression can be
used to estimate the heat exchange capacity in the gas heater:

𝑄 =

𝑄max (𝑇gi − 𝑇go)

𝑇gi − 25
kW. (18)

Formaximumutilization of thewaste heat, the thermody-
namic performance and the key parameters of every integra-
tion schemewere optimized through a genetic algorithm.The
different integration schemes after parameter optimization
were compared and analyzed to determine the optimum
matching between the integration scheme and the exhaust
parameters of the internal combustion engine. Real-coded,
ranking selection, arithmetic crossover, and self-adaptive
mutation methods were adopted in this optimization. Based
on literature [26, 27], the population size, crossover proba-
bility, and stop generation were selected to be 50, 0.8, and
400, respectively. The constraint conditions are as follows:
the evaporating temperature of CO

2
in the refrigeration cycle

is equal to 14∘C and the minimum terminal temperature
differences of the gas heater, heat regenerator, and fore-cooler
are 30∘C, 10∘C, and 10∘C, respectively. In addition, the values
of 𝜂HPC, 𝜂LPC, 𝜂HT, and 𝜂LT were all set as 75%.
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3. Parametric Studies and Optimizations for
Thermodynamics Cycles

3.1. Effect of Different Exhaust Temperature of ICE. The
exhaust temperature of ICE (𝑇gi) is one of the major variables
influencing the system design and parameter optimization,
which is closely related with the engine efficiency, engine
capacity, engine speed, and so forth. In this section, the
key parameters 𝑃

4
and 𝑃

2
were optimized through a genetic

algorithm to get an optimum match with the variable 𝑇gi for
various integration schemes, in which the net power output
(𝑊net) was selected as the objective function. Figures 5(a),
5(b), and 5(c) show the variations of the maximum 𝑊net
and the optimal 𝑃

4
, 𝑃
2
versus 𝑇gi, respectively. Here, 𝑄max is

assumed to be constant, 𝑇
2
= 45
∘C, 𝑇
10
= 14
∘C, and𝑊

𝑅
=

6 kW. It can be seen from these curves that the maximum

𝑊net and the optimum value of 𝑃
4
increase sharply with the

increase in 𝑇gi irrespective of the integration schemes. The
maximum𝑊net and the optimum value of 𝑃

4
at 𝑇gi = 600

∘C
are about 2 to 3 times and 1.45–1.7 times as large as that at
𝑇gi = 400

∘C, respectively. With the same exhaust parameters
for the ICE, themaximum𝑊net of the double-turbine scheme
is 40%–50% higher than that of the single turbine scheme,
while the optimum value of 𝑃

4
in the double turbines is 20%–

35% lower than that in the single turbine scheme.
There is a significant difference in the maximum 𝑊net

between the double-stage compression scheme and the
single-stage compression scheme, as shown in Figure 5(a).
The growth of maximum𝑊net in the double-stage compres-
sion scheme is faster than that in the single-stage compression
scheme with an increase in 𝑇gi. However, the maximum𝑊net
of the single-stage compression scheme is higher than that of
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Figure 6: Variation of the maximum net power output and the optimal value of parameters 𝑃
4
and 𝑃

2
versus 𝑇

2
.

the double-stage compression scheme when 𝑇gi is less than
450∘C. In addition, the optimum value of 𝑃

4
in the two-stage

compression scheme is 5MPa to 6MPa lower than that in the
single-stage compression scheme if double turbines are used,
while this value is 10MPa to 12MPa if a single turbine is used.
The optimum value of 𝑃

4
in the DD or DDF scheme is only

60% of that in the SS or SSF.
Moreover, it can be seen that the absence of the fore cooler

has little effect on the maximum𝑊net and the optimum value
of 𝑃
4
irrespective of the integration schemes but requires

a higher 𝑃
2
. For the single-stage compression scheme, the

optimum value of 𝑃
2
does not change with the increase in

𝑇gi, while it increases with 𝑇gi for the two-stage compression
scheme.

3.2. Effect of the CO
2
Temperature in the Outlet of the Gas

Cooler. The CO
2
temperature in the outlet of the gas cooler

(𝑇
2
) is determined primarily by the ambient temperature

and the terminal temperature difference of the gas cooler,
which is one of the main variables influencing the system
design and the parameter optimization. In this section, the
optimum values of 𝑃

4
and 𝑃

2
matching with the variable 𝑇

2

were obtained through a genetic algorithm to produce the
maximum 𝑊net corresponding to every integration scheme.
Figures 6(a), 6(b), and 6(c) show the variations of the
maximum𝑊net and the optimal 𝑃

4
, 𝑃
2
versus 𝑇

2
, respectively.

Here, 𝑄max is assumed to be constant, 𝑇gi = 450
∘C, 𝑇
10
=

14
∘C, and 𝑊

𝑅
= 6 kW. It can be seen that the maximum

𝑊net decreases with the increase in 𝑇
2
irrespective of the

integration scheme. The maximum𝑊net at 𝑇2 = 55
∘C is only

40%–60% of that at 𝑇
2
= 35
∘C. In addition, the variation

of 𝑇
2
has a greater influence on the maximum 𝑊net of two-

stage compression schemes than on that of the single-stage
compression schemes, especially for the DD scheme and the
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.

DDF scheme. The maximum𝑊net of the DD scheme and the
DDF scheme is not only lower than that of the DS scheme at
𝑇
2
> 41
∘C, but also decreases quickly with an increase in 𝑇

2
.

The maximum 𝑊net of the DD scheme and DDF scheme is
close to that of single turbine schemes at𝑇

2
= 55
∘C, while the

maximum𝑊net of the DS scheme and DSF scheme is always
about 10 kW to 12 kW higher than that of the single turbine
schemes.

As shown in Figures 6(b) and 6(c), the optimum value
of 𝑃
4
decreases with an increase in 𝑇

2
in the two-stage

compression schemes. However, the optimum value of 𝑃
4

increases with an increase in 𝑇
2
in the single-stage com-

pression schemes (e.g., DS scheme) or remains constant
(e.g., SS scheme). Furthermore, the optimum value of 𝑃

2

increases with an increase in 𝑇
2
. The optimum value of 𝑃

2

at 𝑇
2
= 55
∘C is about 1.3 to 1.5 times that of at 𝑇

2
= 35
∘C.

Different integration schemes show a significant difference
in the optimum value of 𝑃

2
and the optimal 𝑃

2
increases

gradually in the order of DD, SD, SS, and DS schemes. The
fore cooler is able to increase maximum 𝑊net and decrease
the optimum value of 𝑃

4
, and 𝑃

2
, but its effect on𝑊net and 𝑃4

can be neglected compared to other factors.

3.3. Effect of Different Cooling Capacities. In the combined
power and refrigeration generation with the CO

2
thermo-

dynamic cycle, the cooling capacity (𝑊
𝑅
) is another major

variable influencing the system design and parameter opti-
mization that is closely related to the spatial size needing to
be cooled, the sealing performance of the compartment, and
the ambient temperature. In this section, the optimum values
of 𝑃
4
and 𝑃

2
matching with the variable 𝑊

𝑅
were obtained
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through a genetic algorithm to produce the maximum𝑊net
corresponding to every integration scheme. Figures 7(a),
7(b), and 7(c) show the variations of the maximum 𝑊net
and the optimal 𝑃

4
, 𝑃
2
versus 𝑊

𝑅
, respectively. Here, 𝑇gi =

450
∘C, 𝑇
10
= 14
∘C, and 𝑇

2
= 45
∘C. It can be seen that

the maximum 𝑊net decreases linearly with increasing 𝑊
𝑅
,

while the optimum values of 𝑃
4
and 𝑃

2
increase slightly with

increasing𝑊
𝑅
.

The cycles with the fore cooler have a slightly higher𝑊net
than the cycles without fore cooler, which is more obvious
in the double-turbine schemes than in the single turbine
schemes. In addition, the difference in the maximum 𝑊net
increaseswith increasing𝑊

𝑅
between theDD scheme and the

DDF scheme or the DS scheme and the DSF scheme. When
𝑊
𝑅
is equal to 30 kW, the difference in the maximum𝑊net is

2.5 kW between the DDF scheme and the DD scheme, while
it is 1.5 kW between the DSF scheme and the DS scheme.
Moreover, the optimum values of 𝑃

4
and 𝑃

2
for the schemes

with fore cooler are smaller than that of the schemes without
fore cooler, whose difference increases with𝑊

𝑅
. The optimal

values for 𝑃
4
and 𝑃

2
of the schemes with fore cooler are

0.6MPa to 1.0MPa and 0.2MPa to 0.3MPa lower than that
of the schemes without fore cooler, respectively. However,
𝑊
𝑅
has little effect on the scheme selection and parameter

optimization compared to 𝑇
2
and 𝑇gi. In order to downsize

the system, the fore cooler can be removed from the cycle as
𝑊
𝑅
is far lower than𝑊net.

4. Conclusions

In this paper, a new thermodynamic system was proposed to
recover the waste heat of the internal combustion engine by
integrating the transcritical CO

2
refrigeration cycle with the

supercritical CO
2
power cycle, and eight kinds of integration

schemes were developed. The key parameters of the system
were optimized through a genetic algorithm to get the opti-
mum match with different variables and schemes, in which
the net power output (𝑊net) was selected as the objective
function. The main conclusions were as follows.

(1) Replacing a single turbine scheme with a double-
turbine scheme can significantly enhance the net
power output (𝑊net) and lower the inlet pressure
of a power turbine (𝑃

4
). With the same exhaust

parameters of the ICE, the maximum 𝑊net of a
double-turbine scheme is 40%–50% higher than that
of the single turbine scheme, while the optimum
value of 𝑃

4
in the double turbines is 20%–35% lower

than that in the single turbine scheme. Replacing a
single-stage compression scheme with a double-stage
compression scheme can also lower the value of 𝑃

4
,

while it could not always significantly enhance the
value of𝑊net. The optimum value of 𝑃

4
in the DD or

DDF scheme is only 60% that in the SS or SSF scheme.
(2) Themaximum𝑊net decreases with the increase in the

CO
2
temperature in the outlet of the gas cooler (𝑇

2
)

and the variation of 𝑇
2
has a greater influence on the

maximum 𝑊net of two-stage compression schemes
than on that of the single-stage compression schemes.

In addition, the optimum value of 𝑃
4
decreases with

the increase in 𝑇
2
in the two-stage compression

schemes. However, the optimum value of 𝑃
4
increases

with the increase in𝑇
2
in the single-stage compression

schemes (e.g., DS scheme) or remains constant (e.g.,
SS scheme).

(3) The effect of the fore cooler on the overall perfor-
mance of the thermodynamic systemcan be neglected
as it is much lower than the net power output. Inmost
cases, the fore cooler can be removed to downsize the
system.

(4) The integration scheme of the double turbines with
the two-stage compression has significant advantages
in improving the thermal power conversion efficiency
and reducing the turbine inlet pressure. Except for
the power consumption of air conditioning, the net
power output of this thermodynamic system can
reach up to 13%–35% of the engine power when it
is used to recover the exhaust heat of an internal
combustion engine.

Nomenclature

CO
2
: Carbon dioxide

DD: Integration system of the double-turbine
power cycle with double-stage compression
and a refrigeration cycle

DDF: DD scheme with fore cooler
DS: Integration system of the double-turbine

power cycle with single-stage compression
and a refrigeration cycle

DSF: DS scheme with fore cooler
𝐺: Generator
ℎ: Enthalpy (kJ/kg)
HPC: High pressure compressor
HT: High-temperature turbine
ICE: Internal combustion engine
LT: Low-temperature turbine
LPC: Low pressure compressor
𝑚: Mass flow rate (kg/s)
ORC: Organic Rankine cycle
𝑃: Pressure (MPa)
𝑄: Heat exchange capacity in the gas heater (kJ)
𝑆: Entropy (kJ/(kg⋅K))
SD: Integration system of the single-turbine

power cycle with double-stage compression
and a refrigeration cycle

SDF: SD scheme with fore cooler
SS: Integration system of the single-turbine

power cycle with single-stage compression
and a refrigeration cycle

SSF: SS scheme with fore cooler
𝑇: Temperature (∘C)
𝑊: Power (kW)
𝑊net: Net power output (kW).
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Greek Symbols

𝜂: Efficiency
𝜋: Pressure ratio.

Subscripts

g: Exhaust gas
gi: Exhaust gas inlet of gas heater
go: Exhaust gas outlet of gas heater
𝑅: Refrigeration cycle
𝑇: Power cycle
1, 6: CO

2
inlet of gas cooler

2: CO
2
inlet of HPC

3: CO
2
inlet of gas heater

4, 4𝑠: CO
2
inlet of HT

4

, 4𝑠
: CO

2
inlet of LT

5, 5𝑠: CO
2
outlet of HT

5

, 5𝑠
: CO

2
outlet of LT

7, 11: CO
2
inlet of LPC

8: CO
2
outlet of fore cooler

9: CO
2
inlet of evaporator

10: CO
2
outlet of evaporator

12: CO
2
outlet of LPC

max: Maximum value.
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