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A B S T R A C T   

Carbon Dioxide (CO2) has proven its efficiency as a working medium for power and cooling productions in 
vehicles and refrigerated trucks driven by engine exhaust gases. The main drawbacks of this system are the high/ 
low critical pressure/temperature of the CO2 which leads to high compressor power and low efficiency. In the 
present paper two modifications by insertion of two heat exchangers in bottom and top CO2 compound cycles 
driven by engine exhaust gas are proposed to overcome on these drawbacks. Energy and exergy analysis are used 
to evaluate and compare their performances with the basic system. The results show that (i) the feasibility of 
using the proposed systems was justified and has proven potentials of energy and fuel consumption saving 
compared to traditional engine + stand-alone refrigerator, (ii) proposed modifications on the basic system 
(System I) by incorporated heat exchangers (System II and System III) has proven its potential for higher energy 
efficiency and refrigeration capacity and can recover about 18.33%, 20.38% and 19.22% of the energy of the 
exhaust gases for driven the compound CO2 cycle, (iii) parametric, comparison and optimization studies, showed 
that the proposed system (system II) has the highest refrigeration capacity, energy efficiency and fuel con-
sumption cost saving with optimal values of 20.4%, 0.1819 kg/kWh, 7.1%, respectively.   

1. Introduction 

The transportation sector in the worldwide consumes most of the 
fossil fuel, especially diesel fuel, compared with other sectors. The diesel 
fuel annual consumption is in a continues increase with a rate of 1.4% 
[1]. The diesel fuel consumption increases more and more in refriger-
ated trucks and air-conditioned transportations and vehicles [1]. 
Currently there is a worldwide concern regarding the fossil fuel deple-
tion, greenhouse phenomena and the emission problems. The increase of 
the fuel consumption has severe effect on these problems. To solve these 
problems the fuel consumption in the transportation sector, especially in 
air conditioned and refrigerated trucks and vehicles, must be reduced. A 
lot of studies were conducted in different tracks to reduce this con-
sumptions including using alternatives non-fossil fuels like biofuels 
[2–4], improving the efficiency of the diesel engines using additive to 
the diesel fuels likes higher alcohols (butanol, octanol and heptanol)/ 
diesel blends, n-butanol, n-heptanol, and n-octanol to [5–8] in additions 
to many other effective solutions to increase the engine efficiency and 

reduce the fuel consumptions. Among of these effective solutions which 
are extensively investigated in the recent decades, is the heat recovery in 
the diesel engines exhaust gases to be utilized in power production and 
refrigeration effect in the vehicles and the refrigerated trucks. The diesel 
engine exhaust gas is normally exhausted at high temperature and 
contains huge amount of thermal energy; about 30–50% of the energy of 
the fuel consumptions. This high temperature exhaust gas with the 
quantitively contained thermal energy give the chances to be recovered 
by different means including heat to heat exchanging, or power pro-
ducing to drive many of the auxiliary mechanical or electrical devices in 
the engine or the vehicle. Also, this energy of the exhaust gas can be 
recovered to operate the air conditioning and refrigeration systems in 
vehicles using absorption, adsorption or even vapor compression 
system. 

Various configurations of the combined refrigeration and power 
(CRP) cycles driven by waste heat recovery from the engine exhaust 
gases have been proposed and investigated. Recently, CRP cycles have 
been used in transportation applications including refrigeration and air 
conditioning of vehicles and chips as well as the refrigerator trucks for 
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food cooling and reservation. Some of the CRP configurations used a 
separate system for each of the power and the refrigeration systems 
operated in a manner where the power cycle is operated by the engine 
exhaust gas and the refrigeration cycle is operated by the residual heat of 
the top cycles. Different thermodynamics cycles were utilized in the 
combined power and refrigeration cycles driven by the exhaust gases 
like Brayton power cycle combined with ejected refrigerator system [9], 
ORC combined power cycle with Lithium bromide-absorption refriger-
ation cycle [10] or with adsorption cycle [11] and Brayton-Rankine 
power cycle combined with absorption cycle using ammonia-water 
combination system [12]. 

Another configuration of the combined power-refrigeration cycle 
driven by the engine exhaust gases is cascade type where the engine 
exhaust gases is used to drive the power cycle and the heat rejected from 
the power cycle is used to drive the refrigeration cycles. Different cycles 
combinations were proposed for this system including a steam Rankine 
power cycle with absorption refrigeration cycle using Ammonia water 
[13–14], Kalina power cycle with ammonia-water absorption cycle [15]. 

Among these different techniques of the heat recovery from the 
exhaust gases of diesel engines that gained the interest of different re-
searchers is using combined Organic Rankin cycle for power generation 
as well as for refrigeration and cooling effect generation. Comprehensive 
research was conducted in this topic in the current decades due to its 
high efficiency and effectiveness. The research topics included propos-
ing different configurations of the cycle [16], studying the effect of the 
organic gas type on the cycle performance and efficiency [17] as well as 
studying the effect of the operating conditions on the cycle performance 
and efficiency [18]. Due to the high temperature of the exhaust gases of 
diesel engines, and its friendly to the environment, the CO2 combined 
power and refrigeration cycle showed its suitability and effectiveness in 
heat recovery from the engine exhaust gas [19–23]. CO2 has several 
characteristics to be used as the working fluid of a combined power and 
refrigeration cycle powered by the heat recovery of the engine exhaust 

Nomenclature 

Cfuel fuel unit cost ($/kg) 
Ė exergy (kW) 
h specific enthalpy (kJ/kg) 
İ exergy destruction (kW) 
ṁ mass flow rate (kg/s) 
P Working fluid pressure (MPa) 
Q̇ heat transfer rate (kW) 
S specific entropy (kJ/kg K) 
T temperature (oC) 
Ẇ power (kW) 
Ẇnet net output power of CRP system (kW) 

Greek symbols 
η efficiency 

Subscripts 
cg cold gas 
c/comp compressor 
CRP combined refrigerator and power system (proposed 

system) 
eg exhaust gas 
en energy 
ex exergy 
e/evap evaporator 
f working fluid (CO2) 
f,c working fluid through low pressure compressor 
f,e working fluid through evaporator 

f,t working fluid through turbine 
gen generator 
gm gas mixer 
gh gas heater 
hg hot gas 
Hcomp high pressure compressor 
i = 1,2,3,… index referring to various positions in the system 
Lcomp low pressure compressor 
reg regenerator 
ref refrigeration 
SRP separated refrigerator and power system (traditional 

system) 
SR Stand-alone refrigerator 
t turbine 
t-c between turbine and compressor 
w water 
0 Environmental state 
1,2,3, …… working fluid state points 

Abbreviations 
COP coefficient of performance 
CRP combined refrigeration and power 
EXV Expansion valve 
FCCS fuel consumption cost saving (%) 
HEX internal heat exchanger 
Sys-I modified system-I 
Sys-II modified system-II 
Sys-III modified system-III 
SFC Specific fuel consumption (kg/kWh)  

Table 1 
Rated condition parameters of target diesel engine & stand-alone refrigerator 
[40].  

Engine Term value 

Main diesel engine  Engine power 246 kW 
Engine torque 1242 N m 
Engine speed 1900 rpm 
Fuel consumption 48.8 kg/h 
Mass flow rate of 
exhaust gas 

1372.3 kg/h 

Temperature of 
exhaust gas 

470.7 ◦C 

Exhaust gas 
composition (mass 
fraction) 

73% N2, 6% 
H2O, 15.2% 
CO2, and 
5.8% O2 

Stand-alone refrigerator 

Refrigeration 
capacity at 
refrigeration 
condition (tevap =

0 ◦C) 

10.8 kW 

Fuel consumption at 
refrigeration 
condition (tevap =

0 ◦C) 

1.45 kg/h 

Refrigeration 
capacity at freezing 
condition (tevap =

− 20 ◦C) 

6.5 kW 

Fuel consumption at 
freezing condition 
(tevap = − 20 ◦C) 

1.70 kg/h  
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Fig. 1. Schematic diagram of the structure and operation of a refrigerated truck using proposed CRP systems: (a) Sys-I; (b) Sys-II; (c) Sys-III.  
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gases. Examples of these characteristics are low cost, safe, friendly to the 
environment, stable at the high temperature of the engine exhaust gases, 
no limitation of the thermal composition at the temperature level of the 
exhaust gases, and suitable for the supercritical heat transfer at the 
temperature range of the exhaust gases [19–23]. Accordingly, CO2 has 
proven its effectiveness to be used as the working fluid of many engi-
neering applications including refrigeration and air conditioning sys-
tems of vehicles, chips and refrigerator trucks. 

For these positive characteristics of CO2, a lot of investigations have 
been conducted for power and cooling generation in heat engine by heat 
recovery of the exhaust gases using CO2-based power cycles. However, a 
stand-alone CO2 power cycle driven by engine exhaust gas cannot effi-
ciently utilize the waste heat of the engine exhaust gases. This is due to 
the high discharge pressure of the turbine which lead to low pressure 
ratio and enthalpy drop across the turbine as well as a high CO2 tem-
perature of the turbine discharge. All these drawbacks lead to a low 
power production and low efficiency of the heat recovered from the 
engine exhaust gases. Some studies were conducted to overcome on this 
problem by adding regeneration to recover the discharge heat of CO2 at 
the turbine exit, but the studies come out with the conclusion that this 
heat cannot be totally recovered due to the non-ideal efficiency of the 
heat exchanger [24]. Other investigation tried to increase by preheating 
the CO2 stream at the compressor outlet by recover the heat of the CO2 at 
the turbine exit to enhance the cycle efficiency [25]. The enhancement 
was also limited as the engine exhaust gas still discharged at high 
temperature and all its thermal energy cannot be recovered [25]. 

These drawbacks of the high temperature of the CO2 at the turbine 
exit can be avoided by utilizing this high temperature source in driving 
another thermodynamic cycle in a combined system for further recover 
of the residual heat [26–27]. This combined system is mostly operated 
on what is known as top and bottom cycles working at high and low 
temperature levels, respectively. The top cycle can be efficiently used for 
power generation and the bottom cycle can be also efficiently used for 
the refrigeration effect. So, it is very logically and feasible to use this 
combined cycle driven by the heat recovered from the exhaust gases to 
produce the electrical/mechanical powers as an auxiliary power needed 
for auxiliary mechanical/electrical devices and the vehicles/trucks 
batteries from the top cycle as well as the production of the refrigeration 
demand in the bottom cycle needed for a refrigerated truck or air con-
ditioning space in the vehicle. 

An efficient configuration of the combined power and refrigeration 
cycle driven by the waste heat recovery of the engine exhaust gases is the 
use of CO2 to drive both the power and the refrigeration cycle. CO2 has 
proven its suitability as a working fluid for a power cycle and a refrig-
eration/air conditioning cycles [28]. The integration between the power 
and the refrigeration cycles is achieved by coupling the compression 
process for power and refrigeration cycles [29,30]. 

Several investigations were conducted to study and enhance the 
performance of the CO2 based power and refrigeration cycles driven by 
the heat recovered from the engine exhaust gases. Gutierrez et al [31] 
presented energy, exergy, and economic comparative study of two 
different Brayton S- CO2-ORC configurations for different organic 
working fluids. They reported the increase of the system thermal effi-
ciency and the decrease of the specific fuel consumption in case of using 
Brayton S- CO2 system. Sun et al. [32] proposed a composition tunable 
combined refrigeration and power cycles driven by heat recovery from 
the vehicle exhaust gases based on liquid separation condenser to two 
different streams of different concentrations, one for the top cycle for 
power production with high CO2 concentration and the other is for the 
bottom refrigeration cycle with low CO2 concentration. Sahu et al. [33] 
Presented a parametric study for both the simple transcritical CO2 
refrigeration cycle and the combined refrigeration-power cycle. It was 
reported that the COP and second-law efficiency of the combined 
refrigeration power cycle is significantly higher than those of the simple 
refrigeration cycle. Wang et al. [34] proposed a new thermodynamic 
arrangement to enhance the design of recuper- ative in the power and 
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Fig. 2. T-S diagrams of the proposed systems: (a) Sys-I; (b) Sys-II; (c) Sys-III.  
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refrigeration CO2 based combined systems for marine engines of high- 
temperature waste exhaust gases. Nader et al. [35] investigated the 
fuel consumption savings of a series of hybrid electric vehicle using 
Brayton cycle for engine exhaust heat recovery using exergy analysis. 
Song et al. [36]. Investigated the replacement of the conventional 
hydrofluorocarbon (HFC) and R407C refrigerant used in vehicle air 
conditioning system by CO2 refrigerant. The results showed that the 
performance of the CO2 system in heating is better, but it is no so good 
for cooling. Song et al. [37] studied the performance of the transcortical 
CO2 air conditioning system used in the electric buses under different 

operating and outdoor conditions using energy-exergy analysis system 
and it was reported that the performance is dramatically decreases with 
the increase of the outdoor temperature. Fartaj et al. [38] identified, 
based on the second law analysis, the main factors that influence the 
performance of the refrigeration systems that use transcortical CO2 
refrigerant. The study reported that the compressor process and the gas 
cooling have the largest exergy within the system. Sharma et al. [39] 
studied the effect of the different operating conditions and parameters 
on the performance of a waste heat recovery system used in ship boards 
in the supercritical CO2 Brayton cycle for power and cooling production. 

Fig. 3. Simulation steps flow diagram in Aspen HYSYS.  
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The results show that the top and bottom cycles integration for power 
and cooling enhanced the system overall efficiency by 10% with 
increasing the net power by 25%. Zhang et al. [40] proposed a new 
supercritical CO2 power cycle to recover the heat of the exhaust gases. 
Energy-exergy analysis is presented to study the effect of the different 
operating parameters and conditions on the system performance. They 
concluded that the proposed system could recover the heat in the 
exhaust gases with an efficiency of 74.83%. 

Ouyang et al. [41] developed a dynamic model of engines exhaust 
waste heat recovery system to drive the refrigeration system of the 
vehicle based on CO2 performance optimization and the adjustment of 
the operating condition for higher output power. Shi et al. [42] proposed 
three operating modes for the CO2 cycle used for refrigeration and 
power production in a refrigerated trucks operated by the waste heat 
recovery of the exhaust gases. The three suggested modes are for 
different demands of the refrigeration and power loads at different 
operating conditions. The modes were for full refrigeration load, com-
bined refrigeration and power loads, and full power load. They reported 
that the proposed system showed considerable potential for energy 
saving and it can provide greater refrigeration and power loads full 
refrigeration and full power modes. 

Different configurations of the Brayton waste heat recovery were 
proposed and compared with the simple Brayton cycle. Musharavati 
et al. [43] examined the effects of adding thermoelectric generation unit 
(TEG) in a recompression Brayton ad it was reported that adding the 
TEG to the system can increase the net output power and enhance the 
second law efficiency of the combined system. Sanchez et al. [44] 
experimentally studied the enhancement of the performance and the 
COP of the CO2 refrigeration plants by using internal heat exchangers in 
the cycle. They concluded that a general enhancement of the perfor-
mance and the COP due to the use of the heat exchangers in the cycles 
whatever the location of the heat exchanger. A maximum enhancement 
of 13% in the performance (COP) was obtained when two heat ex-
changers are used in the cycle. Wang et al. [45]. Introduced a new 
polygeneration system including a gas turbine cycle, a supercritical CO2- 
Brayton cycle, Organic Rankine cycle (ORC), and absorption refrigera-
tion cycle. The heat in the exhaust gases of the gas turbine was used to 
drive the CO2, Organic Rankin cycle and the bottom absorption cycle. Li 
et al. [46] experimentally tested the performance of the secondary loop 
refrigeration system based on energy-exergy concept for different re-
frigerants for the selection of the best global warming refrigerant. Xin 
et al. [47] presented a new combined supercritical CO2 cycle configu-
ration based on analytical investigation and they reported that the 
proposed cycle can achieve the cycle efficiency of 53.58%. Banik et al. 
[48] introduced parametric study and optimization of a transcortical 
CO2 power cycle with a modification of recompresses part of the 
refrigerant before entering precooler for higher cycle efficiency. They 
reported that the proposed system can work for heat recovery from 
exhaust gases at low temperature of 200 C. 

Mohanaraj and Abraham [49] reviewed and compared in a review 
paper the performance of the different refrigerants used in the vehicle 
air conditioning system. They reported that the CO2 refrigerant will 
recently dominate other refrigerants in the vehicle air conditioning 

system, especially in the electric vehicles in a low temperature weather 
condition, due to its good thermodynamic, thermophysical and envi-
ronmental properties. They recommended the use of secondary bottom 
loop configurations to avoid the risk of the flammable to occur. Vashist 
and Rakshit [50] reviewed and compared the different air conditioning 
systems used in automobile for a sustainable solution and reducing the 
specific fuel consumption of the engine and it was recommended to 
move the environmentally friendly refrigerant system like CO2. Rony 
et al. [51] presented a review paper on the most recent developments of 
transcritical CO2 system used in the heat pump including auxiliary in-
ternal component to enhance the performance as well as the different 
applications including the air conditioning of the vehicles. Dilshad et al. 
[52] presented a cortical review of using CO2 refrigerant in heating and 
cooling system all over the world. The review highlighted the advan-
tages, barriers and challenges and barriers of the commercial use of CO2 
in refrigeration and heating system all over the world. Barta et al. [53] 
presented a literature review of using CO2 as a refrigerant in refrigera-
tion and air conditioning systems. The advantages and disadvantages of 
the CO2 refrigerant are highlighted in this review. Also, all the cycle 
modifications proposed in the literature to overcome on the disadvan-
tages are discussed in this critical review. 

The literature review proved that since discovering Carbon Dioxide 
(CO2) as a refrigerant three decades ago and due to its negligible global 
warming potential, stability, and its non-toxicity, non-flammability, and 
low cost allows its use in many vapor compression cycle applications. 
The main disadvantages of the CO2 are its high critical pressure and low 
critical temperature which leads to high compressor power especially 
under high-ambient conditions. This disadvantage encouraged a lot of 
researchers to work and look for cycle modifications to reach high co-
efficient of performance (COP). One of these modifications which was 
agreed by many researchers was using compound cycles for power and 
cooling productions. However even with this solution the literature 
showed that there are a lot of other modifications which can be used 
with this solution to improve the COP of the system. The gap in this area 
is still open and need to much more work and modification to reach to a 
configuration of optimum performance. The aim of the current paper is 
to look for optimum cycle with the insertion of internal heat exchangers 
in CO2 power and refrigeration compound cycle drive by the engine 
exhaust gas at different locations searching for the configuration of 
optimum performance. To achieve this purpose, a simulation model 
with a power software is needed for simulating the operation of the 
proposed CRP systems. To justify the goal of this research, it is interested 
to look at how much energy is saved in the proposed combined refrig-
eration and power CO2 cycles driven by the engine exhaust gases of a 
refrigerated truck compared to a traditional system that runs the engine 
and the stand-alone refrigerator. The other part of the study’s novelty is 
the use of Aspen HYSYS Software (AspenTech, Bedford, MA, USA) [54] 
as a commercial process simulator for the modeling, solution and 
analysis of the results of proposed systems, which benefits from 
specialized fluid packages, credibility, and robustness. 

2. Systems descriptions 

To perform the present work, the performance of a refrigerated truck 
with a 246-kW engine [42] is investigated under its basic condition and 
the proposed modifications in the cycle. The composition of the exhaust 
gas was tabulated in Table 1 under the assumption of perfect combustion 
of diesel fuel. This composition is used to determine the heat source’s 
thermodynamic properties. The suggested CRP systems’ heat source 
condition is chosen as the rated condition of the engine, whose param-
eters are presented in Table 1. Prior to delivering the CRP systems, a 
stand-alone Carrier Supra 950 with a small-scale individual diesel en-
gine is employed to supply the refrigerated capacity. This is considered 
and named as the engine and the stand-alone refrigerator. Table 1 also 
shows the refrigeration capacity and associated fuel consumption of the 
stand-alone refrigerator. The proposed CRP systems are expected to 

Table 2 
Operating parameters conditions.  

Parameter Value / Range 

Turbine inlet pressure, P8 10–30 MPa 
Turbine inlet temperature, T8 200–450 ◦C 
Intermediate pressure, P2 8–30 MPa 
Water cooler inlet temperature, Tw,in 20–40 ◦C 
Evaporating temperature, T4 − 20 to 0 ◦C 
Water flow rate of cooler – 1,ṁw1 1.5 kg/s 
Water flow rate of cooler – 2,ṁw2 0.5 kg/s 
Efficiency of electrical generator, ηgen, [53] 90% 
Efficiency of turbine-compressors connection, ηt-c, [53] 90%  
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replace this stand-alone refrigerators and produce other extra power, 
resulting in energy and cost savings on the long run. 

Figs. 1 and 2 show schematic diagrams and T-s diagrams of proposed 
CRP systems, respectively. The shared Low compressor and cooler-1 are 
used to connect the power and refrigeration sub-cycles, and a three-way 
valve is used to achieve split-flow. Three CRP systems are proposed in 
this study (i.e., Sys-I, Sys-II, and Sys-III). The systems are made up of a 
supercritical CO2 power cycle (S- CO2) and a transcritical CO2 

refrigeration cycle (T-CO2) with two separate coolers and different 
suggested internal heat exchanger at the bottom and top cycles (Sys-II, 
and Sys-III). In these systems, the power cycle absorbs heat from the 
exhaust gas, and the power generated in the turbine, is used to drive the 
compressors in both the power sub-cycle and the refrigeration sub-cycle. 
Because the temperature of the CO2 stream exiting the turbine remains 
high, a regenerator is used to further utilize the energy and improve the 
thermal efficiency of the power cycle. Because this system will be used 

Table 3 
Energy and exergy equations and modelling assumptions of the proposed systems components.  

Component Symbol Characteristic equations [53] Modelling assumptions 

Lcomp ẆLcomp = ṁf ,c(h2 − h1)

= ṁf ,c(h2,s − h1)/ηc.....(Sys − I&Sys − II)
ẆLcomp = ṁf,c(h2 − h1,1)

= ṁf ,c(h2,s − h1,1)/ηc.....(Sys − III) İLcomp = Ė1 − Ė2 +

ẆLcomp.....(Sys − I&Sys − II)
İLcomp = Ė1,1 − Ė2 + ẆLcomp .....(Sys − III)

ηc = 80 %, [53] 
Polytropic method: Shultz 
Operation mode: 
centrifugal 

Hcomp ẆHcomp = ṁf ,t(h6 − h3,1) = ṁf,t(h6,s − h3,1)/ηc 

İHcomp = Ė3,1 − Ė6 + ẆHcomp 

ηc = 80 %, [53] 
Polytropic method: Shultz 
Operation mode: 
centrifugal 

Cooler Q̇cooler− 1 = ṁf ,c(h2 − h3) = ṁw1(hw1,out − hw1,in)

Q̇cooler− 2 = ṁf ,t(h10 − h11) = ṁw2(hw2,out − hw2,in)

İCooler− 1 = Ė2 − Ė3 + Ėw1,in − Ėw1,out 

İCooler− 2 = Ė10 − Ė11 + Ėw2,in − Ėw2,out 

Minimum approach: 5 ◦C 
Heat exchanger model: 
Simple end point 
ΔP shell-side = 0 kPa 
ΔP tube-side = 0 kPa  

Three-way 
valve 

ṁf,ch3 = ṁf ,eh3,2 + ṁf ,th3,1 

İ3− way valve = Ė3 − Ė3,1 − Ė3,2 

The same temperatures: 
t3 = t3,1 = t3,2 

Expansion 
valve 

ṁf,eh3,2 = ṁf ,eh4..........(Sys − I)
ṁf,eh3,3 = ṁf ,eh4..........(Sys − II&Sys − III))
İEXV = Ė3,2 − Ė4..........(Sys − I)
I⋅
EXV = E⋅

3,3 − E⋅
4..........(Sys − II&Sys − III)

Evaporator Q̇evap = ṁf ,e(h5 − h4)

İevap = Ė4 − Ė5 − Ėevap 

Minimum approach: 5 ◦C 
x5 = 1 
ΔP = 0 kPa 

Gas heater Q̇gh = ṁf,t(h8 − h7) = ṁEg(hEg,in − hEg,in)

İgh = Ė7 − Ė8 + Ėeg,in − Ėeg,out 

Minimum approach: 
30 ◦C 
Heat exchanger model: 
Simple end point 
ΔP shell-side = 0 kPa 
ΔP tube-side = 0 kPa 

Turbine Ẇt = ṁf ,t(h8 − h9) = ṁf ,t(h8 − h9s)ηt 

İt = Ė8 − Ė9 − Ẇt 

ηt = 70 %, [53]  

Regenerator Q̇reg = ṁf ,t(h7 − h6) = ṁf ,t(h9 − h10)

İreg = Ė6 − Ė7 + Ė9 − Ė10 

Minimum approach: 
30 ◦C 
Heat exchanger model: 
Simple end point 
ΔP shell-side = 0 kPa 
ΔP tube-side = 0 kPa 

HEX Q̇HEX = ṁf ,e(h3,2 − h3,3) = ṁf ,e(h5,1 − h5).....(Sys − II)
Q̇HEX = ṁf ,e(h3,2 − h3,3) = ṁf ,c(h1,1 − h1).....(Sys − III)
İHEX = Ė3,2 − Ė3,3 + Ė5 − Ė5,1.....(Sys − II)
İHEX = Ė3,2 − Ė3,3 + Ė1 − Ė1,1.....(Sys − III)

Minimum approach: 
10 ◦C 
Heat exchanger model: 
Simple end point 
ΔP shell-side = 0 kPa 
ΔP tube-side = 0 kPa 

Gas mixer ṁf,ch1 = ṁf ,eh5 + ṁf ,th11 .....(Sys − I&Sys − III)
ṁf,ch1 = ṁf ,eh5,1 + ṁf ,th11.....(Sys − II)
İgm = Ė5 + Ė11 − Ė1.....(Sys − I&Sys − III)
İgm = Ė5,1 + Ė11 − Ė1.....(Sys − II)

Automatic pressure 
assignment: Equalize all  
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on a refrigerated truck, both coolers are water-cooled and integrated 
with a common air-cooled type heat exchanger. A refrigeration system 
of this type aims to provide sufficient cooling for the refrigerated truck 
cabinet to preserve food or other goods for refrigerating and freezing 
while transporting. Fig. 2 depicts the temperature-specific entropy (T-S) 
diagrams of the proposed CRP systems. The proposed system’s pro-
cesses, structure, and operation are depicted in Fig. 3 and described 
below. 

In Sys-I (see Fig. 1-a and Fig. 2-a), a portion of the supercritical CO2 
from the three-way valve flows into the high-pressure compressor 
(Hcomp) and reaches a high-pressure state (state 6), after which it is 
heated by the CO2 discharging steam in the regenerator (state 7) and 
exhaust gas in a gas heater (state 8). The high-pressure and high- 
temperature CO2 flows into the turbine and generates work (state 9), 
after which the CO2 gas outlet from the turbine is cooled in the regen-
erator (state 10) and then in a low-pressure cooler, cooler-2 (state 11). 
The remaining supercritical CO2 from the three-way valve passes 
through an expansion valve and exits as two-phase flow (state 4). In an 
evaporator, liquid CO2 evaporates and provides refrigeration capacity 
while leaving the evaporator saturated vapour (state 5). The cold and 
hot gases are mixed in a mixer (states 5 and 11), and the resulting 
mixture enters the low-pressure compressor (state 1) before being 
cooled by a cooler-1 (state 3). The operation and components of the Sys-I 
are like those described by Yao et al. [55] and it taken as a reference and 
basic system for the other two improved and modified systems (Sys-II, 
and Sys-III). 

In Sys-II (see Fig. 1-b and Fig. 2-b), the system operation and com-
ponents are modified from Sys-I by adding HEX between the part of 
supercritical CO2 that comes from the three-way valve before entering 
the expansion valve (state 3,2) and the saturated vapour that exits the 
evaporator (state 5) to improve the refrigeration sub-cycle COP and thus 
the overall system efficiency. In Sys-III (see Fig. 1-c and Fig. 2-c), (see 
Fig. 1-a and Fig. 2-a), the HEX is added between the supercritical CO2 
stream that comes from the three-way valve before entering the 
expansion valve (state 3,2) and the mixing stream that exits from the gas 
mixer (state point 1) in order to achieve the most efficient system 
operation when compared to Sys-I. 

3. Modeling and assumptions 

To investigate the thermodynamic performance of the proposed CRP 
systems, a simulation model based on Aspen HYSYS® Software 

(AspenTech, Bedford, MA, USA) [54] is used. Scholars and engineers 
have recognized Aspen HYSYS for its dependability and ability to assess 
the performance of complex industrial processes. Because the Aspen 
HYSYS platform is user-friendly to a large extent, it allows for the 
optimization of conceptual design and operations. For steady-state 
modeling, Aspen HYSYS has a solid approach. Fig. 3 depicts the 
fundamental steps of the preset study’s steady-state simulation. Aspen 
HYSYS is a powerful process simulator that includes a large library of 
pre-built component models and property packages. It enables the 
static/dynamic modeling of a wide range of complex chemical/hydro-
carbon fluid-based processes by simply connecting different modules 
using material and energy streams. Hence, a simulation model in Aspen 
HYSYS for CRP systems allows easy integration with various energy 
systems such as compressors, turbines, gas coolers, gas heaters, heat 
exchangers, evaporators, expansion valves, etc. 

For modeling, the following assumptions are used:  

• The ambient temperature of 25 ◦C remains constant and it is used as 
the reference temperature.  

• The entire system operates in a steady state.  
• In all pipes and components, heat and pressure loss are ignored.  
• The evaporator’s outflows are saturated vapour.  
• The throttling valve process is isenthalpic.  
• To avoid corrosion of the pipe and heat exchanger, the exhaust gas 

temperature is higher than the acid dew point (120 ◦C) after heat 
transfer.  

• The pressure levels in the cooler-2 and evaporator are the same.  
• The isentropic and mechanical efficiencies of the compressors and 

turbines are maintained constant,  
• Cooler-1 and cooler-2 pinch points are located between the fluid and 

ambient temperatures. Tables 2 and 3 show a variety of operating 
parameter and modeling assumption values. 

3.1. Energy analysis 

The mass and energy equations are obtained to simulate the ther-
modynamic processes in CRP based on the above assumptions and the 
first law of thermodynamics. The calculated preset flow of working fluid 
in the evaporator and gas heater (m•

e and m•
t ) is based on the refriger-

ation capacity and waste heat conditions that shown in Table 1. 
In the 3-way valve and gas mixer, the mass conservation equation is 

Table 4 
Validation of the present model with available reference results [54].  

State parameters Performance parameters 

Ref. [54], Experimental data Ẇcomp(W) COP 

Q•
evap 

(W) 
Tevap 

(oC) 
Tcomp,in 

(oC) 
Pcomp,out 

(bar) 
Tcooler,out 

(oC) 
ηcomp,overall 

(%) 
Ref. [52], 
Exp. 

Present 
model 

Error 
(%) 

Ref. [52], 
Exp. 

Present 
model 

Error 
(%) 

351.65 − 11.30 35.38 89.71 35.24 46.30 326.47 348.02 6.19 1.08 1.01 6.35 
525.11 − 2.03 35.62 90.37 35.23 54.80 343.65 373.94 8.10 1.56 1.40 9.81 
832.70 9.48 35.42 90.14 36.45 65.70 335.11 373.97 10.39 2.49 2.23 10.40 
469.09 − 11.58 31.06 84.95 31.94 56.00 331.57 353.45 6.19 1.42 1.33 6.20 
649.51 − 1.77 31.56 84.98 31.94 60.60 351.66 368.66 4.61 1.85 1.76 4.61 
842.02 5.32 31.83 85.78 32.11 64.50 360.06 381.33 5.58 2.29 2.21 3.37  

Ref. [54], Numerical data Ẇcomp(W) COP 

Q̇evap(W) Tevap 

(oC) 
Tcomp,in 

(oC) 
Pcomp,out 

(bar) 
Tcooler,out 

(oC) 
ηcomp,overall 

(%) 
Ref. [52], 
Num. 

Present 
model 

Error 
(%) 

Ref. [52], 
Num. 

Present 
model 

Error 
(%) 

367.25 − 9.56 34.39 89.71 35.24 46.8 323.12 349.64 7.58 1.14 1.05 7.54 
544.63 − 1.62 34.52 90.37 35.23 52.6 357.79 381.84 6.30 1.52 1.43 6.29 
816.03 9.53 34.44 90.14 36.45 62.8 350.87 363.26 3.41 2.33 2.25 3.38 
488.58 − 10.27 31.19 84.95 31.94 55.3 335.54 358.00 6.27 1.46 1.36 6.27 
695.93 − 0.99 31.17 84.98 31.94 61.7 345.22 386.52 10.69 2.02 1.80 10.65 
851.32 5.09 31.03 85.78 32.11 65.6 345.59 385.73 10.41 2.46 2.21 10.43  
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Fig. 4. Variations of net power output, Ẇnet with various: (a) Turbine inlet pressure; (b) Turbine inlet temperature; (c) Intermediate pressure; (d) Water inlet 
temperature; (d) Evaporating temperature. 
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Fig. 5. Variations of refrigeration capacity, Q̇evap with various: (a) Turbine inlet pressure; (b) Turbine inlet temperature; (c) Intermediate pressure; (d) Water inlet 
temperature; (d) Evaporating temperature. 
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Fig. 6. Variations of energy efficiency, ηen with various: (a) Turbine inlet pressure; (b) Turbine inlet temperature; (c) Intermediate pressure; (d) Water inlet tem-
perature; (d) Evaporating temperature. 
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Fig. 7. Variations of exergy efficiency, ηex with various: (a) Turbine inlet pressure; (b) Turbine inlet temperature; (c) Intermediate pressure; (d) Water inlet tem-
perature; (d) Evaporating temperature. 
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Fig. 8. Variations of fuel specific consumption, SFC with various: (a) Turbine inlet pressure; (b) Turbine inlet temperature; (c) Intermediate pressure; (d) Water inlet 
temperature; (d) Evaporating temperature. 
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Fig. 9. Variations of fuel consumption cost saving, FCCS with various: (a) Turbine inlet pressure; (b) Turbine inlet temperature; (c) Intermediate pressure; (d) Water 
inlet temperature; (d) Evaporating temperature. 
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expressed as follows: 

ṁf ,c = ṁf ,e + ṁf ,t (1) 

For the three proposed CRP systems, the energy balance between the 
turbine and compressors is expressed as follows: 

Ẇt = (ẆLcomp + ẆHcomp)/ηt− c + Ẇnet/ηgen (2) 

For (Sys-I & Sys-II). 

ṁf ,t(h8 − h9) = [ṁf ,c(h2 − h1) + ṁf ,t(h6 − h3,1)]/ηt− c + Ẇnet/ηgen (3) 

For (Sys-III). 

ṁf ,t(h8 − h9) = [ṁf ,c(h2 − h1,1) + ṁf ,t(h6 − h3,1)]/ηt− c + Ẇnet/ηgen (4) 

The net power output can be computed as follows: 

Ẇnet = (Ẇt − (ẆLcomp + ẆHcomp)/ηt− c)ηgen (5) 

The proposed CRP systems’ energy efficiency is defined as follows: 

ηen =
Ẇnet + Q̇evap

Q̇gh
(6) 

Table 3 lists the other energy conversion equations for major com-
ponents and processes. 

3.2. Exergy analysis 

The exergy model is established based on the second law of ther-

Fig. 10. Energy flow diagram: (a) traditional approach (engine + stand-alone refrigerator); (b) proposed CRP systems (engine + CRP systems).  
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modynamics to analyze the irreversibility of each component of the 
proposed CRP systems. The exergy destruction equations of each 
component of the systems are listed in Table 3. At any state “ i “ the 
exergy value is defined as follows: 

Ėi = ṁi[hi − h0 − (T0 + 273.15)(si − s0)] (7)  

where the subscript ‘0’ denotes the ambient temperature. In this study, 
the ambient temperature is varied, and the ambient pressure is set to 
101.3 kPa. The equations in Table 3 are used to calculate the exergy 
destruction of the systems’ components. 

The refrigeration output exergy is calculated as follows: 

Ėevap = Q̇evap

[
(T0 + 273.15)
(Tref + 273.15)

− 1

]

(8)  

where Tref denotes the temperature of the target cooling environment, 
which in this study is 2 ◦C higher than the evaporation temperature 
(Tevap). 

The systems’ input exergy is defined as follows: 

Ėin = ĖEg,in − ĖEg,out (9) 

The proposed CRP systems’ exergy efficiency is defined as follows: 

ηex =
Ẇnet + Ėevap

Ėin
(10)  

3.3. Economic analysis 

The specific fuel consumption of a given system is defined as follows: 

SFC (kg/kWh) =
ṁfuel,total

ẆEngine + Ẇnet + Q̇evap
(11) 

The specific fuel consumption of the separated engine with stand- 
alone refrigerator and proposed CRP systems is calculated as follows: 

SFCSRP (kg/kWh) =
ṁfuel,engine + ṁfuel,SR

Ẇengine + Q̇evap
(12)  

SFCCRP (kg/kWh) =
ṁfuel,engine

Ẇengine + Ẇnet + Q̇evap
(13) 

Table 1 shows the fuel consumption and power of the main engine, as 
well as the refrigeration capacity of a stand-alone refrigerator. 

The percentage of the fuel consumption cost saving (FCCS) param-
eter is introduced and defined for system evaluation as follows: 

FCCS (%) =
SFCSRPCfuel − SFCCRPCfuel

SFCSRPCfuel
× 100 (14)  

where Cfuel is fuel unit cost ($/kg), average world price of diesel is 1.17 
$/L (1.42 $/kg) [57]. 

The overview of system modeling is summarized in Table 3. The 
equations are written in terms of actual state points and can be tailored 
to the specific components of the proposed CRP system. The modeling 
assumptions corresponding to realistic component efficiencies, perfor-
mances, and pressure losses are also summarized. 

3.4. Model validation 

Model validation is used to validate the accuracy of CRP system 
simulation models created with Aspen HYSYS. Due to the lack of pub-
lished experiments on the proposed CRP cycle, which consists of a su-
percritical CO2 power cycle and a transcritical CO2 refrigeration cycle, 
the established S- CO2 power cycle, or the T- CO2 refrigeration cycle 
must be validated independently. The transcritical CO2 refrigeration 
cycle with regenerator model has been validated using the same 
boundary and operating conditions of Rigola et al. [56]. Table 4 com-
pares the current model results to the experimental and numerical re-
sults of Rigola et al. [56]. As shown in Table 4, the maximum relative 
error between the current model’s results and the experimental and 
numerical results of Rigola et al. [56] is 10.39% for W•

comp and 10.69% 
for COP, respectively. Which demonstrates that the simulation model 
approach used in this study via Aspen HYSYS software is sufficiently 
accurate. 

4. Results and discussions 

The mathematical and simulation model was run using Aspen HYSYS 
software for comprehensive variations of the operating and controlling 
parameters including turbine inlet pressure and temperature, interme-
diate turbine pressure, water inlet temperature, and the evaporator 
temperature. Each of these parameters was varied in the studied range 
given in Table 2. In each run processing, the target was calculating the 
performance parameter of each system (System I, II, and III) including 
the net power output, refrigeration capacity, energy and exergy effi-
ciencies, specific fuel consumption, and the fuel consumptions cost 
saving. The obtained comprehensive results data are used to conduct (i) 
parametric study for the effects of the different operating conditions on 
the performance parameters of systems I, II, and III, (ii) comparison 
study to evaluate and compare the three systems at the different oper-
ating and controlling conditions (iii) optimization study of the three 
systems searching for the operating condition that give optimal perfor-
mance parameters of the three systems. In the following sections the 

Table 5 
Optimal parameters for proposed systems based on maximum energy efficiency.  

Parameter Unit Sys-I Sys-II Sys-III 

P1, P4, P5, P9, P10, P11, Mpa 3.525 3.525 3.525 
P2, P3 Mpa 8.927 9.00 9.00 
P6, P7, P8 Mpa 20.76 20.41 20.63 
T1 

oC 26.45 33.92 26.43 
T1,1 

oC n/a n/a 29.76 
T2 

oC 113.30 123.20 118.50 
T3, T3,1, T3,2 

oC 35.00 35.00 35.00 
T3,3 

oC n/a 26.49 31.54 
T4, T5 

oC 0.00 0.00 0.00 
T5,1 

oC n/a 30.20 n/a 
T6 

oC 65.57 64.17 64.60 
T7 

oC 174.56 173.96 174.35 
T8 

oC 450.00 450.00 450.00 
T9 

oC 301.49 302.84 301.77 
T10 

oC 103.77 100.68 101.86 
T11 

oC 35.00 35.00 35.00 
TEg,in 

oC 470.70 470.70 470.70 
TEg,out 

oC 220.40 220.40 220.40 
Tw1,in 

oC 30.00 30.00 30.00 
Tw1,out 

oC 43.67 44.57 44.17 
Tw2,in 

oC 30.00 30.00 30.00 
Tw2,out 

oC 41.10 40.92 40.81 
ṁw1 Kg/s 1.50 1.50 1.50 
ṁw2 Kg/s 0.50 0.50 0.50 
ṁfe g/s 89.00 89.00 89.00 
ṁft g/s 311.00 311.00 311.00 
ẆHcomp kW 7.16 6.87 6.99 

ẆLcomp kW 22.94 24.34 23.81 

Ẇturbine kW 44.39 44.05 44.32 
Ẇnet kW 9.85 8.44 9.09 
Q̇evap kW 10.19 13.84 11.92 

Q̇Eg kW 109.30 109.30 109.30 

Q̇cooler1 kW 82.80 88.27 85.87 

Q̇cooler2 kW 22.42 22.05 21.84 

Q̇Reg kW 65.40 66.22 66.05 
ηen % 18.33 20.38 19.22 
ηex % 19.37 17.36 18.25 
SFC g/kWh 183.40 181.90 182.70 
FCCS % 6.30 7.10 6.60  
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parametric, comparison and optimization studies of the three proposed 
systems are discussed in detail. 

4.1. Parametric studies of different systems’ configurations. 

The parametric of the three proposed systems were conducted 
through investigating the effects of the different operating conditions on 
the systems performance parameters. The software is used to run and 
solve the system equations for all the possible combinations of the 
operating conditions ranges that are given in Table 2. According to the 
limitation of the paper size, not all the obtained results are presented but 
only some results are considered and presented. To present the para-
metric study in an efficient way a base line case of the operating con-
ditions (turbine inlet pressure = 20 MPa, turbine intermediate pressure 
= 8.5 MPa, turbine inlet temperature = 400 ◦C, cooling water temper-
ature = 30 ◦C, evaporator temperature = 0 ◦C) is considered. To study 
the effect of a certain parameter of the operating conditions on the 
systems performances, this parameter will be changed in its entire range 
(Table 2) and the other parameters of the operating conditions are kept 
constants at the base line values. Following this technique, the effects of 
the different operating conditions can be detailed studied as given in the 
following sections. 

4.1.1. Effects of operating conditions on systems’ net power outputs 
Fig. 4 shows the effect of the turbine inlet pressure and temperature, 

intermediate turbine pressure, water inlet temperature, and the evapo-
rator temperature on the net power output of the proposed systems I, II, 
and III. The net power outputs of the three systems are superimposed on 
the same figures for the sake of the comparisons between the three 
systems. Fig. 4-a shows the increase of the net power outputs of the three 
systems with increasing the turbine inlet pressure until 26 bar, then it 
slightly decreases for any further increasing of the turbine inlet pressure. 
The trend of variation is the same for the three systems and can be 
attributed to (i) the increase of the turbine output power due to the 
increase of the CO2 enthalpy with increasing its pressure, (ii) the low 
pressure compressor does not affect with the increase of the pressure at 
the turbine inlet but the power of the high pressure compressor increases 
with increasing the turbine inlet pressure, (iii) below 26 bar, the in-
crease in turbine output power with the pressure is higher than the in-
crease of the power of the high pressure compressor and the opposite is 
true if the turbine inlet pressure is above 26 bar. This trend of variation 
agrees with the known concept of CO2 cycles that for power cycle, the 
turbine inlet pressure need to be high as possible to deliver large power 
output [58] and for a CO2 refrigeration cycle [59], the high side pressure 
(in the present study it is H-compressor pressure which equals to the 

[a]

[b]

Fig. 11. Output energy breakdown: (a) traditional approach (engine + stand-alone refrigerator); (b) proposed CRP systems (engine + CRP systems).  
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(Syst-I)

(Sys-II)

(Sys-III)

[a]

[b]

[c]

Fig. 12. Systems optimization operating conditions: (a) Sys-I; (b) Sys-II; (c) Sys-III.  
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turbine inlet pressure) should be as low as possible to reduce the 
compressor power and provide high coefficient of performance of the 
refrigeration cycle [58]. This trend is attributed to the shape of the 
dependent of the compressibility factor of the CO2 on the pressure. 

Fig. 4-b shows the variation of the net output power with the CO2 gas 
temperature at the turbine inlet for the three systems. As shown in the 
figure the net output power of the three systems increases with 
increasing the turbine inlet temperature and this can be attributed to the 
direct increase of the enthalpy of the CO2 gas with increasing its tem-
perature which reflects on the increase of the turbine output power and 
the net output power of the system. The maximum value of the CO2 gas 
temperature at the turbine inlet should not exceeds the exhaust gas 
temperature (440.7 ◦C) as the CO2 gas is heated by the exhaust gas in the 
regenerator. 

Fig. 4-c illustrates the increase of the net output power of the system 
with increasing the intermediate pressure until it reaches 8.25 bar and 
then it decreases with any further increase of the intermediate pressure. 
This can be attributed to the increase of the power of the low-pressure 
compressor and the decrease of the power of the high-pressure 
compressor with the increase of the intermediate pressure. Taking in 
account that the share of the low-pressure compressor in the total 
compressor power is high compared to the share of the low-pressure 
compressor as it accommodates the total mass of the CO2 in the cycle. 
This trend of the low- and high-pressure compressors power leads to the 
decrease of the compressor power with the increase of the intermediate 
pressure until it reaches to 8.25 bar and then the total compressor power 
increases with increasing the intermediate pressure. This reflects to an 
opposite trend of the net power output of the system as the turbine outlet 
power does not affect by the intermediate pressure. This parabolic trend 
of the compressor power agrees with the variation of the compressibility 
factor of the CO2 gas which decrease sharply in the range 8–8.5 MPa and 
stay with a small value in the range 8.5 MPa-9 MPA [58]. Accordingly, 
the specific work of the high compressor decreases sharply in the range 
8–8.5 MPa and the specific work of the low-pressure compressor linearly 
increase with increasing the intermediate pressure. This conclude that it 
is necessary to operate the each of the three systems (I, II, III) at its 
optimal intermediate pressure that are given in Fig. 4-c to assure 
maximum net output power of the system. 

Fig. 4-d shows the decrease of the net power output of the three 
systems with the increase of the cooling water temperature (i.e., the 
increase of the ambient temperature) although the cooling water tem-
perature does not affect the turbine output power. This can be attributed 
to the increase of the temperature of the CO2 at the inlets of the low- and 
high-pressure compressors which leads to the increase of the compres-
sors power and consequently the decrease of the net power output of the 
system. It was noticed from the results data that the increase in the high 

compressor power with the cooling water temperature is higher than 
that of the low compressor owing to the high compressor is working very 
close to the area of the large change of CO2 compressibility which 
strongly affected by the temperature. Fig. 4-e shows the increase of the 
net power output of the three systems with the increase of the evapo-
rator temperature, and this can be investigated with detailed inspection 
of Fig. 2 which shows the decrease of the power of the low-pressure 
compressor and consequently the increase of the net output power 
with the increase of the evaporator temperature. 

Table 6 
Exergy destruction values and performance for each component based on 
optimal cases.  

Term Unit Sys-I Sys-II Sys-III 

İLcomp kW 3.58  3.71  3.67 

İHcomp kW 1.26  1.22  1.24 

İcooler1 kW 5.37  6.34  5.90 
İcooler2 kW 2.00  1.94  1.91 
İ3− way valve kW 0.00  0.00  0.00 

İEXV kW 1.34  0.95  1.15 
İevap kW 0.08  0.11  0.10 

İgh kW 3.79  3.82  3.80 

İturbine kW 10.39  10.28  10.37 
İReg kW 8.94  9.22  9.05 

İHEX kW N/A  0.20  0.03 
İmixer kW 0.19  0.00  0.20 
Ėin kW 56.00  56.00  56.00 
ηex % 19.37  17.36  18.25  

[a]

[b]

[c]

Fig. 13. Exergy destruction percentages of each component for optimal cases: 
(a) Sys-I; (b) Sys-II; (c) Sys-III. 
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4.1.2. Effects of operating conditions on systems’ refrigeration capacities 
Fig. 5 shows the effects of the turbine inlet pressure and temperature, 

intermediate turbine pressure, water inlet temperature, and the evapo-
rator temperature on the refrigeration capacity of the three studied 
systems I, II, and III. The refrigeration capacities of the three systems are 
superimposed on the same figures for the sake of the comparisons be-
tween the three systems. Fig. 5-a and 5-b show the independence of the 
refrigeration capacities of the three systems on the turbine inlet pressure 
and temperature for the entire studied ranges of the other operating 
parameters. This can be attributed to the independence of the of the low 
cycle on the turbine inlet pressure and temperature as both only affect 
the power high cycle of the system as shown in Fig, 2. 

Fig. 5-c illustrates the increase of the refrigeration capacity of the 
three systems with increasing the intermediate pressure. This can be 
attributed to that increasing the intermediate pressure causes the states 
points 3 and 4 of the T-S diagrams given in Fig. 2 moves to the left to be 
closer to the vertical axes and this cause the increase of the refrigeration 
effect (h5-h4) which directly reflects on the increase of the refrigeration 
capacity of the system. Fig. 5-d shows the decrease of the refrigeration 
capacity of the three systems with the increase of the cooling water 
temperature. This can be attributed to the increase of the temperature of 
the CO2 at the inlets of the expansion valve (State 3) which leads to the 
movement of State 4 to the right to have higher enthalpy and accord-
ingly the decrease of the refrigeration effect (h5-h4) and the decrease of 
the refrigeration capacity. Fig. 5-e show the decrease of the refrigeration 
capacity with the increase of the evaporator temperature. This can be 
attributed to the shape of the saturation line on the T-S diagram shown 
in Fig. 2. Increasing the evaporator temperature means the movement of 
state 5 (Fig, 2) to the left which leads to smaller refrigeration effect and 
accordingly low refrigeration capacity. 

4.1.3. Effects of operating conditions on systems’ energy and exergy 
efficiencies 

Figs. 6 and 7 show the effect of the turbine inlet pressure and tem-
perature, intermediate turbine pressure, water inlet temperature, and 
the evaporator temperature on the energy and exergy efficiencies of the 
proposed systems I, II, and III. As the energy and exergy efficiencies of 
the systems directly depend on the net power output and the refriger-
ation capacity of the system (Eq. 6–9), the variation of the net power 
output and the refrigeration capacity with the operating conditions that 
are discussed in sections 4.1.1 and 4.1.2 reflects the trends of the vari-
ation of the operating parameters on the energy and exergy efficiencies 
of the system. Accordingly, Fig. 6 and 7show the increase of the energy 
and exergy efficiencies of the system with (i) increasing the turbine inlet 
temperature and the evaporator temperature, (ii) decreasing the cooling 
water temperature, (iii) increasing the turbine inlet pressure until rea-
ches to 26 bar and decreasing the turbine inlet pressure above 26 bar, 
and (iv) increasing the intermediate pressure until 8.2 bar and 
decreasing the intermediate pressure above 8.2 bar. This can be attrib-
uted to the increase of the turbine output power, the decrease of the 
compressor power and the increase of the refrigeration capacity of the 
system (refer to Eqs. 6–9) with these parameters in the mentioned 
ranges. 

4.1.4. Effects of operating conditions on systems’ specific fuel consumption 
and cost saving 

Fig. 8 shows the effect of the turbine inlet pressure and temperature, 
intermediate turbine pressure, water inlet temperature, and the evapo-
rator temperature on the specific fuel consumptions of the proposed 
systems I, II, and III. As shown in the figure the specific fuel consump-
tions of the three systems decreases with increasing the turbine inlet 
pressure and temperature, intermediate pressure and the evaporator 
temperature and increases with increasing the cooling water tempera-
ture. This can be attributed to the increase of the sum of the net output 
work and the refrigeration capacity which reflects directly on the 
decrease of the specific fuel consumption as given by Eq. (13). Fig. 9 

shows the increase of the fuel consumptions cost saving (FCCS) with (i) 
increasing the turbine inlet temperature and the evaporator tempera-
ture, (ii) decreasing the cooling water temperature, (iii) increasing the 
turbine inlet pressure until reaches to 26 bar and decreasing the turbine 
inlet pressure above 26 bar, and (iv) increasing the intermediate pres-
sure in the range 0–8.2 bar and decreasing the intermediate pressure in 
the range >8.2 bar. This can be attributed to the increase of the turbine 
output power, the decrease of the compressor power and the increase of 
the refrigeration capacity of the system (refer to Eqs. 6–15) with these 
parameters in the mentioned ranges. 

4.2. Comparisons studies of different systems’ configurations 

Figs. 4-9 compare the different performance parameters of the three 
systems in the entire ranges of the operating parameters by super-
imposing the plotting of the performance curves of the three systems on 
the same graph. Figs. 4-9 shows that (i) system I has the highest net 
output power, exergy efficiency and specific fuel consumptions and the 
lowest refrigeration capacity, energy efficiency and fuel consumption 
cost saving, (ii) system II has the highest refrigeration capacity, energy 
efficiency and fuel consumption cost saving and the lowest net output 
power, exergy efficiency and specific fuel consumption, and (iii) the 
performance parameters of system III always lies between the values of 
the performance parameters of system I and II. As discussed before, this 
can be attributed to that (i) system I has the minimum high compressor 
power and system II has the maximum high compressor power and 
system III is between, and (ii) system II has the highest refrigeration 
capacity and system I has the lowest refrigeration capacity and system III 
is between. 

Fig. 10 gives the energy flow diagrams of the traditional approach 
(engine + stand-alone refrigerator) and the three proposed CRP systems 
I, II, and III (engine + CRP systems to drive refrigerator and generate 
extra power). Fig. 10-a shows that to produce a 246.0 kW engine power 
and 10.8 kW refrigeration capacity from the traditional engine and the 
stand-alone refrigeration, the traditional engine consumes 50.25 kg/h 
fuel (48.8 kg/h for the engine and 1.45 kg/h for the refrigerator). 
Fig. 10-b shows that including the CRP systems to replace the stand- 
alone refrigerator and utilizing only 57.5 % of the exhaust gases, the 
proposed CRP systems saves the fuel consumption of the stand-alone 
refrigerator and can maintain the needed refrigeration capacity (10.8 
kW) or more through the low-pressure cycle, and at the same time can 
generate an extra power up to 10.22 kW. Therefore, by utilizing 57.7% 
of the exhaust gases, the CRP systems can achieve a 2.9 % fuel saving 
(fuel of the refrigerator) and produce 4.4% extra power. Also, the energy 
flow diagrams shown in Fig. 10 gives the ranges of the net output energy 
and refrigeration capacity delivered during operating the CRP systems at 
the entire ranges of the studied operating conditions that are given in 
Table 2. Fig. 10 shows that the maximum extra net power output (10.26 
kW) obtained by CRP systems is given by system I and the maximum 
refrigeration capacity (16.62 kW) is given by system II. 

4.3. System optimization 

Optimization study for the three systems is needed to find the 
operating condition at which the system performance is optimum. The 
energy efficiency and the specific fuel consumptions can prove and 
compare the feasibility of the CRP systems and the fuel saving potential. 
Accordingly, the optimization was conducted based on the energy effi-
ciency as the objective functions, i.e., the optimum operating conditions 
of each system are the combination of the system operating condition 
that gives the maximum energy efficiency of the system. To find the 
optimum operating conditions of each system, the program software is 
used to solve the system of equations for each system (I, II, III) for all the 
possible combinations of the operating conditions ranges that are given 
in Table 2. Then the software is used to search the obtained results to 
find the operating conditions that give maximum energy efficiency of 
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the system. Following this technique, Table 5 lists the optimal operating 
conditions and the values of the optimum performance parameters for 
each system. Also, Fig. 11 gives the operating conditions and input/ 
output energy of each component of each system at the optimal oper-
ating conditions of the system. Table 5 shows that the optimum per-
formance parameters (energy efficiency, specific fuel consumptions and 
fuel consumption cost savings) of systems I, II, III are (18.3%, 0.1834 kg/ 
kWh, 6.3%), (20.4%, 0.1819 kg/kWh, 7.1%), and (19.3%, 0.1827 kg/ 
kWh, 6.36%), respectively. The operating conditions (turbine inlet 
pressure, turbine intermediate pressure, cooling water temperature, 
evaporator temperature) that give these optimum performance param-
eters of the three systems I, II, III are (20.76 MPa, 450 ◦C, 8.927 MPa, 
30.00 ◦C and 0.00 ◦C), (20.41 MPa, 450 ◦C, 9.00 MPa, 30.00 ◦C and 
0.00 ◦C), and (20.63 MPa, 450 ◦C, 9 MPa, 30.00 ◦C and 0.00 ◦C), 
respectively. The optimum turbine inlet temperature, cooling water 
temperature and evaporator temperature are the same for the three 
systems because the performance parameters of the three systems are 
directly proportional to these operating conditions in their entire ranges 
as shown in Figs. 4-9. Comparing the performance parameters of the 
three systems, reveals that system II has the absolute optimum perfor-
mance with values energy efficiency = 20.4%, specific fuel consump-
tions = 0.1819 kg/kWh and fuel consumption cost savings = 7.1%. and 
occurs at turbine inlet pressure, turbine intermediate pressure, cooling 
water temperature, evaporator temperature of 20.41 MPa, 450 ◦C, 9.00 
MPa, 30.00 ◦C and 0.00 ◦C, respectively. 

Fig. 12 shows the energy balance chart of the traditional system and 
the CRP three systems at their optimal operating conditions. In this 
figure, all the amount of the exhaust gases are used to drive the CRP 
systems. As shown in Fig. 11-b, about 18.33%, 20.38% and 19.22% of 
the energy of the exhaust gases (which represents 30% of the fuel en-
ergy) can be recovered by CRP systems I, II, and III, respectively to 
convert about 9.01%, 7.72% and 8.32% of the exhaust gas energy to 
output power and 9.32%, 12.66% and 10.91% of it to drive the refrig-
eration cycle for system I, II, III, respectively. 

Exergy analysis of each component of the three systems as well as for 
the entire system are conducted to study the irreversibility and the 
exergy destruction of each component of the three systems. The exergy 
analysis is carried out at the optimal operating conditions and based on 
the optimization data. Table 6 and Fig. 13 give the exergy destruction of 
each component of the three systems and the exergy efficiencies of the 
three systems at their optimum operating conditions. Table 6 and Fig. 13 
show that the components of the systems that have highest values of 
exergy destructions are the turbine, then the generator and then cooler I 
and the heat exchanger. Although system II has the optimum energy 
efficiency among the three system, Table 6 and Fig. 13 shows that sys-
tem I has the highest value of the exergy efficiency (19.37%) at the 
optimum operating conditions and system II has the lowest value of the 
exergy efficiency (17.36) at the optimum operating conditions. This 
small difference can be attributed to the extra components of system II 
that are not included in system I like the heat exchanger and due to the 
different in optimal operating conditions of the two systems. 

5. Conclusions 

The present study proposed and compared the performance of three 
CRP systems to cover the refrigeration capacity of the traditional 
approach (engine + stand-alone refrigerator) of a refrigerated truck and 
produce extra power (engine + CRP systems to drive refrigerator and 
generate extra power). CO2 is used as the working fluid for the low and 
high pressures combined refrigeration and power cycles. The feasibility 
of the using CRP systems was justified and has proven the potential of 
energy and fuel consumption saving compared to the traditional engine 
+ stand-alone refrigerator. The proposed modifications on the basic CRP 
system (System I) by incorporated heat exchanger for energy recovery at 
two different locations of the cycle (System II and System III) was 
investigated and has proven its potential for higher energy efficiency of 

the system as well as higher refrigeration capacity. Parametric and 
optimization studies were conducted to show the effect of the different 
operating parameters on the three proposed systems and find the 
optimal operating conditions of each system that gives maximum energy 
efficiency of the system. The main conclusions of the results of the 
present study can be summarized in the following points are as follows:  

1. The proposed CRP system has proven its potential to replace the 
tradition engine and the stand-alone refrigerator and utilize only 
57.7% of the exhaust gases to cover the needed refrigeration capacity 
and produce 4.8% power increase and 2.9% fuel saving.  

2. The proposed CRP systems I, II, III can utilize all the exhaust gases to 
recover about 18.33%, 20.38% and 19.22% of the energy of the 
exhaust gases (which represents 30% of the engine fuel energy), and 
convert about 9.01%, 7.72% and 8.32% of the exhaust gas energy to 
output power and 9.32%, 12.66% and 10.91% of it to drive the 
refrigeration cycle for system I, II, III, respectively.  

3. The parametric study showed the effects of the different operating 
conditions (turbine inlet pressure and temperature, intermediate 
pressure, cooling water and evaporator temperatures) on the per-
formance parameters (net output power, refrigeration capacity, en-
ergy and exergy efficiencies, specific fuel consumptions and fuel cost 
saving) for the three systems.  

4. Comparison study of the three systems showed that system I has the 
highest net output power, exergy efficiency and specific fuel con-
sumptions and system II has the highest refrigeration capacity, en-
ergy efficiency and fuel consumption cost saving. The maximum 
extra net power output (10.26 kW) obtained by using CRP systems is 
given by system I and the maximum refrigeration capacity (16.62 
kW) is given by system II.  

5. Optimization reveals the optimum performance parameters (energy 
efficiency, specific fuel consumptions and fuel consumption cost 
savings) of systems I, II, III are (18.3%, 0.1834 kg/kWh, 6.3%), 
(20.4%, 0.1819 kg/kWh, 7.1%), and (19.3%, 0.1827 kg/kWh, 
6.36%), respectively. 
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