
*Corresponding Author  Vol. 23 (No. 3) / 197 

International Journal of Thermodynamics (IJoT) Vol. 23 (No. 3), pp. 197-214, 2020 
ISSN 1301-9724 / e-ISSN 2146-1511 doi: 10.5541/ijot.749471 
www.ijoticat.com  Published online: September 01, 2020 
 

 

Comparative 4E and advanced exergy analyses and multi-objective optimization of 

refrigeration cycles with a heat recovery system 
 

K. Golbaten Mofrad 1, 2 S. Zandi 1, 2, G. Salehi 3, M H Khoshgoftar Manesh1, 2 * 
 

1. Energy, Environment and Biologic Research Lab (EEBRLab), Division of Thermal Sciences and Energy        

Systems, Department of Mechanical Engineering, Faculty of Technology & Engineering, University of Qom, 

Qom, Iran 

2. Center of Environmental Research, University of Qom, Iran 

3. Department of Mechanical Engineering, Central Tehran Branch, Islamic Azad University, Tehran, Iran 

E-mail: m.khoshgoftar@qom.ac.ir 

 

Received 8 June 2020, Revised 9 August 2020, Accepted 12 August 2020 

Abstract  
This paper aims to provide comprehensive 4E (energy, exergy, exergoeconomic, and exergoenvironmental) and 

advanced exergy analyses of the Refrigeration Cycle (RC) and Heat Recovery Refrigeration Cycle (HRRC) and 

comparison of the performance with R744 (CO2) and R744A (N2O) working fluids. Moreover, multi-objective 

optimization of the systems has been considered to define the optimal conditions and the best cycle from various 

perspectives. In HRRC, heat recovery is used as a heat source for an organic Rankine cycle. The energy and exergy 

analysis results show that utilizing HRRC with both refrigerants increases the coefficient of performance (COP) and 

exergy efficiency. COP and exergy efficiency for HRRC-R744 have been obtained 2.82 and 30.7%, respectively. Due 

to the better thermodynamic performance of HRRC, other analyses have been performed on this cycle. 

Exergoeconomic analysis results show that using R744A leads to an increase in the total product cost. Total product 

cost with R744 and R744A have been calculated by 1.56 $/h and 1.96$/h, respectively. Additionally, to obtain the 

processes' environmental impact, Life Cycle Assessment (LCA) is used. Exergoenvironmental analysis showed that 

using R744A increases the product environmental impact by 32%. Owning to the high amount of endogenous exergy 

destruction rate in the compressor and ejector compared to other equipment, they have more priority for improvement. 

Multi-objective optimization has been performed with exergy efficiency and total product cost objective functions as 

well as COP and product environmental impact for both refrigerants, which indicates that HRRC-R744 has better 

performance economically and environmentally. In optimal condition, the value of exergy efficiency, total product 

cost, COP, and the product environmental impact have been accounted for by 28.51%, 1.44 $/h, 2.76, and 149.01 

mpts/h, respectively.  

 

Keywords: Refrigeration Cycle; exergy; exergoeconomic; exergoenvironmental; advanced exergy analysis; multi-

objective optimization.  

  

1. Introduction 

Nowadays, using carbon dioxide (CO2) as a refrigerant is 

remarkable because of not being toxicant, non-ignition, 

having low costs, and not being dangerous for the 

environment. Using an ejector as an expander instead of 

expansion device in compression refrigeration cycles has 

been started since 1990. The results indicate that using the 

ejector causes a decrease in the destruction of the expansion 

process and an increase in the refrigeration cycle capacity. 

Demirel[1]have summarized some significant recent 

research on diverse aspects of thermodynamic analysis. In 

this study, exergy and exergoeconomic analysis of 

refrigeration cycles and waste heat utilization has been 

considered particularly. Ipakchi et al.[2]have assessed 

thermoeconomic and have checked the key parameters in the 

operation of combined cooling, heating, and power (CCHP)  

system with an ejector refrigeration cycle and CO2working 

fluid. Miran et al. [3]have studied a refrigeration system in 

terms of exergy and thermoeconomic with three refrigerants 

include R744, R744A, and R170, as the working fluid of the 

cycle. Seckin[4] has studied the parametric analysis of two 

ejector refrigeration cycles with constant area ejector and 

constant pressure ejector. Moreover, in another paper, a 

Kalina cycle has been coupled to an ejector refrigeration 

system to generate cooling and power concurrently [5]. 

Ahmadzadeh et al.[6]have checked and optimized the power 

production system and new ejector refrigeration system with 

solar energy in terms of exergoeconomic. Rostamnejad et al. 

[7]have presented a new ejector refrigeration cycle and 

started analyzing exergy and optimizing. The system’s 

operation has been compared for six appropriate refrigerants. 

Megdouli et al.[8]have compared a new ejector refrigeration 

system with a conventional vapor compression system. In the 

proposed system, refrigerant CO2has been used, and exergy 

analysis has been done. They have also evaluated the impact 

of adding an organic Rankine cycle (ORC) to the ejector 

refrigeration system in another article [9]. In this system, the 

loss of heat is used for producing vapor in the ejector 

refrigeration cycle. Nemati et al. [10]have investigated a 

two-stage ejector-expansion transcritical refrigeration cycle 

in terms of thermoeconomic and environmental. Moreover, 

the three working fluids, CO2, N2O, and ethane, have been 

compared to the system's refrigerants. Momeni et al.[11]have 

compared three different refrigeration systems with natural 

working fluids from a thermodynamic, economic, and 

environmental perspective. Khanmohammadi et al. [12]have 
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optimized a cascade refrigeration system with CO2 

refrigerant. The cooling capacity of the system and the 

annual cost rate are considered as objective functions. 

Golbaten Mofrad et al.[13]have conducted 4E analyses for a 

cascade refrigeration system with natural working fluids. 

The cycle's multi-objective optimization has been done 

utilizing the objective functions of exergy efficiency, 

product cost rate, energy efficiency, and product 

environmental impact on finding the system's optimal 

operating conditions. Megdouli et al. [14]have investigated 

three different refrigeration cycles like vapor compression 

cycle, combined refrigeration cycle, and new combined 

refrigeration cycle to produce power and cooling in terms of 

energy, exergy, and exergoeconomic. Ghorbani et 

al.[15]have proposed a new ejector refrigeration cycle with 

photovoltaic-thermal collectors and phase change material 

storage and have evaluated in terms of energy, exergy, and 

economic analyses. Sheikhi et al.[16]have considered 

advanced exergy evaluation as a tool to split the exergy 

destruction of the refrigeration system to achieve a better 

perspective about the potentials of a system for 

improvements.  Bai et al. [17]have evaluated the advanced 

exergy of an ejector refrigeration system with refrigerant 

R744. The major part of the exergy destruction of the system 

is endogenous. Moreover, they have analyzed the 

thermodynamic and advanced exergy of an improved ejector 

enhanced auto-cascade freezer cycle in another paper[18]. 

Chen et al.[19]have compared five refrigerants for the ejector 

refrigeration cycle in terms of energy, conventional exergy, 

and advanced exergy. Ghazizadeh et al.[20]have evaluated 

an integrated cryogenic process consist of three refrigeration 

cycles from advanced exergy and exergoeconomic. Moghimi 

et al. [21]have checked a  CCHP cycle, including a Brayton 

cycle, Rankine cycle, and an ejector refrigeration cycle by 

using the 4E (energy, exergy, exergoeconomic and 

exergoenvironmental) analysis. Sanaye et al. [22] have 

presented a new refrigeration system, a combination of a 

vapor compression refrigeration cycle and an ejector 

refrigeration cycle. Zhao et al. [23]have done conventional 

exergy and advanced exergy analysis for both the ejector 

refrigeration cycle and the compressor refrigeration cycle. 

Esmaeilzadehazimi et al. [24]analyzed an MHD–Magneto 

hydrodynamic- cycle using 4E analysis. In MHD cycles, the 

vast amount of heat loss is recoverable, and it can be used as 

a heat source in the Brayton cycle by considering the 

operating temperature. Sanaye et al.[25]have investigated a 

CCHP system from the 4E viewpoint. The proposed system 

consists of a gas turbine, a heat recovery steam generating, 

and an absorption refrigeration system. Adibhatla et 

al.[26]have used 4E analysis for the investigation of a 

thermal power plant system. Energy and exergy efficiencies, 

economic parameters, and environmental parameters such as 

reducing coal consumption and CO2 production were 

determined. Jahangiri et al.[27]have evaluated the effects of 

Heller cooling tower performance and 4E analysis of a steam 

power plant for 24 climatic conditions. Gullo et al.[28]have 

evaluated the thermodynamic and advanced exergy analysis 

of a CO2 commercial refrigeration system. The use of CO2 

refrigeration systems has become particularly important due 

to the importance of using environmentally friendly 

technologies. Modabber et al.[29]have conducted a 4E 

analysis for a desalination unit with a power and water 

cogeneration plant. Life Cycle Assessment (LCA) has been 

used for exergoenvironmental analysis. 

Previous research has shown that the use of heat waste in 

thermodynamic systems is of great importance. Accordingly, 

this paper first compares the two cycles of RC and HRRC 

from thermodynamics' first and second laws. Thus, the two 

cycles' cooling load is the same and equal to 100 kW, but the 

most important difference between these two cycles is in 

using heat recovery instead of the heat exchanger to recover 

heat from the desired cycle and then generate power using a 

turbine. To make the calculations more accurate, two 

working fluids, R744 and R744A, have been used for both 

refrigeration cycles. The most significant reason for utilizing 

these fluids is their compatibility with the environment. 

Furthermore, some of these refrigerants' properties, such as 

molecular weight, critical pressure, and temperature, are 

similar, and using them in refrigeration systems has been 

considered in recent years. Life cycle Assessment (LCA) has 

been used in most recent papers carried out 

exergoenvironmental analysis. LCA is a methodology for 

assessing environmental impacts associated with all the 

stages of the life cycle of system's equipment. Therefore, 

LCA has been exploited in this study. 

Nowadays, in addition to the lack of consumer resources 

in setting up thermodynamic cycles, economic and 

environmental problems have also created limitations for 

designers. Accordingly, after comparing the results of energy 

and exergy analysis for the two cycles and determining the 

advantages of HRRC over RC, using the heat recovery for 

both R744 and R744A working fluids has been determined. 

Studies conducted in this matter show that economic and 

environmental analysis on heat recovery cycles requires 

further research. One of the present work's novelties is a 

comprehensive 4E analyses and advanced exergy analysis 

considering different natural working fluid and comparison. 

Another novelty aspect of this study is multi-objective 

optimization of the cycles with diverse objective functions 

based on efficiency, exergoeconomic, and 

exergoenvironmental.  

 

2. System Description  

At first, Gay et al.[30]has presented a simple model of 

the ejector refrigeration cycle(RC), which includes a 

compressor, heat exchanger, evaporator, separator, 

expansion valve, and ejector, according to Figure 1(a).  

Outlet pressure of the ejector has a considerable decrease, 

and it causes increasing the suction pressure in the 

compressor and makes the power consumption low in the 

compressor. Therefore, using an ejector helps decrease fuel 

consumption, and it is ideal economically. In this research, 

R744 and R744A are used as the working fluid of the 

refrigeration cycle. In this cycle, at first, refrigerant arrives 

at the compressor suction and then with a higher temperature 

and pressure enters the heat exchanger, and this equipment 

sends the extra heat out, and it causes decreasing the 

temperature of the refrigerant before entering the ejector. 

Thus, the ejector’s pressure is decreased and turn to a 

combination of vapor and liquid. In order to separate these 

phases, the separator is used. Its work is to send the vapor 

phase into the compressor and the liquid phase into the 

expansion valve. The expansion valve causes a decrease in 

pressure; the result is a drop in temperature. Then refrigerant 

enters the evaporator, absorbs the environment heat, and at 

the end, enters the ejector. 
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Figure 1. Schematic diagram of the HRRC and RC [9]. 

The thermodynamic analysis, which has been done on 

the RC, indicates that considerable heat is sent out of the 

cycle by the heat exchanger. If this heat is recovered, it 

could be used to install a Rankine cycle. As it is shown in 

Figure 1(b), three equipment includes; turbine, pump, and 

condenser are attached to the RC by heat recovery and 

form HRRC. The waste heat of the RC provides the 

needed heat for superheating the turbine’s inlet 

refrigerant. After that, producing the power exits the 

turbine, and refrigerant enters the condenser. The P-h 

diagrams of RC and HRRC cycles are shown in Figure 2. 

In this figure, variations in enthalpy and pressure of two 

cycles, according to Figs. 1(a) and 1(b) have been 

illustrated. The stream numbers indicated in the Figure2 

is related to Figure1 (b). However, stream numbers of 1 to 

8 are similar between Figure 1(a) and Figure 2(b).  

 
Figure 2. P-h diagram of the HRRC and RC. 

 

3. Thermodynamic Modeling and Assumptions 

Energy and exergy analysis of (RC) and (HRRC) 

cycles have been done using MATLAB and REFPROP 

software. Input parameter values for modeling 

refrigeration cycles with working fluids R744 and R744A 

are given in Table 1. 

 

3.1 Assumptions 

In the present study, some assumptions are considered 

for analyzing the RC and HRRC [9, 31, 32] 

1. Steady-state conditions 

2. Input parameter values are the same for both cycles 

with working fluids R744 and R744A. 

3. The cooling capacity that is produced by the evaporator 

is considered as a constant value of 100 kW.  

4. The friction of each equipment is ignored. 

5. The ejector is working adiabatically. 

6. Kinetic energy and Potential energy changes are not 

considered. 

 

Table 1. Input parameter values for analysis. 

Input parameters Values 

Turbine inlet pressure (kPa) 9750 

Ejector inlet temperature(K) 313 

Evaporator outlet temperature(K) 278 

Diffuser efficiency (%) 75 

Nozzle efficiency (%) 80 

Mixture efficiency (%) 80 

Turbine isentropic efficiency (%) 80 

Pump isentropic efficiency (%) 80 

Compressor isentropic efficiency (%) 70 

Compressor outlet pressure  (kPa) 9750 

Environment pressure (kPa) 101.3 

Ambient temperature(K) 298 

System operating Time (hour) 8760 

Component lifetime (year) 20 

Cooling load(kW) 100 

 

3.2 Energy Modeling  

All the considered equipment should follow the 

specified control volume that is available in the steady-

state conditions. According to the Eq. (1), ṁi and ṁe are 

inlet and outlet mass flow rates in the control volume, 

respectively[33]. 

(1) 
∑ ṁi+ ∑ ṁe=

dmc.v

dt
 

(2) ∑ ṁi= ∑ ṁe 

In addition, the condition of exchanging heat and work 

for the refrigeration cycle has considered as Eq. (3) that Q̇ 

and Ẇ are the exchanged heat and work in available 

boundary conditions for the cycle[33].
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(3) 
Q̇+ ∑ (ṁh)

i
=Ẇ+ ∑ (ṁh)

e
 

 

The compressor's consuming work and the outlet work 

of the turbine are calculated by Eq. (4) and Eq. (5) 

respectively. The absorbed heat by the evaporator 

determined according to Eq. (6)[33]. 

 

(4) ẆCompressor=ṁ1(h2-h1) 

 

(5) ẆTurbine=ṁ10(h10-h11) 

  

(6) Q̇
Evaporator

=ṁ6(h7-h6) 

  

The ejector includes three sections: nozzle, mixing 

chamber, and diffuser section and the flow transmission 

in them is steady-state and adiabatic. The efficiencies of 

the nozzle, mixing chamber, and diffuser section are given 

in Table.1. The schematic of the ejector is shown in 

Figure3. 

 
Figure 3. The schematic of the ejector. 

 

The ejector has been modeled according to the 

conservation of mass, momentum, and energy equations. 

The equations used for modeling of the ejector are given 

in Table 2. 

One of the most important criteria for analyzing the 

operation of refrigeration cycles is using the coefficient of 

performance (COP) that is defined as a ratio of the 

system's cooling capacity to the input operation of the 

cycle. The evaporator's cooling capacity is the same for 

both refrigeration cycles, but their pure work is different 

according to the outlet pressure of the turbine. 

Mathematical equations to calculate COP for the RC and 

HRRC are given in Eq. (7) and Eq. (8), respectively[33]. 

(7) 
COPRC=

Q̇
Evaporator

ẆCompressor

 

(8) 
COPHRRC=

Q̇
Evaporator

ẆCompressor+WPump-WTurbine

 

 

3.3 Exergy Modeling 

The system's total exergy is divided into two sections, 

physical exergy and chemical exergy that can be 

calculated by Eq. (9)[34]. 

 

(9) EẊTotal=EẊPh+EẊCh 

 

Because there is no chemical reaction in cycles, the 

chemical exergy is considered zero. 

(10) 𝐸�̇�𝐶ℎ=0 

 

The exergy balance equation is defined as Eq.(11), 

according to the rate of fuel exergy (𝐸�̇�𝐹.𝑘) and product 

Exergy (𝐸𝑋̇ 𝑃.𝑘)[33]. 

 
(11) EẊF.k=EẊP,k+EẊD,k+EẊL,k 

 

The rate of physical exergy determined according to 

Eq. (12) also exergy destruction ratio and exergy 

efficiency for each of the equipment calculated as Eq. (13) 

and Eq. (14)[34]. 

  

(12) EẊph=ṁ[(h-h0
)-T0

(s-s0
)] 

(13) 
ΥD,K=

EẊD,K

EẊD,total

 

(14) 
η

EX,k
=

EẊP,k

EẊF,k

 

 

The exergy efficiencies of the refrigeration systems 

are determined as Eq. (15) and Eq. (16) for RC and HRRC 

cycles according to the exergy of fuel and product[35]. 

 

η
EX,TotaL,RC

=
EẊP,Total,RC

EẊF,Total,RC

 
(15) 

 

η
EX,TotaL,RC

=
EẊP,Total,HRRC

EẊF,Total,HRRC

 
(16) 

 

Since all the equipment's exergy consists of three parts 

(destruction, product, and fuel), their exergy equations are 

presented in Table 3. 

 

3.4 Exergoeconomic Modeling 

In exergoeconomic (thermoeconomic) analysis, 

obtaining the cost of fuel and product difference is one of 

the most important goals. Therefore, all of each point's 

cost rates should be calculated by exergy, according to Eq. 

(17)[34]. 

(17) Ċk=ck(EẊk) 

 

The balance of cost equations determined as Eq. (18) 

by considering the inlet and outlet of each equipment and 

their investment cost rate[34]. Regarding the balance of 

exergoeconomic for cycles’ equipment, product cost rate 

equals the sum of the fuel cost rate and investment cost 

rate (Eq. (19))[34]. 

 

(18) ∑ Ċe+Ċw=ĊQ+ ∑ Ċi+Ż 

(19) ĊP,k=ĊF,k+Żk 

 

The investment cost rate of each equipment 

determined according to their capacity of work and heat 

transition; therefore, each equipment's sizes have an 

important impact on their investment cost rate. The cost 

of each equipment in refrigeration cycles is given in Eq. 

(20) to Eq. (27).
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Table 2. The equations used for modeling of the ejector[36]. 
Parameter Equation 

Entrainment ratio 
μ=

ṁsf

ṁpf

 

Nozzle efficiency 
η

n
=

hpf,in-hpf,exi

hpf,in-hpf,is

 

Primary flow outlet velocity 
upf,exi=√2η

n
(hpf,in-hpf,is) 

The mixing chamber momentum conservation ṁpfupf,exi+ṁsfusf,exi=(ṁsf+ṁpf)umf,is 

Secondary flow outlet velocity usf,in=√2×(hsf,in-hsf,exi) 

Velocity of mixed flow umf,is=
upf,exi

1+μ
 

Mixing efficiency 
η

m
=

umf

2

umf,is
2

 

Averaged velocity of mixed flow 
umf=

upf,exi√η
m

1+μ
 

Energy conversion in mixing chamber 
ṁpf (hpf,exi+

upf,exi

2

2
) +ṁsf (hsf,exi+

usf,exi

2

2
) = (ṁsf+ṁpf)(hmf+

umf

2

2
) 

 

Mixed flow enthalpy 
hmf=

hpf,in+μhsf,exi

1+μ
-
umf

2

2
 

The actual enthalpy of mixed flow outlet 
hmf,exi=hmf+

hmf,exi,is+hmf

η
d

 

Ejector performance 
μ=√η

n
η

m
η

d
(hpf,in-hpf,is)/(hmf,exi,is-hmf)-1 

 

Table 3. The equations used for modeling of the ejector[34]. 
Component Fuel exergy Product exergy Destruction exergy 

Compressor ẆCompressor EẊ2-EẊ1 EẊF,compressor-EẊP,compressor 

Heat exchanger EẊ2-EẊ3 EẊ10-EẊ9 EẊF,Heat Exchanger-EẊP,Heat Exchanger 

Ejector EẊ3+EẊ7 EẊ4 EẊF,Ejector-EẊP,Ejector 

Expansion valve EẊ5 EẊ6 EẊF,Expansion valve-EẊP,Expansion valve 

Evaporator EẊ6-EẊ7 EẊ15-EẊ14 EẊF,Evaporator-EẊP,Evaporator 

Pump ẆPump EẊ9-EẊ8 EẊF,Pump-EẊP,Pump 

Turbine EẊ10-EẊ11 ẆTurbine EẊF,Turbine-EẊP,Turbine 

Condenser EẊ11-EẊ8 EẊ13-EẊ12 EẊF,Condenser-EẊP,Condenser 

 

Heat exchanger[37]: 

 

ZHeat exchanger

Cl =130(
AHeat exchanger

0.093
)

0.78

 

 

(20) 

Pump[38]: 

ZPump

CL =3450(ẆPump)
0.71

 

 

(21) 

Turbine[37]: 

ZTurbine

CL =4405(WTurbine
)0.7 

 

(22) 

Compressor[37]: 

ZCompressor

CL =9624.2(Ẇcompressor)
0.46

 

 

(23) 

Expansion valve[39]: 

ZExpansion valve

CL =114.5(mi) 

 

(24) 

Condenser[40]: 

ZCondenser

Cl =8000(
ACondenser

100
)

0.6

 

 

(25) 

Evaporator[41]: 

ZEvaporator

Cl =309.15(AEvaporator)+213.9 

 

(26) 

Ejector[41]: 

ZEjector

Cl =750(ṁ1
)(P4

0.75) (
T3

P3

)
0.05

 

 

(27) 

A capital recovery factor is the ratio of a fixed annuity 

to the present value of receiving that annuity for a given 

length using an interest rate I, the capital recovery factor 

is defined as Here, i is the interest rate (assumed to be 

15%) and n is the system life (assumed to be  20 years)[34, 

42]. 

(28) 
CRF=

i(1+i)
n

(1+i)
n
-1

 

 

(29) 
Żk=

Zk

Cl.CRF.φ

t
 

 

By calculating the investment cost rate for each of the 

equipment and using them for every component used in 

RC and HRRC, the cost balance is presented in Table 4. 

In order to obtain the cost rate of each point, auxiliary 

equations for each of the equipment are given in this table.  
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Table 4. The exergoeconomic balance for the overall system[34]. 

Component Exergoeconomic balance Auxiliary equations 

Compressor ŻCompressor+Ċ1+ĊCompressor=Ċ2 cw,Compressor=0.015( $
MJ⁄ ) [37] 

Heat exchanger ŻHeat exchanger+Ċ2+Ċ9=Ċ3+Ċ10 c9=c10 

Evaporator ŻEvaporator+Ċ6+Ċ12=Ċ13+Ċ7 c9=0 

Ejector ŻEjector+Ċ3+Ċ7=Ċ4 - 

Separator ŻSeparator+Ċ4=Ċ1+Ċ5 c1=c5 

Condenser ŻCondenser+Ċ16+Ċ11=Ċ8+Ċ17 c8=c11 

Expansion valve ŻExpansion valve+Ċ
5
=Ċ6 - 

Pump ŻPump+Ċ8+ĊPump=Ċ9 - 

Turbine ŻTurbine+Ċ10=Ċ11+ĊTurbine - 

 

Destruction cost rate for each of the equipment is 

calculated by Eq. (30)[34]. 

 

(30) ĊD,k=cP,kEẊD,k 

The average partial cost increase in each unit of exergy 

between the equipment’s fuel and product exergy is 

determined by relative cost deference. This parameter 

indicates that which of the equipment has the most cycle 

product cost comparing to other equipment. For this 

reason, the parameter is calculated according to Eq. 

(31)[34]. 

 

(31) rc=
cP,k-cF,k

cF,k

 

One of the exergoeconomic analysis’s goals is to 

decrease the product cost rate. In order to achieve this 

goal, the exergoeconomic factor concept is fundamental, 

and it is calculated by Eq. (32) for each of the 

equipment[34]. 

 

(32) 
f

c
=

Żk

Żk+ĊD,k+ĊL,k

 

 

3.5 Advanced Exergy Modeling 

One of the exergy analysis goals is to decrease the 

destruction exergy of each equipment. This irreversibility 

can be decreased by improving exergy. Therefore, each 

equipment's destruction exergy is divided into 

exogenous(EẊD, k

EX

) and endogenous (EẊD, k

EN

). Therefore, 

each equipment's exogenous exergy destruction rate is due 

to the irreversibility of the other equipment to each other. 

Besides, the endogenous exergy destruction rate includes 

a condition, which that equipment should operate under a 

real condition, and others should operate under theoretical 

conditions. In this study, advanced exergy analysis was 

performed using the engineering approach (Figure 4). 

This method principally can be utilized for a component 

that chemical reactions take place, such as gasifier and 

combustion chamber[43]. ĖD,other is the sum of exergy 

destruction rates in system components other than that in 

component k. Regarding Figure 4, if the ĖD,other converges 

to zero, the exogenous exergy destruction rate for k 

component converts zero, and the endogenous part is 

determined[44]. 

 
Figure 4. Determine the EẊD,k

EN

  by variation of ĖD,otherand 

ĖD,Total [43]. 

 

With consider the operation of the cycle, the exergy 

destruction rate of each equipment can be divided into two 

separate parts include avoidable (EẊD,k

AV

) and 

unavoidable(EẊD,k

UN

) that the value of each of them can be 

calculated by Eq. (33) and Eq. (34)[45, 46]. 

 

EẊD,k=EẊD,k

EN

+EẊD,k

EX

  

 

(33) 

EẊD,k=EẊD,k

AV

+EẊD,k

UN

  (34) 

 

To determine the cause of the exergy destruction rate 

of each component can be combined and the values of 

endogenous unavoidable exergy destruction( EẊD,k

EN,UN

), 

exogenous unavoidable exergy destruction (EẊ
D,k

EX,UN

), 

endogenous avoidable exergy destruction(EẊD,k

EN,AV

) and 

exogenous avoidable exergy destruction  (EẊ
D,k

EX,AV

) are 

presented in Eqs. (35) to (38)[45, 46]. 

 

EẊD,k

AV

=EẊD,k

EX,AV

+EẊD,k

EN,AV

  (35) 

 

EẊD,k

UN

=EẊD,k

EX,UN

+EẊD,k

EN,UN

  (36) 

 

EẊD,k

EN

=EẊD,k

EN,AV

+EẊD,k

EN,UN

  (37) 
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EẊD,k

EX

=EẊD,k

EX,AV

+EẊD,k

EX,UN

  (38) 

 

3.6 Exergoenvironmental Modeling  

Considering the environmental problems caused by 

thermodynamic cycles (as releasing the greenhouse gases 

that make the earth warmer), the importance of 

exergoenvironmental is considered more than before. The 

Assessments show that the exergoenvironmental follows 

two main parts, the first one is destruction exergy which 

caused by fuel exergy and product exergy difference and 

should be calculated for each of the equipment and its 

impacts should be assessed and the second part is Life 

Cycle Assessment(LCA) that caused by environmental 

impact. In order to assess the environmental impact of 

each point, the exergy and LCA analysis should be 

related[47]. 

In order to obtain the environmental impact of a 

process, LCA is used. Environmental impact is 

determined according to the cycle’s operation time that 

consists of three parts: operating and maintenance (OM), 

generation, and disposal. Many different ways of 

assessing have been presented, and Eco - indicator 99 has 

the most suggestion and development for these impacts. 

Therefore, in this research Eco - indicator 99 is used. The 

obtained results of these impacts are shown as pts or mpts 

units[47]. 

The results are as the unit of mpts, and the system’s 

operation is considered for 8760 hours and 20 years of 

useful life. The value of Eco - indicator 99 for each of the 

cycle’s equipment in the process, material, and disposal 

parts are shown in Table 5[47].  

In addition, the weight functions of all equipment are 

shown in Table 5. To calculate the weight of the 

compressor Eq. (39) and Eq. (40) are used[47]. 

 

(39) ṁ=ρVA 

  

(40) 
t=P.D

FS

2σ
 

In these equations, �̇� is the mass flow rate of fluid 

inside the compressor, 𝜌 is the fluid density, 𝑉  is velocity, 

and A is the cross-section area. 𝐹𝑆 (Factor of safety) and 

σ (rupture stress) are considered as Table 6. 

Exergoenvironmental balance equations are defined 

according to Eq. (41)[48]. 

(41) ḂP,k=ḂF,k+Ẏk 

The relation of environmental impact and exergy is 

determined according to Eq. (42)[48]. 

 

(42) ḂF,k=bF,k(EẊF,k) 

 

(43) bFEẊF=bPEẊP+Ẏk 

In this analysis, the component environmental impact 

is shown by Ẏ that consisted of the process, material, and 

disposal parts according to LCA and followed Eq. (44). 

 

(44) Ẏ
Total

=Ẏ
CO

+Ẏ
OM

+Ẏ
DI

 

Here Ẏ
CO

 is related to construction environmental 

impact that consisted of manufacture and installation. Ẏ
OM

 

is operation and maintenance environmental impact, and  

Ẏ
DI

 is related to disposal environmental impact[48]. Eq. 

(45) presents the rate of environment destruction exergy 

of each equipment. 

 

(45) ḂD,k=bF,k(EẊD,k) 

 

Equipment’s information with their weight functions 

is shown in Table 5 and Table 6 using Cavalcanti’s 

analysis. The balance equations of all the equipment’s 

exergoenvironmental with auxiliary equations are shown 

in Table 7 in order to determine the environment exergy 

rate of all points. By using the relative difference of the 

environmental impacts, it can be recognized all the 

equipment that has the most potential to decrease the 

environmental impact, and it is calculated by Eq. (46). 
(46) 

rb,k=
bP,k-bF,k

bF,k

 

 

The total environmental impact for each of the 

equipment is determined by Eq. (47). 

(47) ḂTotal=ḂD+Ẏ
Total

 

 

Exergoenvironmental factor defined by Eq. (48), and 

according to that, the equipment with a higher 

exergoenvironmental factor can be recognized[48]. 

(48) 
f

b,k
=

Ẏk

Total

ḂD+Ẏ
Total 

 

Table 5. Information of component-related environmental impact in LCA[47]. 

Disposal 

(mpts kg⁄ ) 

Process 

(mpts kg⁄ ) 

Material 

(mpts kg⁄ ) 
Materials composition Eco’99 (mpts kg⁄ ) Component 

-70 11.7 130 
steel 33.33% 86 Steel low alloy 44.5% 110 Cast iron 

22.22% 240 
compressor 

-70 12.1 86 Steel 100% 86 Evaporator 

-70 12.1 86 Steel 100% 86 Condenser 

-70 16.5 186 Cast iron 65% 240 Steel 35% 86 Pump 

-70 12.1 704 Steel 25% 86 Steel high alloy 75% 910 Steam turbine 

-70 12.1 696 Steel 26% 86 Steel high alloy 74% Heat recovery 
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Table 6. Correlation weight function for components[47]. 

Weight function (ton) Component 

Eqs. (39) and (40), FS=2 , VAxial=15 m
s⁄   

Compressor 

wEvaporator=13.9(Q̇
0.68

) , MW  
Evaporator 

wCondenser=0.073(Q̇
0.99

) , MW 
Condenser 

         wPump=0.125.ln(Ẇ)-0.041 , kW 
Pump 

wTurbine=4.9 (Ẇ
0.73

)  , MW 
Steam turbine 

wHeat recovery=8.42(Q̇
0.87

) , MW 
Heat recovery 

 

Table 7. The Exergoenvironmental balance for the overall system[49]. 

Component Exergoenvironmental balance Auxiliary equations 

Compressor ẎCompressor+Ḃ1+ḂCompressor=Ḃ2 bcompressor=6.206(
mpts

MJ⁄ )  

Heat exchanger ẎHeat exchanger+Ḃ2+Ḃ9=Ḃ3+Ḃ10 b9=b10 

Evaporator ẎEvaporator+Ḃ6+Ḃ12=Ḃ13+Ḃ7 b12=0 

Ejector ẎEjector+Ḃ3+Ḃ7=Ḃ4 - 

Separator ẎSeparator+Ḃ4=Ḃ1+Ḃ5 b1=b5 

Condenser ẎCondenser+Ḃ16+Ḃ11=Ḃ8+Ḃ17 b8=b11 

Expansion valve ẎExpansion valve+Ḃ
5
=Ḃ6 - 

Pump ẎPump+Ḃ8+ḂPump=Ḃ9 bcompressor=6.206(
mpts

MJ⁄ ) 

Turbine ẎTurbine+Ḃ10=Ḃ11+ḂTurbine - 

 

 

The computational process performed in this paper for RC 

and HRRC cycles is shown in Figure 5. 

 

 
Figure 5. The flowchart of the computational process. 

 

 

4. Results and Discussion 

In this part, 4E (energy, exergy, exergoeconomic, and 

exergoenvironmental) and advance exergy analysis are 

evaluated. The selected input parameters for RC and 

HRRC are the same with working fluids R744 and 

R744A. In addition, the cooling capacity of both cycles 

considered as 100 kW. The thermodynamic properties of 

both cycles using working fluids R744 and R744A are 

given in Table 8 and Table 9. According to the presented 

results in Table 7, the most temperature and pressure are 

for the compressor’s outlet, and according to Table 8, the 

compressor has more outlet temperature while using 

R744A. 

 

4.1 The Results of Energy and Exergy Analysis 

The results of the energy analysis, calculated by 

Eqs.(8) and (9), indicate that the COP for RC and HRRC 

with R744 are about 2.51 and 2.82 and with R744A are 

about 2.26 and 2.74, respectively. Exergy analysis results 

of R744 and R744A cycles are given in Tables 10 and 11. 

The main portion of the fuel exergy rate in the heat 

exchanger is disappeared and utilizing heat recovery 

instead of heat exchanger leads to a dramatic reduction in 

the exergy destruction rate for both working fluids. The 

amount of exergy destruction has been decreased by about 

90 % with both refrigerants. 
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Table 8. Thermodynamic properties of each state point of the RC and HRRC for R744. 

Ḃ 
(mpts/h) 

Ċ 
($/h) 

EẊ 
 (kW) 

ṁ 
(kg/s) 

s 
(kJ/kg.K) 

h 
(kJ/kg) 

T 
(K) 

P 
(kPa) 

Fluid 
State 

point 

40.911 4.055 192.49 0.96 1.78 423.37 282.68 4450 R744 1 

929.875 7.201 221.76 0.96 1.82 464.51 348.29 9750 R744 2 

879.921 6.814 209.86 0.96 1.37 317.29 313.15 9750 R744 3 
900.415 8.846 296.2 1.45 1.54 353.97 282.68 4450 R744 4 

22.008 2.181 103.53 0.49 1.084 224.45 282.68 4450 R744 5 

22.008 2.182 103.201 0.49 1.086 224.45 278.15 3969.46 R744 6 
20.493 2.032 96.102 0.49 1.81 427.48 278.15 3969.46 R744 7 

971.590 11.177 209.82 0.98 1.343 304.55 303.15 7213.68 R744 8 

1083.8 11.663 213.88 0.98 1.346 309.67 311.89 9750 R744 9 
1139.9 12.267 224.94 0.98 1.79 453.88 343.06 9750 R744 10 

988.561 11.372 213.48 0.98 1.8 444.4 320.21 7213.68 R744 11 

0 0 1.101 2.5 0.25 71.45 290.15 101 Water 12 
2.024 0.267 5.502 2.5 0.11 31.65 280.65 101 Water 13 

0 0 0.15 2.5 0.32 91.74 295.15 101 Water 14 

16.972 0.236 1.75 2.5 0.504 146.56 308.11 101 Water 15 
0 0 0 2.5 0.36 104.29 298.15 101 Water 16 

56.107 0.426 3.11 2.5 0.55 160.82 311.52 101 Water 17 

 

Table 9. Thermodynamic properties of each state point of the RC and HRRC for R744A. 

Ḃ 
(mpts/h) 

Ċ 
($/h) 

EẊ 
 (kW) 

ṁ 
(kg/s) 

s 
(kJ/kg.K) 

h 
(kJ/kg) 

T 
(K) 

P 
(kPa) 

Fluid 
State 
point 

42.748 4.106 188.36 0.96 1.509 390.44 284.67 4150 R744A 1 

1034.9 7.554 221.31 0.96 1.548 438.34 358.12 9750 R744A 2 
956.336 6.981 204.54 0.96 1.011 260.73 313.15 9750 R744A 3 

977.577 9.022 289.29 1.45 1.262 321.96 284.67 4150 R744A 4 

22.867 2.196 100.73 0.49 0.806 192.31 284.67 4150 R744A 5 
22.867 2.198 100.27 0.49 0.809 192.32 278.15 3541.6 R744A 6 

21.240 2.041 93.14 0.49 1.543 396.28 278.15 3541.6 R744A 7 
1007.1 9.690 203.61 0.98 0.981 246.708 303.15 6307.5 R744A 8 

1140.8 10.256 208.45 0.98 0.985 252.81 310.89 9750 R744A 9 

1226.7 11.028 224.108 0.98 1.515 426.79 352.27 9750 R744A 10 
1025.4 9.866 207.32 0.98 1.526 412.91 318.602 6307.5 R744A 11 

0 0 1.101 2.5 0.253 71.45 290.15 101 Water 12 

2.138 0.275 5.53 2.5 0.113 31.47 280.61 101 Water 13 
0 0 0.15 2.5 0.322 91.74 295.15 101 Water 14 

18.349 0.228 2.701 2.5 0.538 156.9 310.58 101 Water 15 

0 0 0 2.5 0.365 104.29 298.15 101 Water 16 

85.804 0.616 4.504 2.5 0.587 172.49 314.31 101 Water 17 

 

Table 10. Results of exergy analysis for R744. 
𝐸�̇�𝐷(kW) 𝐸�̇�𝑃(kW) 𝐸�̇�𝐹(kW) Component 

10.226 29.262 39.488 Compressor 
9.756 296.207 305.963 Ejector 

2.698 4.401 7.099 Evaporator 

8.787 3.112 11.899 Heat exchanger 
0.336 103.201 103.537 Expansion Valve 

0.84 11.059 11.899 Heat recovery 

2.064 1.594 3.658 Condenser 
0.959 4.058 5.017 Pump 

2.165 9.293 11.458 Turbine 

 

Table 11. Results of exergy analysis for R744A. 
𝐸�̇�𝐷(kW) 𝐸�̇�𝑃(kW) 𝐸�̇�𝐹(kW) Component 

11.109 32.954 44.063 Compressor 
8.39 289.291 297.681 Ejector 

2.703 4.429 7.132 Evaporator 

12.273 4.504 16.777 Heat exchanger 
0.461 100.272 100.733 Expansion valve 

1.122 15.655 16.777 Heat recovery 

1.1589 2.542 3.7009 Condenser 
1.147 4.834 5.981 Pump 

3.1879 13.6001 16.788 Turbine 

 

The exergy efficiencies of RC and HRRC for R744 are 

11.14% and 30.77%, and for R744A are about 10.05% 

and 36.02%. As has been predicted, using the outlet heat 

can increase the operation of the refrigeration cycle. 

Usage of the internal Rankine cycle for R744 increases the 

COP about 12% and exergy efficiency 276% and R744A 

makes an increase of about 21% in COP and 360% in 

exergy efficiency. According to the obtained results that 

the HRRC is favorable in terms of energy and exergy, 

other analyses include exergoeconomic, 

exergoenvironmental, and advance exergy analysis are 

done for HRRC cycle. 

  

4.2 The Results of Exergoeconomic Analysis 

The results of exergoeconomic analysis for HRRC 

with R744 and R744A are given in Tables 12 and 13. All 

the equipment’s investment cost rate has been calculated 

according to their capacity, and the highest amount for 

both cycles is related to the compressor. 

The obtained values of relative cost deference indicate 

that condenser in HRRC-R744 has the highest amount that 

can be caused by the high-cost rate of investment or 

destruction cost rate of that equipment; consequently, the 

exergoeconomic factor should be considered to 

determine. The high-cost rate of the condenser is due to 

the high cost of the exergy destruction rate. In HRRC-

R744A, the highest amount of relative cost deference 

belongs to the evaporator while the heat recovery has the 

highest amount of exergoeconomic factor. 
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4.3 The Results of Advanced Exergy Analysis 

Tables 14 and 15 illustrate advanced exergy analysis 

results for HRRC with R744 and R744A working fluids. 

These values for each of the equipment are given 

separately. Exergy destruction improvement potential is 

determined according to avoidable exergy destruction 

rate. Avoidable exergy destruction rate is lower than 

unavoidable exergy destruction in all of the equipment. 

Considering the fact that the ejector and the compressor 

have the highest destruction ratio and consist of an 

extensive amount of the endogenous exergy destruction 

rate, their operation can be improved because other 

components have a lower influence on them. Generally, 

the exogenous rates for different components are low. 

Figs. 6 and 7 illustrate the different parts of the 

destruction rate for refrigeration cycles with different 

working fluids. Figs. 6(a) and 7(a) show that the 

destruction exergy of the HRRC for both working fluids 

is mainly due to the equipment's improper functioning, 

and the destructive effect of the components is minimal. 

In contrast, according to Figs. 6(b) and 7(b), the effect of 

unavoidable is greater than avoidable. Most of the exergy 

improvement effects are related to avoidable endogenous 

exergy destruction that has relatively good values. It is 

recommended that the cycle's design is to minimize the 

amount of unavoidable exogenous exergy destruction. 

 

Table 12. The exergoeconomic results of the HRRC-R744 for each component. 

f  
(%) 

r 
 (%) 

ĊD+Ż 
($/h) 

Ż 
($/h) 

ĊD 
($/h) 

ĊP 
($/h) 

ĊF 
($/h) 

cP 
($/MJ) 

cF 
($/MJ) 

Component 

47.88 98.75 2.109 1.010 1.099 3.145 2.135 0.029 0.015 Compressor 

11.83 177.60 0..346 0.041 0.305 0.236 0.195 0.041 0.014 Condenser 

0.007 3.30 0.292 0 0.292 8.846 8.846 0.008 0.008 Ejector 

41.71 187.25 0.281 0.117 0.164 0.267 0.150 0.016 0.005 Evaporator 

82.54 67.93 0.262 0.216 0.045 0.603 0.386 0.015 0.009 
Heat 

recovery 
65.19 121.77 0.329 0.215 0.114 0.486 0.270 0.033 0.015 Pump 

0 0 0.003 0 0.003 6.236 6.236 0.005 0.005 Separator 

57.24 79.21 0.708 0.405 0.303 1.300 0.894 0.038 0.021 Turbine 

13.38 0.37 0.008 0.001 0.007 2.182 2.181 0.005 0.005 
Expansion 

valve 

 

Table 13. The exergoeconomic results of the HRRC-R744A for each component. 

f  

(%) 

r 

 (%) 
ĊD+Ż 

($/h) 
Ż 
($/h) 

ĊD 
($/h) 

ĊP 
($/h) 

ĊF 
($/h) 

cP 
($/MJ) 

cF 
($/MJ) 

Component 

47.76 93.27 2.224 1.062 1.162 3.447 2.385 0.029 0.015 Compressor 

33.17 88.20 0.155 0.051 0.104 0.228 0.176 0.024 0.013 Condenser 
0.008 2.92 0.263 0 0.263 9.022 9.022 0.008 0.008 Ejector 

41.43 183.06 0.286 0.118 0.167 0.275 0.156 0.017 0.006 Evaporator 

78.16 44.16 0.253 0.198 0.055 0.771 0.573 0.013 0.009 
Heat      

recovery 

64.43 117.07 0.378 0.243 0.134 0.566 0.323 0.032 0.015 Pump 

0 0 0.004 0 0.004 6.303 6.303 0.006 0.006 Separator 

57.19 79.72 0.926 0.529 0.396 1.691 1.161 0.034 0.019 Turbine 

9.79 0.503 0.011 0.001 0.010 2.198 2.196 0.006 0.006 
Expansion 

valve 

 

Table 14. The advanced exergy results of the HRRC-R744 for each component. 

EẊD

UN,EX

 
(kW) 

EẊD

UN,EN

 
(kW) 

EẊD

AV,EX

 
(kW) 

EẊD

AV,EN

 
(kW) 

EẊD

EX

 
(kW) 

EẊD

EN

 
(kW) 

EẊD

UN

 
(kW) 

EẊD

AV

 
(kW) 

EẊD 
(kW) 

Component 

2.016 6.153 0.508 1.550 2.524 7.702 8.169 2.057 10.226 Compressor 
1.393 7.377 0.157 0.830 1.549 8.207 8.770 0.986 9.756 Ejector 

0.097 2.486 0.004 0.110 0.102 2.596 2.584 0.114 2.698 Evaporator 

0.008 0.160 0.000 0.003 0.008 0.163 0.168 0.003 0.171 Separator 
0.010 0.323 0.000 0.004 0.010 0.326 0.332 0.004 0.336 Expansion valve 

0.187 0.273 0.155 0.225 0.342 0.498 0.460 0.380 0.84 Heat recovery 

0.113 1.802 0.009 0.140 0.121 1.943 1.915 0.149 2.064 Condenser 
0.089 0.733 0.015 0.122 0.104 0.855 0.823 0.136 0.959 Pump 

0.269 1.566 0.048 0.282 0.317 1.848 1.835 0.330 2.165 Turbine 

 

Table 15. The advanced exergy results of the HRRC-R744A for each component. 

EẊD

UN,EX

 

(kW) 
EẊD

UN,EN

 

(kW) 

EẊD

AV,EX

 

(kW) 

EẊD

AV,EN

 

(kW) 

EẊD

EX

 

(kW) 

EẊD

EN

 

(kW) 

EẊD

UN

 

(kW) 

EẊD

AV

 

(kW) 
EẊD 

(kW) 
Component 

2.190 6.684 0.552 1.684 2.742 8.367 8.874 2.235 11.109 Compressor 
1.198 6.344 0.135 0.714 1.332 7.058 7.542 0.848 8.39 Ejector 

0.098 2.491 0.004 0.110 0.102 2.601 2.589 0.114 2.703 Evaporator 

0.009 0.181 0.000 0.003 0.009 0.184 0.190 0.003 0.193 Separator 

0.013 0.443 0.000 0.005 0.013 0.448 0.456 0.005 0.461 
Expansion 

valve 

0.078 0.946 0.007 0.090 0.086 1.036 1.024 0.098 1.122 Heat recovery 
0.103 0.924 0.013 0.118 0.117 1.042 1.027 0.132 1.1589 Condenser 

0.107 0.877 0.018 0.145 0.125 1.022 0.984 0.163 1.147 Pump 

0.395 2.306 0.071 0.415 0.467 2.721 2.701 0.486 3.1879 Turbine 
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(a) 

 

(c) 

 

(b) 

 

(d) 

Figure 6. Separation of different sections of exergy destruction rate of HRRC-R744. 
 

 

(a) 

 

(c) 

 

(b) 

 

(d) 

Figure 7. Separation of different sections of exergy destruction rate of HRRC-R744A. 
 

4.4 The Results of Exergoenvironmental Analysis 

The results of exergoenvironmental analysis for 

HRRC with both working fluids are given in Tables 16 

and 17. The highest environmental impacts for both 

working fluids belong to the compressor and then to the 

turbine. It was expected that these components have an 

important position in the environment because of their 

high destruction exergy. In addition, the expansion valve 

and separator have the lowest environmental impacts. 

Environmental impacts of consumed electricity in the 

compressor and the pump equal 6.206(mpts/MJ) [49], 

according to Table 7. The highest values of environmental 

impacts difference relative for R744 and R744A belongs 

to the condenser and the evaporator. These components 

have a high potential in order to decrease environmental 

impacts. 

 

 

Table 16. The exergoenvironmental results of the HRRC-R744 for each component. 

f
B
 

(%) 

rB 

(%) 

ḂD+Ẏ 

(mpts/h) 

Ẏ 

(mpts/h) 

ḂD 

(mpts/h) 

ḂP 

(mpts/h 

ḂF 

(mpts/h) 

bP 

(mpts/MJ) 

bF 

(mpts/MJ) 
Component 

2.27 35.75 234.112 5.303 228.80 888.96 883.66 8.424 6.206 Compressor 

0.01 129.4 9.574 0.001 9.572 16.972 16.970 2.950 1.286 Condenser 

0 3.31 28.811 0 28.811 900.41 900.41 0.844 0.817 Ejector 

46.9 115.5 1.084 0.509 0.575 2.024 1.514 0.127 0.059 Evaporator 

63.5 20.85 9.681 6.154 3.527 56.107 49.953 1.407 1.164 Heat recovery 

0.62 23.78 21.558 0.133 21.424 112.22 112.08 7.681 6.206 Pump 

0 0 0.521 0 0.521 62.920 62.920 0.059 0.059 Separator 

2.23 23.83 29.257 0.653 28.604 152.01 151.35 4.540 3.666 Turbine 

0 0.32 0.070 0 0.070 22.008 22.008 0.059 0.059 
Expansion 

valve 
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Table 17. The exergoenvironmental results of the HRRC-R744A for each component. 

f
B
 

(%) 

rB 

(%) 

ḂD+Ẏ 

(mpts/h) 

Ẏ 

(mpts/h) 

ḂD 

(mpts/h) 

ḂP 

(mpts/h 

ḂF 

(mpts/h) 

bP 

(mpts/MJ) 

bF 

(mpts/MJ) 
Component 

2.12 34.4 254.117 5.379 248.738 992.14 986.76 8.342 6.206 Compressor 

0.03 45.6 5.748 0.002 5.746 18.349 18.347 2.0006 1.373 Condenser 

0 2.92 27.736 0 27.736 977.57 977.57 0.938 0.912 Ejector 

45.3 111 1.127 0.511 0.616 2.138 1.627 0.134 0.063 Evaporator 

57.9 17.0 12.501 7.246 5.255 85.804 78.558 1.520 1.298 Heat recovery 

0.59 23.8 25.787 0.151 25.635 133.79 133.64 7.687 6.206 Pump 

0 0 0.650 0 0.650 65.616 65.616 0.063 0.063 Separator 

2.21 23.9 39.079 0.863 38.216 202.11 201.25 4.124 3.327 Turbine 

0 0.45 0.103 0 0.103 22.867 22.867 0.063 0.063 
Expansion 

valve 

 

4.5 Sensitivity Analysis 

4.5.1 The Effects of the Ejector Inlet Temperature 

Figs.8 to 11 illustrate changes in the ejector inlet 

temperature. By assuming that values P3=9.75 (MPa) and 

T7=278.15 (K) are fixed, the ejector inlet temperature 

differences range considered between 312(K) to 319(K). 

Figure 8 illustrates the exergy efficiency differences. 

The most decrease is related to HRRC-R744A and 

HRRC-R744 by 13% and 19%, respectively. In Figure 9, 

COP changes have been assessed that by increasing T3 , 
and the values of HRRC-R744 and HRRC-R744A 

decrease about 8% and 7%, respectively. 

 

 

Figure 8. The effects of the ejector inlet temperature on 

the exergy efficiency for RC and HRRC. 

 

In Figs.10 and 11, the product cost rate and the total 

cost rate changes are calculated. According to Figure10, 

as the ejector inlet temperature increases, the product cost 

rate in the HRRC decreases, which is the most substantial 

decrease in the HRRC-R744 cycle by about 29%. The 

sensitivity analysis results in the RC cycle show that the 

product cost rate has increased slightly. According to 

Figure 11, the results obtained from the effects of 

changing the ejector inlet temperature on the total cost rate 

indicate that in the RC, the total cost rate always increases 

with increasing the ejector inlet temperature, but in the 

HRRC, the total cost rate decreases first and then increase. 

The most considerable change in the total cost rate 

belongs to the RC-R744 cycle by about 18%. 

 

 

Figure 9. The effects of the ejector inlet temperature on 

COP for RC and HRRC. 

 

 

Figure 10. The effects of the ejector inlet temperature on 

the product cost rete for RC and HRRC. 
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Figure 11. The effects of the ejector inlet temperature on 

the total cost rete for RC and HRRC. 

 

By analysis, which has been done, it can be concluded 

that increasing the ejector inlet temperature causes an 

increase in destruction exergy, decreasing the operation of 

the cycle and increasing the total cost rate in a cooling 

capacity of 100 (kW) that all these factors are unfavorable 

thermodynamically and economically. 

 

4.5.2 The Effects of the Evaporator Outlet 

Temperature 

Figs. 12 to 15 illustrate the impact of increasing the 

evaporator outlet temperature for R744A and R744 

working fluids of the RC and HRRC. The values of 

T3=313.15(K) and P3=278.15(K)   are fixed for 

sensitivity analysis, and the variation range of the ejector 

outlet temperature is between 258(K) to 278(K). 

Figs. 12 and 13 show the changes in the exergy 

efficiency and COP. The exergy efficiency and COP 

values for the cycles shown improvement with increasing 

evaporator outlet temperature. The HRRC has higher 

exergy efficiency than the RC due to the use of waste heat-

by-heat exchangers. The highest increase in exergy 

efficiency is related to RC-R744 by 40%. In Figure 16, 

COP values increase with increasing T7, most of which 

related to HRRC-R744 by 58%. The results show that 

increasing the evaporator outlet temperature reduces 

exergy destruction, which is one of the critical factors to 

cycle performance. 

 

Figure 12. The effects of evaporator outlet temperature on 

the exergy efficiency for RC and HRRC. 

 

 

Figure 13. The effects of evaporator outlet temperature on 

the COP for RC and HRRC. 

 

Figs.14 and 15 illustrate the product cost rate and total 

cost rate changes according to the evaporator outlet 

temperature. By increasing T7  product cost rate and total 

cost rate will be decreased, and the most decrease of ĊP is 

related to RC-R744 by 50%, and the most decrease of ĊT 

is for RC-R744 with the amount of 47%. According to 

obtained results, by increasing the evaporator 

temperature, exergy efficiency and COP will be increased 

as well as product cost, and total cost will be decreased 

significantly. Therefore, it can be concluded that 

increasing the T7  is a suitable factor. 

 

Figure 14. The effects of evaporator outlet temperature on 

the product cost rate for RC and HRRC. 

 

4.6 Optimization Results 

The acquired results of HRRC multi-objective 

optimization with different working fluids and different 

objective functions are indicated as a Pareto frontier 

diagram by the usage of NSGA II. The decision variable 

boundaries are determined in Table 18. Figure 16 shows 

the optimization results by considering the objective 

functions of total product cost and exergy efficiency for 

R744A and R744. The total product cost rate is the best at 

A and D points, while these rates are unfavorable in other 

functions. The exergy efficiency is appropriate at C and F 

points while other functions are inappropriate.  B and E 

points indicate the optimal values for two objective 

functions with R744A and R744. 
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Figure 15. The effects of evaporator outlet temperature on 

the total cost rate for RC and HRRC. 

 

In Figure 17, optimization is done by COP and product 

environmental impact objective functions. According to 

the given description, K and H points are the optimal 

points selected for considered working fluids. The values 

of parameters that cause HRRC operation with R744 and 

R744A fluids at optimal points are given in Table 19. 

According to present values in Table 19, although using 

R744A increases exergy efficiency by about 20 percent, it 

leads to a 28 percent increase in total product cost. The 

exergy efficiency for R744 and R744A is 28.51%, and 

34.44% also total product cost rate is about 1.44$/h and 

1.85$/h. Moreover, the optimization results with COP and 

product environmental impact objective functions 

represent that in the optimal case, the amount of COP for 

R744 and R744A working fluids is 2.67 and 2.76, and the 

value of product environmental impact is 149.01 mpts/h 

and 200.48mpts/h, respectively. In this case, utilizing 

R744A, the COP rises by 3%, but the cycle's 

environmental impact increases by more than 34%. 

 

Table 18. Decision variable boundaries for the optimal. 

Decision variables Feasibility values 

Compressor outlet pressure(MPa) 9.4  ≤ P4 ≤ 13.8 

Ejector inlet Temperature(K) 312≤ T4≤319 

Evaporator outlet temperature(K) 258≤ T7 ≤278 

 

 

(a) 

 

(b) 

Figure 16. The Pareto frontier of the optimum solution with the exergy efficiency and product cost rate (a) R744 and (b) 

R744A. 

 

 

(a) 

 

(b) 

Figure 17. The Pareto frontier of the optimum solution with COP and product environmental impact (a) R744 and (b) R744A. 



 
Int. J. of Thermodynamics (IJoT)   Vol. 23 (No. 3) / 211 

Table 19. Optimized values of different design parameters. 

Parameters The base case of 744 The base case of 744A B E H K 

Compressor outlet  pressure(MPa) 9.75 9.75 9.59 9.60 9.85 9.64 

Ejector inlet Temperature(K) 313 313 315.1 315.8 316.1 316.8 

Evaporator outlet temperature(K) 278 278 277.4 277.9 278 278 

Exergy efficiency (%) 30.74 35.98 28.51 34.44 - - 

Total product cost($/h) 1.56 1.96 1.44 1.85 - - 

Coefficient of operation 2.82 2.73 - - 2.67 2.76 

Product environment impact(mpts/h) 154.03 204.25 - - 149.01 200.482 

 

5. Conclusion 

In the presented research, two refrigeration cycles are 

analyzed. In both cycles, the ejector is used, and their 

operations with R744 and R744A working fluids are 

compared. The most crucial goal in the analytical 

comparison of cycles is the impact of using loss heat in 

RC. Rankine cycle is used in the HRRC in order to 

increase the COP and exergy efficiency. Therefore, heat 

recovery is used in HRRC. After checking the first and 

second thermodynamic laws and proving the benefits of 

HRRC compared to RC for both working fluids, other 

thermodynamic analyses such as exergoeconomic, 

exergoenvironmental, advanced exergy, and optimization 

for HRRC has been done that their results are given 

below. 

1. The results of energy analysis indicate that COP in 

RC with R744 and R744A fluids is 2.51 and 2.26 also for 

HRRC is 2.82 and 2.73. Using R744 indicates more values 

for both cycles, and using the HRRC improves COP for 

R744A and R744, about 11% and 17%, respectively. 

2. The exergy analysis results of RC with R744A and 

R744 working fluids indicate the exergy efficiency is 

about 11% and 10%, and for the HRRC is about 30.7% 

and 35.9%. 

3. The value of ĊP  for R744 and R744A fluids is 

obtained 1.56 $/h and 1.96 $/h and for ĊT  is about 4.34 

$/h and 4.5 $/h. By checking the exergoeconomic results 

of HRRC. R744 is advantageous economically. 

4. The exergoenvironmental analysis is done on 

HRRC indicates that the highest environmental impact of 

both working fluids is for the compressor. The product 

environmental impact for R744 and R744A is about 154 

mpts/h and 204 mpts/h. It means that the product of 

R744A has impacts that are more destructive on the 

environment. 

5. The advanced exergy analysis shows that the 

unavoidable exergy is higher than the avoidable part. The 

avoidable endogenous exergy destruction is more than an 

exogenous part of it; therefore, to improve the exergy 

destruction, avoidable endogenous exergy destruction of 

each component should be decreased. 

6. In order to define the optimal case of HRRC system 

operation, multi-objective optimization with different 

objective functions has been done. In the optimal case, 

exergy efficiency for R744 and R744A is 28.51%, and 

34.44% also total product cost rate is about 1.44$/h and 

1.85$/h. The optimization results with COP and product 

environmental impact objective functions indicate that in 

the optimal case, the amount of COP for R744 and R744A 

working fluids is 2.67 and 2.76, and the value of ḂP is 

149.01 mpts/h and 200.48mpts/h, respectively. 

7. The sensitivity analysis results indicate that 

increasing the evaporator's outlet temperature improves 

exergy efficiency while decreasing the total and product 

cost rate, leading to a cost-effective cycle. 

 

Nomenclature 

 

A Heat transfer area (m2) 

Ḃ Environmental impact rate (mpts/h) 

ḂD Destruction environmental  impact rate 

(mpts/h) 

b Unit environmental impact (mpts/MJ) 

c Unit cost of exergy ($/MJ) 

Ċ Cost rate ($/hour) 

ĊD Destruction cost rate ($/hour) 

ĊP Production cost rate ($/hour) 

Ċtotal Total cost rate ($/hour) 

cp Specific heat (kJ/kg K) 

CCHP Combined cooling heating and power 

COP Coefficient of performance 

CRF Capital recovery factor 

Ė Energy rate (kW) 

EẊ Exergy rate (kW) 

fb Exergoenvironmental factor 

fc Exergoeconomic factor 

FS Factor of safety 

h Specific enthalpy (kJ/kg) 

HRRC Heat recovery refrigeration cycle 

L Loss 

LCA Life cycle assessment 

ṁ Mass flow rate (kg/s) 

n Component lifetime (year) 

ORC Organic Rankine cycle 

P Pressure (kPa) 
rb Relative environmental impacts difference 

rc Relative cost difference (%) 

RC Refrigeration cycle 

s Specific entropy (kJ/kg K) 

t Time (h) 

T Temperature (K) 

U Heat transfer coefficient (W/K m2) 

V Velocity(m/s) 

w Weight(Ton) 
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�̇� Power(kW) 

Ẏ Component-related environmental impacts 

(mPts/h) 

Ż Capital investment cost rate ($/hour) 

Zcl Investment cost($/hour) 

 Greek Letters 

ΥD,k Exergy destruction ratio 

η Efficiency 

μ Entrainment ratio 

ρ Density(kg/m3) 

σ Rupture stress(MPa) 

φ Maintenance factor 

 Subscripts and Superscripts 

0 Dead state 

a Ambient 

AV Avoidable 

Ch Chemical 

D Destruction 

e Output 

EN Endogenous 

EX Exogenous 

f Fluid 

F Fuel 

i Input 

P Product 

Ph Physical 

UN Unavoidable 
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