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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 (N20) 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 (CO,) 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 CO,working
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
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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 CO,has 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, N20, 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 CO,
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 CO, 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 CO, commercial refrigeration system. The use of CO;
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.
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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 Figurel (b). However, stream numbers of 1 to
8 are similar between Figure 1(a) and Figure 2(b).
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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
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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), m; and m,, are
inlet and outlet mass flow rates in the control volume,
respectively[33].

S e S ®
Sa-Yn

In addition, the condition of exchanging heat and work
for the refrigeration cycle has considered as Eq. (3) that Q
and W are the exchanged heat and work in available
boundary conditions for the cycle[33].
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O+ Z (inh) =T+ Z (nh). )

The compressor's consuming work and the outlet work
of the turbine are calculated by Eq. (4) and Eqg. (5)
respectively. The absorbed heat by the evaporator
determined according to Eq. (6)[33].

WC{)mpre.s‘.s‘r)r :ml (hz'h 1 ) (4)
WTL(/‘[VMB :mlo(hl(]_hll) (5)
Q :rhs(hfhs) (6)

Evaporator

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.

Mixing o
Nozzle Chamber  Diffuser

pf =0 - mf

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].

Q Evaporator (7)
COP, = o

Compressor

g 8
P _ QEvapammr' ( )
Co. HRRC ™~ W W 7%
Compressor Pump ™"V Turbine

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].

X,

Total

:EXPh +EXCh ©)
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Because there is no chemical reaction in cycles, the
chemical exergy is considered zero.
EX.,=0 (10)

The exergy balance equation is defined as Eq.(11),
according to the rate of fuel exergy (EXy ) and product
Exergy (EXp,)[33].

EX,,=EX, +EX, +EX,, (11)

The rate of physical exergy determined according to
Eg. (12) also exergy destruction ratio and exergy
efficiency for each of the equipment calculated as Eq. (13)
and Eq. (14)[34].

EX,,=m[(h-h,)-T,(s-5,)] (12)
EX,, (13)
Yo o==
EXD,mm[
EX,, (14)
nEX,k= EX
Fk

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].

_ EXP, Total,RC (15)

EX,TotaL,RC EXF -

n

EXP, Total, HRRC

(16)
7/5)(, TotaL,RC = EX

F,Total, HRRC

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.
an[34].
C=e,(EX) (17)

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].

Y bt =l Y G2 (18)

C,,=C, 47, (19)

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

Nozzle efficiency

Primary flow outlet velocity

The mixing chamber momentum conservation

Secondary flow outlet velocity

Velocity of mixed flow

Mixing efficiency

Averaged velocity of mixed flow

Energy conversion in mixing chamber

Mixed flow enthalpy

The actual enthalpy of mixed flow outlet

Ejector performance

m,
==
m,
”n — hpﬁm_h
h,,-h

‘plin

phexi

phis

Uy ™= /217( inPy)

m,U, +rinu

M feni

=(in,,+1n,

U,pis

Ui =y 2% (g hy)

Upfeni

mfis 1 +,U

u

2
_ um/
.=

‘mfis

_ up/ exiy/ '7,,,

u =
mf 1+u

mp/ (hpﬁe,\i+

_h

plin

=

Byyoi=h,+

mfexi mf

pfexi

+uh
" 1+ U

h

2

2

sfexi

mfexi,

u exi mj
)i (g 22) = i 2

2 I

2 2

u
2
+h

is ' wp

n,

‘/7 '7,1,'7(:(}%/”1 B )/ (i 1

Table 3. The equations used for modeling of the ejector[34].

Component Fuel exergy Product exergy Destruction exergy
Compressor W oo EX,-EX, EX, onmresorEXrconpressr
Heat exchanger EX,-EX, EX,,-EX, EX, e reronser~EX it rcnonger
Ejector EX,+EX, EX, 120 S ). A
Expansion valve EX, EX, EX ot onsionsatseEXpbrpansion e
Evaporator EX,-EX, EX-EX, EX,traporairEX o vy
Pump W EX,-EX, EXspur~EX o punn
Turbine EX -EX, W, EX,nsne-EX s rsie
Condenser EX,-EX, EX,-EX, EX, i EX i
Heat exchanger[37]: 28 porair=309-15(A ) +213.9 (26)
A scranger | 20 ' :
20 =130 et (20) Ejector[41]:
0.093 T\ 005 (27)
2., 2150677 ()
Pump[38]: P,
0.71
o =3450(1,,,) (21) A capital recovery factor is the ratio of a fixed annuity
to the present value of receiving that annuity for a given
Turbine[37]: length using an interest rate I, the capital recovery factor
is defined as Here, i is the interest rate (assumed to be
Zr, =4405(W, 07 22 . ' .
Turbine W i) (22) 15%) and n is the system life (assumed to be 20 years)[34,
) 42].
Compressor[37]: ] i(1+i)’ (28)
0.46 CRF= —
Zetrecr=9624.2(W, 1) (23) (1+iy'-1
Expansion valve[39]: . Z.CRF.p (29)
=
2 imane=114.5(m) (24) !
Cond 407 By calculating the investment cost rate for each of the
ondenser[40]: equipment and using them for every component used in
/ Aoriomer (25) RC and HRRC, the cost balance is presented in Table 4.
Zontenser =8000( ——== 100 ) In order to obtain the cost rate of each point, auxiliary
equations for each of the equipment are given in this table.
Evaporator[41]:
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Table 4. The exergoeconomic balance for the overall system[34].

Component Exergoeconomic balance Auxiliary equations
Compressor Zermmeso TCACprasn=Co Cocomresr=0.015( $/M BT
Heat exchanger Zreetonga TCHC,=C,+C, cy=cy,
Evaporator Zporin TCoHC,=C, +C, ¢,=0
Ejector Zun +C+C,=C,
Separator Zerin FC,=C +C, c=c,
Condenser Z i TCe+C=C,+C,,y o=c,
Expansion valve Zpasonrane +C5 =G,
Pump .meerCzs +Cmmp=c7
Turbine Zyine¥Co=C, +Cp

Destruction cost rate for each of the equipment is
calculated by Eq. (30)[34].

CD,k =cP‘kEXD,k (30)

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 Eg.
(31)[34].

_ CpiCri (31)

3
Cry

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].

Z, (32)

= -
¢ Zk+ CD,k + CL,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(EX,,) and endogenous (EX, ). 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]. £,,,. is the sum of exergy
destruction rates in system components other than that in
component k. Regarding Figure 4, if the £,,,., converges
to zero, the exogenous exergy destruction rate for k

202/ Vol. 23 (No. 3)

component converts zero, and the endogenous part is
determined[44].
A

ED,Total

&, = Constant

EN
ED,k <

v

ED,Other

Figure 4. Determine the EX,, by variation of £,,, and
ED,Toml [43]

With consider the operation of the cycle, the exergy
destruction rate of each equipment can be divided into two

separate  parts include avoidable  (EX,,) and

unavoidable(EX,,,) that the value of each of them can be
calculated by Eq. (33) and Eq. (34)[45, 46].

EX,,=EX,\+EX,, (33)
EX,,=EX,\+EX,, (34)

To determine the cause of the exergy destruction rate
of each component can be combined and the values of
endogenous unavoidable exergy destruction( £X,, ),
exogenous unavoidable exergy destruction (EXZUN),
endogenous avoidable exergy destruction(£X,,") and
exogenous avoidable exergy destruction (E'Xii/ﬂ/) are

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

EX, =EX,," +EX," (35)
EX,,=EX,,"+EX;," (36)
EX,)=EX,, " +EX,," (37)

Int. Centre for Applied Thermodynamics (ICAT)



EXp =EXy" +EX," (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].

m=pVA (39)
FS

=P.D— (40)
20

In these equations, m is the mass flow rate of fluid
inside the compressor, p is the fluid density, V' is velocity,
and A is the cross-section area. FS (Factor of safety) and
6 (rupture stress) are considered as Table 6.
Exergoenvironmental balance equations are defined
according to Eq. (41)[48].

BP,k:BF.kJr'Yk (41)
The relation of environmental impact and exergy is
determined according to Eq. (42)[48].

Bl“,k:bl",k(EXl-',k) (42)

b,EX,=b,EX,+Y, (43)

In this analysis, the component environmental impact
is shown by ¥ that consisted of the process, material, and
disposal parts according to LCA and followed Eq. (44).

)'/T()rﬂ[:YCO+i/{)lM+i/DI (44)
Here ¥ is related to construction environmental

impact that consisted of manufacture and installation. e
is operation and maintenance environmental impact, and
¥"is related to disposal environmental impact[48]. Eq.
(45) presents the rate of environment destruction exergy
of each equipment.

BD,k :bF,k(EXD,k) (45)

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).

byibpy (46)

bF,k

T ™

The total environmental impact for each of the
equipment is determined by Eq. (47).
B, =B, +V" (47)
Exergoenvironmental factor defined by Eq. (48), and
according to that, the equipment with a higher
exergoenvironmental factor can be recognized[48].

)'/Z'otal (48)

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

Component Materials composition Eco’99 (mpts/kg) (mll)\:lsa/tig)a : (mp':t)srgieg?s (mrlilss/pll(ogs)al
steel 33.33% 86 Steel low alloy 44.5% 110 Cast iron

compressor 29 2204 240 130 11.7 -70
Evaporator Steel 100% 86 86 12.1 -70
Condenser Steel 100% 86 86 121 -70
Pump Cast iron 65% 240 Steel 35% 86 186 16.5 -70
Steam turbine Steel 25% 86 Steel high alloy 75% 910 704 12.1 -70
Heat recovery Steel 26% 86 Steel high alloy 74% 696 12.1 -70
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Table 6. Correlation weight function for components[47].

Component Weight function (ton)
Compressor
Egs. (39) and (40), FS=2, V,.,=15M/¢

Evaporator e

Wesporar =13.9(0 ) , MW
Condenser oo

Wetonar =0-073(0 ) , MW

Pump

Steam turbine

Heat recovery

Wy =0.125.In(1)-0.041 , KW
Wi =49 (W), MW

=8.42(0"") , MW

w,

Heat recovery

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

Component Exergoenvironmental balance Auxiliary equations
Compressor Voot B+ By =B, By =6.206("PS/0 1)
Heat exchanger Vs crise BB, =B, B, b,=b,,
Evaporator Yl_‘wpo/‘um/‘ +B() +B12 :Bll +B7 bIZ :0
Ejector Voo TB.+B,=B, -
Separator 'YSL‘pm‘(IN)F+B4 :Bl +BS bl :bS
Condenser Y(.'undm.wr +B|6+B”:B8+B” bx :bll
Expansion valve Epansion vatve BS =B, -
; hih i _ mpts
Pump V., +B+B,,,=B, B =6:206( P 1)
Tu rbl ne .YTurhme +B!0 :Bl 1 +BTu: bine -

The computational process performed in this paper for RC
and HRRC cycles is shown in Figure 5.

Input Parameters and
Environment Condition

‘ Cooling Load ‘

Thermodynamic Simulation of RC and HRRC
Matlab/ Refprop

}‘i

Exergetic Analysis of RC and HRRC
for R744 and R744A
Matlab/Refprop

Energetic Analysis of RC and HRRC
for R744 and R744A
Matlab/Refprop

COP and Exergy
Efficiency of HRRC Is
Higher Than RC

A J

v

v

Advanced Exergy Analysis of]
HRRC for R744 and R744A

Exergoenvironmental Analysis
of HRRC for R744 and R744A
Matlab

Exergoeconomic Analysis of
HRRC for R744 and R744A
Matlab

'

Matlab

Optimization Algorithm NSGA TT

Matlab

\
|

Optimum Condition

Figure 5. The flowchart of the computational process.

4. Results and Discussion
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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
Egs.(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.

Int. Centre for Applied Thermodynamics (ICAT)



Table 8. Thermodynamic properties of each state point of the RC and HRRC for R744.

State Fluid P T h s it EX C B

point (kPa) (K) (kJ/kg) (kIlkg.K) (kg/s) (kw) ($/h) (mpts/h)
1 R744 4450 282.68 423.37 1.78 0.96 192.49 4.055 40.911
2 R744 9750 348.29 464.51 1.82 0.96 221.76 7.201 929.875
3 R744 9750 313.15 317.29 1.37 0.96 209.86 6.814 879.921
4 R744 4450 282.68 353.97 1.54 1.45 296.2 8.846 900.415
5 R744 4450 282.68 224.45 1.084 0.49 103.53 2.181 22.008
6 R744 3969.46 278.15 224.45 1.086 0.49 103201 2182 22.008
7 R744 3969.46 278.15 427.48 1.81 0.49 96.102 2.032 20.493
8 R744 7213.68 303.15 304.55 1.343 0.98 209.82 11177 971590
9 R744 9750 311.89 309.67 1.346 0.98 213.88 11.663 1083.8
10 R744 9750 343.06 453.88 1.79 0.98 224.94 12.267 1139.9
11 R744 7213.68 320.21 444.4 18 0.98 213.48 11372 988.561
12 Water 101 290.15 71.45 0.25 2.5 1.101 0 0
13 Water 101 280.65 31.65 0.11 2.5 5.502 0.267 2.024
14 Water 101 295.15 91.74 0.32 25 0.15 0 0
15 Water 101 308.11 146.56 0.504 2.5 1.75 0.236 16.972
16 Water 101 298.15 104.29 0.36 2.5 0 0 0
17 Water 101 31152 160.82 0.55 2.5 3.11 0.426 56.107

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

State Fluid P T h s i EX c B

point (kPa) (K) (kJ/kg) (kJ/kg.K) (kg/s) (kW) ($/h) (mpts/h)
1 R744A 4150 284.67 390.44 1.509 0.96 188.36 4.106 42.748
2 R744A 9750 358.12 438.34 1.548 0.96 221.31 7.554 1034.9
3 R744A 9750 313.15 260.73 1.011 0.96 204.54 6.981 956.336
4 R744A 4150 284.67 321.96 1.262 1.45 289.29 9.022 977.577
5 R744A 4150 284.67 192.31 0.806 0.49 100.73 2.196 22.867
6 R744A 3541.6 278.15 192.32 0.809 0.49 100.27 2.198 22.867
7 R744A 3541.6 278.15 396.28 1.543 0.49 93.14 2.041 21.240
8 R744A 6307.5 303.15 246.708 0.981 0.98 203.61 9.690 1007.1
9 R744A 9750 310.89 252.81 0.985 0.98 208.45 10.256 1140.8
10 R744A 9750 352.27 426.79 1.515 0.98 224108  11.028 1226.7
11 R744A 6307.5 318.602 41291 1.526 0.98 207.32 9.866 1025.4
12 Water 101 290.15 71.45 0.253 25 1.101 0 0
13 Water 101 280.61 31.47 0.113 25 5.53 0.275 2.138
14 Water 101 295.15 91.74 0.322 25 0.15 0 0
15 Water 101 310.58 156.9 0.538 25 2.701 0.228 18.349
16 Water 101 298.15 104.29 0.365 25 0 0 0
17 Water 101 314.31 172.49 0.587 2.5 4.504 0.616 85.804

Table 10. Results of exergy analysis for R744.

Component Ex-(KW) EXx,(KW) Ex,(KW)

Compressor 39.488 29.262 10.226
Ejector 305.963 296.207 9.756
Evaporator 7.099 4.401 2.698
Heat exchanger 11.899 3.112 8.787
Expansion Valve 103.537 103.201 0.336
Heat recovery 11.899 11.059 0.84
Condenser 3.658 1.594 2.064
Pump 5.017 4.058 0.959
Turbine 11.458 9.293 2.165

Table 11. Results of exergy analysis for R744A.

Component Ex-(KW) Ex,(KW) Ex,(KW)

Compressor 44.063 32.954 11.109
Ejector 297.681 289.291 8.39

Evaporator 7.132 4.429 2.703
Heat exchanger 16.777 4.504 12.273
Expansion valve 100.733 100.272 0.461
Heat recovery 16.777 15.655 1.122
Condenser 3.7009 2.542 1.1589
Pump 5.981 4.834 1.147
Turbine 16.788 13.6001 3.1879

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

Int. J. of Thermodynamics (1JoT)

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.

¢, ¢, C, C, C, Z C,+Z r f
Component (/M) (/M) ($/h) ($/h) ($/h) ($/h) ($/h) (%) (%)
Compressor 0.015 0.029 2135 3.145 1.099 1.010 2.109 98.75 47.88
Condenser 0.014 0.041 0.195 0.236 0.305 0.041 0..346 177.60 11.83
Ejector 0.008 0.008 8.846 8.846 0.292 0 0.292 3.30 0.007
Evaporator 0.005 0.016 0.150 0.267 0.164 0117 0.281 187.25 4171
Heat 0.009 0.015 0.386 0.603 0.045 0.216 0.262 67.93 82.54
recovery
Pump 0.015 0.033 0.270 0.486 0.114 0215 0.329 121.77 65.19
Separator 0.005 0.005 6.236 6.236 0.003 0 0.003 0 0
Turbine 0.021 0.038 0.894 1.300 0.303 0.405 0.708 79.21 57.24
5’;{@”5'0” 0.005 0.005 2.181 2182 0.007 0.001 0.008 0.37 13.38
Table 13. The exergoeconomic results of the HRRC-R744A for each component.
cy c C, C, c, 7 Cy+7 r f
Component ($/MJ) ($/MJ) ($/h) ($/h) ($/h) ($/h) ($/h) (%) (%)
Compressor 0.015 0.029 2.385 3.447 1.162 1.062 2.224 9327 47.76
Condenser 0.013 0.024 0.176 0.228 0.104 0.051 0.155 88.20 33.17
Ejector 0.008 0.008 9.022 9.022 0.263 0 0.263 2.92 0.008
Evaporator 0.006 0.017 0.156 0.275 0.167 0.118 0.286 183.06 41.43
Heat
recovery 0.009 0.013 0573 0771 0.055 0.198 0.253 44.16 78.16
Pump 0.015 0.032 0323 0.566 0.134 0.243 0378 117.07 64.43
Separator 0.006 0.006 6.303 6.303 0.004 0 0.004 0 0
Turbine 0.019 0.034 1.161 1.691 0.396 0529 0.926 79.72 57.19
Ezm”s'on 0.006 0.006 2.196 2198 0.010 0.001 0.011 0503 9.79
Table 14. The advanced exergy results of the HRRC-R744 for each component.
Component E')(n EX;V E-Xlln\« E-XZ’\' E&X E'/Y;V.FN EX;KFX E:Xz’\/,fz"\/ E;XZ\'EX
(kw) (kW) (kW) (kW) (kw) (kW) (kw) (kw) (kw)
Compressor 10.226 2.057 8.169 7.702 2524 1.550 0508 6.153 2016
Ejector 9.756 0.986 8.770 8.207 1.549 0.830 0.157 7377 1.393
Evaporator 2.698 0.114 2584 2596 0.102 0.110 0.004 2.486 0.097
Separator 0171 0.003 0.168 0.163 0.008 0.003 0.000 0.160 0.008
Expansion valve 0.336 0.004 0.332 0.326 0.010 0.004 0.000 0.323 0.010
Heat recovery 0.84 0.380 0.460 0.498 0.342 0.225 0.155 0.273 0.187
Condenser 2.064 0.149 1.915 1.943 0121 0.140 0.009 1.802 0.113
Pump 0.959 0.136 0.823 0.855 0.104 0.122 0.015 0.733 0.089
Turbine 2.165 0.330 1.835 1.848 0317 0.282 0.048 1.566 0.269
Table 15. The advanced exergy results of the HRRC-R744A for each component.
Component EXD EX: EX;N EXF;\' EX;X E-)(;V.Fw EXZ)V,EX E;XZN‘EN‘ E XZ\'EX
(kw) (kw) (kw) (kw) (kw) (kw) (kW) (kw) (kW)
Compressor 11.109 2.235 8.874 8.367 2.742 1.684 0552 6.684 2.190
Ejector 8.39 0.848 7.542 7.058 1.332 0.714 0.135 6.344 1.198
Evaporator 2.703 0.114 2.589 2.601 0.102 0.110 0.004 2491 0.098
Separator 0.193 0.003 0.190 0.184 0.009 0.003 0.000 0.181 0.009
5;{@”3'0” 0.461 0.005 0.456 0.448 0.013 0.005 0.000 0.443 0.013
Heat recovery 1122 0.098 1.024 1.036 0.086 0.090 0.007 0.946 0.078
Condenser 1.1589 0132 1.027 1.042 0.117 0.118 0.013 0.924 0.103
Pump 1.147 0.163 0.984 1.022 0.125 0.145 0.018 0.877 0.107
Turbine 31879 0.486 2.701 2.721 0.467 0.415 0.071 2.306 0.395
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Figure 6. Separation of different sections of exergy destruction rate of HRRC-R744.
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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.

b, b, B, B, B, ¥ B +Y 7y A
Component

(mpts/MJ) (mpts/MJ) (mpts/h) (mpts/h (mpts/h) (mpts/h) (mpts/h) (%) (%)
Compressor 6.206 8.424 883.66 888.96 228.80 5.303 234.112 35.75 2.27
Condenser 1.286 2.950 16.970 16.972 9.572 0.001 9.574 129.4 0.01

Ejector 0.817 0.844 900.41 900.41 28.811 0 28.811 331 0
Evaporator 0.059 0.127 1514 2.024 0.575 0.509 1.084 1155 46.9
Heat recovery 1.164 1.407 49.953 56.107 3.527 6.154 9.681 20.85 63.5
Pump 6.206 7.681 112.08 112.22 21.424 0.133 21.558 23.78 0.62

Separator 0.059 0.059 62.920 62.920 0.521 0 0.521 0 0
Turbine 3.666 4540 151.35 152.01 28.604 0.653 29.257 23.83 2.23

EXS:I”VSJO” 0.059 0.059 22.008 22.008 0.070 0 0.070 0.32 0

Int. J. of Thermodynamics (1JoT)
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Table 17. The exergoenvironmental results of the HRRC-R744A for each component.

b, b, B, B, B, ¥ B,+Y s /,
Component

(mpts/MJ) (mpts/MJ) (mptsth) (mptsth (mptsth) (mpts/h) (mpts/h) (%) (%)
Compressor 6.206 8.342 986.76 992.14  248.738 5.379 254.117 344 212
Condenser 1.373 2.0006 18.347 18.349 5.746 0.002 5.748 456 003

Ejector 0.912 0.938 97757 97757 27.736 0 27.736 2.92 0
Evaporator 0.063 0.134 1.627 2.138 0.616 0511 1.127 111 453
Heat recovery 1.298 1.520 78.558 85.804 5.255 7.246 12.501 170 57.9
Pump 6.206 7.687 133.64 133.79 25.635 0.151 25.787 238 059

Separator 0.063 0.063 65.616 65.616 0.650 0 0.650 0 0
Turbine 3.327 4.124 201.25 202.11 38.216 0.863 39.079 239 221

EXS:R/S;(’" 0.063 0.063 22.867 22.867 0.103 0 0.103 0.45 0

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 P;=9.75 (MPa) and
T,=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 T; ,
and the values of HRRC-R744 and HRRC-R744A
decrease about 8% and 7%, respectively.
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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 Figurel0,
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

208/ Vol. 23 (No. 3)

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%.
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Figure 9. The effects of the ejector inlet temperature on
COP for RC and HRRC.
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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.

452 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 P;=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 T,, 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.
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Figure 12. The effects of evaporator outlet temperature on
the exergy efficiency for RC and HRRC.
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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 T, product cost rate and total
cost rate will be decreased, and the most decrease of Cp is
related to RC-R744 by 50%, and the most decrease of Cr
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 T, is a suitable factor.
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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 Il. 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
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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) 94 <P,<1338
Ejector inlet Temperature(K) 312<T,<319
Evaporator outlet temperature(K) 258< T, <278
R744A
1.96
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Figure 16. The Pareto frontier of the optimum solution with the exergy efficiency and product cost rate (a) R744 and (b)

R744A.
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Figure 17. The Pareto frontier of the optimum solution with COP and product environmental impact (a) R744 and (b) R744A.
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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 2774 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 1.85%/h. The optimization results with COP and product

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

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 B, 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

for HRRC has been done that their results are given A Heat transfer area (m?)
below. B Environmental impact rate (mpts/h)

1. The results of energy analysis indicate that COP in B, Destruction environmental impact rate
RC with R744 and R744A fluids is 2.51 and 2.26 also for o (mpts/)

HRRC is 2.82 and 2.73. Using R744 indicates more values b Unit environmental impact (mpts/MJ)
for both cycles, and using the HRRC improves COP for ¢ Unit cost of exergy ($/MJ)
R744A and R744, about 11% and 17%, respectively. ¢ Cost rate ($/hour)

Co Destruction cost rate ($/hour)

2. The exergy analysis results of RC with R744A and G Production cost rate ($/hour)
R744 working fluids indicate the exergy efficiency is Co Total cost rate ($/hour)
about 11% and 10%, and for the HRRC is about 30.7% Cp Specific heat (kJ/kg K)
and 35.9%. CCHP Combined cooling heating and power

3. The value of ¢, for R744 and R744A fluids is coF Cg‘;ﬁ;%gg\fg{;ﬂ;@%ﬁce
obtained 1.56 $/h and 1.96 $/h and for C, is about 4.34 i Ener

. . gy rate (kW)
$/h and 4.5 $/h. By checking the exergoeconomic results Ex Exergy rate (kW)
of HRRC. R744 is advantageous economically. :
f, Exergoenvironmental factor

4. The exergoenvironmental analysis is done on f, Exergoeconomic factor
HRRC indicates that the highest environmental impact of FS Factor of safety
both working fluids is for the compressor. The product h Specific enthalpy (kJ/kg)
environmental impact for R744 and R744A is about 154 HRRC Heat recovery refrigeration cycle
mpts/h and 204 mpts/h. It means that the product of L Loss
R744A has impacts that are more destructive on the LCA Life cycle assessment
environment. m Mass flow rate (kg/s)

5. The advanced exergy analysis shows that the OI?QC C%Tpsnr}inég:iti'n?ec%?:r)
unavoidable exergy is higher than the avoidable part. The P g Pressure (kPa)y
avoidable endogenous exergy destruction is more than an Relative environmental impacts differen
exogenous part of it; therefore, to improve the exergy o el eReI ti 0 et daff pacts o erence
destruction, avoidable endogenous exergy destruction of RrC € al?l\éirf;esratilone(r:i/r:jg (%)
each component should be decreased. s specific entropy (ki/kg K)

6. In order to define the optimal case of HRRC system t Time (h)
operation, multi-objective optimization with different T Temperature (K)
objective functions has been done. In the optimal case, U Heat transfer coefficient (W/K m?)
exergy efficiency for R744 and R744A is 28.51%, and \% Velocity(m/s)

34.44% also total product cost rate is about 1.44%/h and w Weight(Ton)
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N~ T

N

8 ao T =

Power(kW)
Component-related environmental impacts
(mPts/h)

Capital investment cost rate ($/hour)
Investment cost($/hour)

Greek Letters
Exergy destruction ratio

Efficiency
Entrainment ratio
Density(kg/m?)
Rupture stress(MPa)
Maintenance factor
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