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In this paper, a multi-objective optimization study is carried out to determine the optimal
exergetic performance (77, ) and the payback period (PB) of the organic Rankine cycle (ORC)
integrated vapor compression refrigeration (VCR) system based on exergy, economic, and
environmental criteria using non-dominated sort genetic algorithm-II (NSGA-II). Moreover,
a sensitivity analysis is carried out to improve the exergetic performance of the system. The
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working fluid, the pinch-point temperature difference of the ORC evaporator (AT? ), con-
denser (AT? ), and the VCR evaporator (AT?), cooling water inlet temperature (T, ), chilled
fluid temperature (T ), and heat-source inlet temperature (T,,) are taken as the decision vari-
ables. The results of this study indicate that butane is the most suitable working fluid for op-
timal exergetic efficiency, 1, (33.7%) and payback period, PB (4.9 years) of the system. The
T ,T ATDPe, AT}fe ,and ATz’ondare 378
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optimal values of other decision variables such as T
K, 313K, 276 K, 10 K, 5K, and 5 K respectively.

h1’

Cite this article as: Goyal A, Sherwani AF. Optimization of exergetic performance and pay-
back period of organic rankine cycle integrated vapor compression refrigeration system based
on exergy, economic, and environmental criteria. ] Ther Eng 2023;9(3):648—658.

INTRODUCTION adaptability to a wider range of refrigerants [2,3]. However,
it requires mechanical power to run its compressor that is

Electricity will be vital for the fastest growing economy
provided by the rotating shaft of the electric motor. The

like India in the fulfillment of its development goals in
the 21 century. A significant fraction of the total electri-
cal energy is consumed by the refrigeration sector. As per

electric motor operates on the consumption of electricity.
Therefore, there is a need to design and manufacture other

a report, India’s demand for cooling energy will double by
2027 [1]. The vapor compression refrigeration (VCR) sys-
tem is extensively used in refrigerators, chillers, air condi-
tioners, etc. due to its higher energy efficiency rating and its
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devices that can provide the required mechanical energy
without consuming electrical energy. Recently, the organic
Rankine cycle (ORC) has gained attention among the sci-
entific community to produce mechanical power from
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low-grade heat sources such as solar thermal energy, indus-
trial waste heat, internal-combustion engine exhaust heat,
geothermal heat, etc. [4,5]. Researchers have integrated the
VCR system with ORC as an ORC-VCR system to have a
cogeneration system that can fulfill cooling energy demand
without the consumption of fossils. Numerous researches
have been carried out on the ORC-VCR system to select the
most suitable working fluid for the higher thermal perfor-
mance of the system and to identify the operating parame-
ters that affect the performance of the system significantly.
Li et al. [6] recommended hydrocarbons such as butane,
propane, etc. as excellent fluids for the system based on
higher COP. Bu et al. [7] proposed the ORC-VCR system
as an ice-making unit using waste heat of the fish boats and
recommended isobutane as the suitable working fluid for
the system. Saleh [8] recommended the use of hydrocar-
bons with higher critical temperatures as working fluids for
higher COP of the system. In the next study, Saleh [8] ana-
lyzed the operating parameters such as working fluid, tem-
peratures of condenser, evaporators, etc. to have an impact
on the coefficient of performance (COP) of the ORC-VCR
system. Zheng et al. [9] analyzed the system in the work-
ing range from 268 K to 353 K and achieved the exergetic
efficiency of 22.12% using isobutane as the working fluid.
Ghorbani, Yari, and Mohammadkhani [10] analyzed the
ORC-VCR system driven by the waste exhaust heat of the
internal combustion engine. They proposed R245fa and
butane as suitable working fluids for the higher thermal
performance of the system. They further determined the
maximum refrigeration capacity of the system as 20 kW and
130 kW when using waste exhaust heat of petrol and diesel
engines respectively. Ashwni et al. [11] analyzed the influ-
ence of operating parameters on the system performance
based on exergy, economic and environmental criteria. The
inlet temperatures of cooling water and chilled fluid outlet
temperature were found to be the most influential parame-
ter followed by the heat source inlet temperature. They used
the Technique for Order of Preference by Similarity to Ideal
Solution (TOPSIS) algorithm to optimize the overall per-
formance of the system. The optimal exergetic efficiency,
total cost, and the environmental cost of the system were
determined to be 28.4%, $69949, and $3491 respectively. In
another study, Ashwni et al. [12] modified the system by
adding a flash tank in the VCR sub-cycle to reduce the irre-
versibility in the expansion process and compared the ther-
modynamic performance of the simple system with that of
the modified system. They found an improvement of 41%
in the COP of the modified system over the simple system.
Ashwni and Sherwani [13] analyzed the ORC-VCR system
driven by a hybrid heat source using different hydrocarbons
such as hexane, heptane, octane, etc. as the working fluids.
Heptane was found to be the most suitable fluid among the
other working fluids for the higher thermal performance
of the system. Zhou et al. [14] proposed the system for the
cryogenic air separation units and recommended the use of
hydrocarbons as the working fluid for the system. Further,

they analyzed the impact of operating parameters such as
evaporation temperature, condenser temperature, and tem-
perature of compressed air on the economic and environ-
mental performance of the system. They recommended the
ORC-VCR system as a promising technology with a great
decarbonization potential. Sanaye and Khaakpay [15] uti-
lized the exhaust heat of the gas engine to power the ORC-
VCR unit and determined the overall exergetic efficiency
of the system at 63%. Mahmoudan et al. [16] analyzed the
ORC-VCR system using emergy based method and found
that increase in the expander inlet temperature and the
isentropic efficiency of the expander had greater improve-
ment in the emergy based performance of the system.
However, the emergy-based system performance degraded
with the increase in the condenser and VCR evaporator
temperature.

Based on the above-mentioned literature review, the fol-
lowing points can be concluded as follows:

« ORC-VCR system is a promising technology that
can be driven by low-grade heat sources for refriger-
ation applications.

o Hydrocarbons are promising fluids for their higher
thermodynamic performance in the ORC-VCR
system.

o Although the operating temperatures of the con-
denser and the evaporators have been found to have
a significant impact on the ORC-VCR system per-
formance yet no research has been carried out to
analyze the impact of their pinch point temperature
differences, AT? on the exergy, economic and envi-
ronmental performance of the system. AT, which is
the minimum temperature difference between two
fluids in the heat exchanger, is directly related to the
size and eventually to the cost of the heat exchanger.
A lower value of AT? is desired for higher exergetic
performance of the system but it will also increase
the investment cost of the system. On the contrary,
a higher value of AT’ will result in lower invest-
ment cost but it will increase the operating cost of
the system due to lower exergetic performance of
the system. Therefore, it is imperative to determine
the values of AT? of the condenser and the evapora-
tors for the optimal exergetic and economic perfor-
mance of the system.

o There is a need to determine the payback period of
the system not only based on economic criteria but
also based on its environmental criteria too.

In this study, exergetic efficiency and the payback period
of the system have been considered as the performance
characteristics of the system based on exergy, economic
and environmental criteria. Heat-source inlet temperature,
cooling water inlet temperature, and the chilled fluid outlet
temperature directly affect the operating temperature of the
ORC evaporator, the condenser, and the VCR evaporator
and thus, have been taken as decision variables in addition
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to the pinch-point temperature difference of the condenser,
ORC evaporator, and the VCR evaporator.

Therefore, this study analyzes the impact of the
above-mentioned decision variables on the exergetic effi-
ciency and the payback period of the system to determine
their operating values using non-dominated sort genetic
algorithm-II (NSGA-II) for optimal performance of the
system. Moreover, sensitivity analysis of the system is car-
ried out to identify the areas where efforts can be put to
improve the exergetic efficiency of the system.

SYSTEM DESCRIPTION

Figures 1 and 2 show the schematic and T-s diagram of
the ORC-VCR system. The thermodynamic processes exe-
cuted by the system are explained below:

Thermodynamic Modeling

The system is assumed to work under steady and
adiabatic conditions and pressure losses inside the heat
exchangers and the interconnected pipes are taken negli-
gible. The state of the fluid at the exit of evaporators and

Process  Explanation
1-2 Cooling effect by isobaric evaporation in the VCR evaporator
2-3 Irreversible adiabatic compression in the compressor
3,8 =>4 Isobaric mixing in the mixer
4-5 Heat rejection to the cooling water by isobaric condensation
5-1 Isenthalpic expansion in the expansion valve
5-6 Liquid pumping to the ORC evaporator pressure
67 Heat gain by isobaric evaporation in the ORC evaporator
78 Irreversible adiabatic expansion process in the expander
10 fThz T ¢ 9
ORC evaporator >
6 7 Y
Pump T T T T~ 8 Expander
{
. ORC -
ST 8
Y
” S
Flow %
valves
Tcw1 T 1 1 Tch ¢ 1 2 A 3
Cooling water -
-7 N Compressor
Y |  VCR
Expansion S _ \
Valve T
1 2
—>——> VCR evaporator -

14y Teo

Figure 1. Schematic diagram of the system.
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Figure 2. Temperature-Entropy diagram.

the condenser is assumed saturated state [17]. Based on
these assumptions, the thermodynamic modeling of the
ORC-VCR system is done using basic governing equa-
tions such as mass and energy conservation equations,
exergy balance relation as given in reference [11]. In this
paper, exergetic efficiency (Equation 1) is a measure of
the degree of approximation of the actual performance
of the system to its best possible performance. Hence,
it is used to analyze the second law performance of the
system.

Qoe 1_’[‘6T__0T7 (1

Where Qoe is the heat extracted by fluid in the ORC and
VCR evaporators, given by Equation 2.

Qoe = Morc(hy — he) (2)

EXDyor = Y EXD, V k€ mixer, expander, expan-
sion valve, pump, condenser, VCR evaporator, and ORC
evaporator.

The exergy destruction rates for individual components
can be determined using the Guoy-Stodola equation given
below:

EXD; = T,Syen 3)

Economic Analysis

The economic evaluation of the system (Equation 4)
is done by determining its total cost, C_ (Equation 4).
The total cost of the system is made up of the two cost

components called investment cost, C,_ (Equation 5), and
operating and maintenance cost, Copm.

Crot = Cinw + Copm (4)

Ciny = Cp + Ci + Coe + Coe + Cc + Coona (5)

The investment cost of the system is the sum of the
investment cost of individual system components (refer to
Equation 6). The cost equation has been referred to from
the research paper [18].

Pump C, = a;W>7* and W,, = Mype(hg — hs)
logyo C; = 2.6259 + 1.4398log,, W, — 0.1776 log;o W2
Expander
Wy = morc(h; — he)
VCR evaporator Cpe = 516.621 + 268.454,,,

ORC evaporator Coe = 516.621 + 268.454,,

Pcond

573 Myer {Pcond}
Poe

¢~ 0.8996 — 1,

Compressor
P Poe

Condenser Coong = 516.621 + 268.454 g (6)

A, »A,,and A are the surface areas of the condenser,
ORC evaporator, and the VCR evaporator respectively.
The detailed procedure to determine the above-mentioned
areas is taken from subsection 2.4 of the reference [11]. The
operating and maintenance cost of the system, C___is taken
2% of the investment cost per annum as taken in reference
[19].

Environmental Analysis

The impact of the system on its environmental sustain-
ability can be analyzed by calculating its environmental cost
using Equation 7 [11].
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Eco, = 14.5mc,, 7)

mco,: Mass of CO, (in ton) avoided being emitted in
the atmosphere annually because the present system does
not depend on fossils for its operation (Equation 8).

Meo, =2XW, *(no. of operating hours in 1 year)

(8)
Payback Period

The payback period of the system is also calculated using
Equation 9. Equation 9 is a modified form of that given in

reference [20] because it also incorporates the environmen-
tal cost in the determination of the payback period.

Ciny

PB =
pe(Wt*top +Eco, _Copm)

)

p, is the unit electricity cost and it varies from 0.077 $ kWh!
for households to 0.116 $ kWh! for industries [20], [21].

t,, is the number of operating hours for the system for
a year. The literature survey shows that most refrigera-
tion systems are designed for 1000 hours to 7000 hours on
annual basis [21]. In this study, the number of operating
hours for the system for a year is taken as 6000 hours and
the unit electricity cost is taken 0.1 $ kWh™ at the design
condition.

Selection of Working Fluid and the Operating
Parameters

In this study, hydrocarbon fluids such as butane, hex-
ane, and heptane are taken as working fluid based on the lit-
erature review (refer to introduction). The thermophysical

properties such as critical temperature and pressure, envi-
ronmental properties such as global warming potential and
ozone depletion potential, and safety properties of these
fluids are given in Table 1.

The present system is designed as a water chiller with
a fixed cooling capacity of 66.67 kW. The isentropic effi-
ciencies of the compressor, expander and pump are 80%,
85%, and 90%, respectively based on the recommen-
dation of the reference [12]. The ambient temperature
and pressure are taken 298 K and 101.325 kPa respec-
tively. The heat transfer fluid that transfers the heat to
the working fluid in the ORC evaporator is pressurized
water [22]. The cooling in the condenser is done by cool-
ing water due to its excellent specific heat. The shell and
tube-type heat exchangers have been considered in this
study [11]. The specification of the heat exchangers is
given in Table 2.

CSB Technique

The coefficient of structural bond (CSB) technique is
used to identify the components where efforts can be con-
centrated to improve their design to improve the overall
performance of the system significantly. CSB value for each
component can be determined using Equation 8.

__ (dEXD¢otr
CSB; = ( dEXD; )P (10)

j=constant

P. is the operating parameter that affects the perfor-
mance of the i component significantly. The components,
which have a significant impact on the exergetic efficiency
of the system, have CSB values greater than one.

Table 1. Thermophysical, environmental, and safety properties of butane, hexane, and heptane

Fluid Butane Hexane Heptane

T, (K) 425 507 540

P_ (kPa) 3796 3034 2736

GWP Low Low low

ODP 0 0 0

Safety group A3 A3 A3

Table 2. Specification of the heat exchangers [23,24]

Length of the tubes Tube Material Tube thickness
6.096 m Copper 1 mm

Thermal conductivity of copper Velocity of tube side fluid Outside diameter
401 W m? K" 2ms?! 15.87 mm
Number of tube passes Condenser and VCR evaporator ORC evaporator

4

2
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Optimization Technique

In this paper, there are two objectives; one is exergetic
efficiency and the other is the payback period of the sys-
tem. The design efforts are always directed to increase exer-
getic efficiency and to have a minimum payback period to
make the system commercially competitive. There is a need
for an optimization algorithm for such types of problems
having conflicting objectives. NSGA-II is a multi-objective
algorithm that can be used to optimize both the exergetic
efficiency and the payback period of the system simulta-
neously. It involves fewer mathematical complexities com-
pared to another multi-objective algorithm like TOPSIS
[11]. The detailed procedure to apply the NSGA-II algo-
rithm can be tracked down in the reference [18]. The math-
ematical formulation of the optimization problem consists
of the following steps:

Step 1: Definition of the objective functions.

fi=PB and f; = —ngy (11)

The objective function that is to be minimized is taken
positive. The objective that is be maximized is multiplied by
-1 to make it a minimization objective.

Step 2: Selection of decision variables.

T,,T, T, ATE o ATY, ATE, are taken as the decision
variables as they have a strong impact on the performance
of the system. Moreover, the range of the input values of the
operating parameters is selected based on the exhaustive

Table 3. Range of the operating parameters

literature available on the ORC-VCR system (refer to the
introduction).

Step 3: Specification of the range of the decision vari-
ables (Table 3).

Step 4: Specification of the input parameters for
optimization

The input parameters for carrying out optimization
analysis are tabulated in Table 4.

RESULTS AND DISCUSSIONS

The proposed ORC-VCR system is designed to serve
as a water chiller. The cooling capacity of the system is
fixed at 66.67 kW. The mathematical code of the thermo-
dynamic model of the system is made in the MATLAB
2017b. The properties of the working fluid at the different
state points are calculated with the help of REFPROP 9.0.
The work of the paper [25] has been taken as a reference
to validate the results of the present study (refer to Table
5). The results of this study are in confirmation of that of
the paper [25].

CSB Analysis

The higher the CSB value (CSB>1) of a system compo-
nent, the greater is the impact of the improvement in the
exergetic performance of the component on the overall
exergetic performance of the system. Therefore, design-
ers can focus their efforts on those components whose
CSB values are higher because a small improvement in the

Operating parameters Range Operating parameters Range

- p _
T, (K) 373-413 AT, () 5-15

, P _
T, (K) 303-313 AT, () 5-15

. P _
T, (K) 274278 AT, () 5-15
Table 4. Input parameters for optimization [18]
Input parameter Value Input parameter Value
Population size 200 Selection method Tournament
Tournament size 2 Crossover probability 0.8
Mutation Probability 0.1 Maximum number of generations 100* number of variables
Table 5. Validation results

Working Fluid Nex (%) Working Fluid Nex (%)

Present study Butane 30.7 Hexane 313
Reference [25] Butane 30.6 Hexane 31.2
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exergetic performance of those components will result in a
major improvement of the overall exergetic performance of
the system. In this study, six operating parameters such as
T,,T.» T, ATP . ATE, ATP, are taken as the decision
variables as they have a strong impact on the performance of
the system. These operating parameters are relevant to the
condenser and the ORC and VCR evaporators. Therefore, a
CSB analysis of only these three components is carried out

in this study.

CSB Analysis of ORC Evaporator

Figures 3 and 4 show the variation of the CSB values of
the ORC evaporator, CSB__ with heat source inlet tempera-
ture, T,  and pinch point temperature in ORC evaporator,
AT, respectively.

CSB_, values are below 1 for ORC evaporator as T,,
varies from 373 K to 413 K. It indicates that any effort to

i
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Figure 3. Variation of CSB__ with heat source inlet tempera-
ture, T, |
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Figure 4. Variation of CSB_, with ORC evaporator’s pinch
point temperature, ATE,

reduce its exergy destruction rate, EXD,e will not reduce
the total exergy rate, EXD,,; W.r.t. T, - However, CSB__ val-
ues are slightly above 1 for AT}, which indicates that the
pinch point temperature of the ORC evaporator is crucial
not only for reducing EXD,. but also EXD.

CSB Analysis of VCR Evaporator

As the chilled fluid outlet temperature, T , varies from
274 K to 278 K, CSB values of the VCR evaporator, CSB
are well above 35 for all three fluids (refer to Figure 5).
However, CSB_ are above 2.90 when ATY, is varied (refer
to Figure 6). It indicates that although the chilled fluid
temperature is the most significant parameter yet the
importance of AT}, cannot be ignored in designing the
VCR evaporator to improve the exergetic efficiency of the
system.
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point temperature, ATP,
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CSB Analysis of Condenser

CSB values of the condenser, CSB__, are above 3 as
cooling water inlet temperature, T_ is varied from 303 K to
313 K for all fluids (refer to Figure 7). However, it is slightly
above 1 in terms of design parameter AT,fmd. Therefore, the
impact of T is greater than ATP . in designing the con-
denser to reduce the total exergy destruction rate, EXD,
of the system (refer to Figure 8).

3.8
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3 \‘ <@ Hexane
m 3.6 —-¥y— Heptane
[ P
o e
k<]

g \.\
o 344
s ®

g vl .

2 S~ 9 \‘
E >l

B 227 ~~lle.
] oy

k= ~lle.

o) ~

(3] e
% 3.0 ~lle
3 v
[&]

28 T T T T
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Cooling water inlet temperature, T, (K)

Figure 7. Variation of CSB__, with cooling water inlet tem-
perature, T
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Figure 8. Variation of CSB__, with condenser’s pinch point
temperature, AT 4.

The CSB analysis of the condenser, VCR evaporator,

and ORC evaporator gives us the following insights:

o CSB values are greater than one for all above-men-
tioned components i.e. condenser, VCR evaporator,
and ORC evaporator when the design parameter
is pinch point temperature difference. It indicates
the importance of the pinch-point temperature
difference besides the operating temperatures in

designing these components to improve the exer-
getic efficiency of the system. Any effort in reducing
the exergy destruction rates of these components
w.r.t. pinch point temperature difference will also
reduce the total exergy destruction rate of the sys-
tem and increase the exergetic efficiency of the
system.

o However, it is the VCR evaporator whose CSB values
are higher compared to the ORC evaporator and the
condenser. The CSB values of the VCR evaporator
are above 35 and 2.9 for the design parameters such
as chilled fluid outlet temperature, T, and pinch
point temperature difference, AT}, respectively.
Therefore, a small improvement in the exergetic
performance of the VCR evaporator will result in
a significant improvement in the overall exergetic
performance of the system compared to other sys-
tem components.

OPTIMIZATION RESULTS

ORC-VCR system with high exergetic efficiency may
have higher investment costs and eventually a longer pay-
back period. On the contrary, the ORC-VCR system with a
shorter payback period may not have higher exergetic effi-
ciency. Therefore, an optimal solution is desired in which
neither the payback period is longer nor exergetic efficiency
is smaller. An optimal solution can be obtained by gener-
ating a Pareto front. Figures 9 to 11 represent the Pareto
fronts for butane, hexane, and heptane respectively. These
are normalized Pareto fronts as recommended by [18]. The
normalization of the payback period and the exergetic effi-
ciency is done by using Equations 12 and 13.

PB* = PBi—PBmin
PBmax—PBmin (12)

e = Mex—Nex
o (13)

The optimal solution is the one that is closest to the
ideal solution, I [18]. Therefore, it the point O which is clos-
est to point I and thus represents the optimal solution. The
x and y coordinate values of point O for butane are 0.136
and 0.192 respectively. The corresponding values of exer-
getic efficiency and the payback period are 33.7% and 4.9
years respectively. For hexane, the x and y coordinate values
of the optimal solution are 0.089 and 0.113 respectively. The
corresponding values of payback period and exergetic etfi-
ciencies are 38.8% and 14 years respectively.

Similarly, 0.078 and 0.113 are the x and y coordinate
values of the optimal solution and 39.4% and 32 years are
the values of exergetic efficiency and payback period for the
heptane respectively. it can be concluded from this analysis
that although the exergetic efficiency of the system using



656

J Ther Eng, Vol. 9, No. 3, pp. 648-658, May, 2023

12

0.8
I
|
|
0.6 |
& 1
o
o |
0.4 | : o
|
|
|
0.2 A |
|
! ®
®esse
0.0 * ® 00000me ¢ sv 0o o
|
|
I‘ T T T T T
0.0 0.2 04 0.6 0.8 1.0 1.2
N

Figure 9. Normalized Pareto front for butane.

1.0 4

0.8 A

0.6

PB*

0.4 >

\
|
\
0.2 } o
[
[
o0
o0l ‘,X/ 909 @ 00000 00 00om son 0000 e

|
|
|
T

0.0 02 04 06 0.8 1.0 1.2

*

Mex

Figure 10. Normalized Pareto front for hexane.

butane is 15.2% and 17.1% smaller than that of hexane and
heptane respectively yet its payback period is 187.5% and
556.1% shorter than that of hexane and heptane respec-
tively. Therefore, butane is the most suitable fluid for the
proposed ORC-VCR system for higher exergetic efficiency
(33.7%) and a shorter payback period (4.9 years). The cor-
responding values of the operating parameters for the opti-
mal performance of the system using butane are given in
Table 6.

Table 6. Optimal values of operating parameters
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Figure 11. Normalized Pareto front for heptane.

Further, the effect of the operating hours and the unit
cost of electricity on the system economics and payback
period reveals that as the operating hours are increased
from 6000 hours to 7000 hours and the unit cost of electric-
ity is decreased by 0.1 $ kWh'to 0.077 $ kWh; the payback
period of the system reduces from 4.9 years to 4.4 years
and the total cost of the system is reduced from $62351
to $60936. Therefore, if economic incentives are provided
in terms of discounted unit electricity cost for sustainable
development and the system is operated for increased oper-
ational hours then the cost of the system can be decreased
further to make it commercially competitive compared to
its commercial counterparts.

CONCLUSIONS

In this study, a low-grade heat source-driven ORC-VCR
system is proposed as a water chiller of a fixed capacity of
66.67kW. The impact of six key decision variables on the
exergetic performance and payback period of the system is
analyzed and the overall system performance is optimized
using the NSGA-II algorithm. Moreover, sensitivity analysis
is performed to further improve the exergetic performance
of the system. The following conclusion can be drawn from
this study.

o Sensitivity analysis indicates that pinch point tem-

perature of ORC evaporator, AT}, is crucial not

Operating parameters Optimal value Operating parameters Optimal value
T,, (K) 378 AT, () 10

T, (K) 313 4 Tgond (K) >

T, (K) 276 A Tﬁe (K) 5




J Ther Eng, Vol. 9, No. 3, pp. 648-658, May, 2023

657

only for reducing its exergy destruction but also
total exergy destruction of the system, EXD,,..
Moreover, chilled fluid temperature, T, is the most
significant parameter followed by pinch point tem-
perature of VCR evaporator, AT}, in designing the
VCR evaporator to improve the exergetic efficiency
of the system.

The impact of cooling water inlet temperature, T_ |
is greater than that pinch point temperature of the
condenser, ATCZM on the exergetic performance of
the condenser.

A small improvement in the exergetic performance
of the VCR evaporator will result in a significant
improvement in the overall exergetic performance of
the system compared to other system components.
Butane is the most suitable fluid for optimal exer-
getic efficiency and payback period of the system.
The corresponding values of the exergetic effi-
ciency and payback period are 33.7% and 4.9 years
respectively.

The optimal values of the pinch point temperatures
for the condenser, ORC evaporator, and the VCR
evaporator are 5 K, 10 K, and 5 K respectively.

NOMENCLATURE

A

Heat exchanger area (m?)

EXD  Exergy destruction rate (kW)
m Mass flow rate (kg s?)

Q Heat rate (kW)

T Temperature (K)

C Cost ($)

h Specific enthalpy ( k] kg™)

P Pressure (kPa)

s Specific entropy ( kJ kg K*)
|14 Power (kW)

Greek Symbols

n Efficiency

Superscripts

p Pinch point

Subscripts

inv Investment

oe ORC evaporator

c Compressor

gen Generation

p Pump

ve VCR evaporator

ex Exergetic

opm Operating and maintenance
cond  Condenser

tot Total

0 Ambient

t Expander

cr Critical

AUTHORSHIP CONTRIBUTIONS

Authors equally contributed to this work.

DATA AVAILABILITY STATEMENT

The authors confirm that the data that supports the
findings of this study are available within the article. Raw
data that support the finding of this study are available from
the corresponding author, upon reasonable request.

CONFLICT OF INTEREST

The author declared no potential conflicts of interest
with respect to the research, authorship, and/or publication
of this article.

ETHICS

There are no ethical issues with the publication of this
manuscript.

REFERENCES

[1] Kasamsetty S. Demand Analysis for Cooling by
Sector in India in 2027. New Delhi: Alliance for an
Energy Efficient Economoy; 2018.

Agarwal S, Arora A, Arora BB. Thermodynamic
performance analysis of dedicated mechanically
subcooled vapour compression refrigeration system.
] Therm Eng 2019;5:222—-236. [CrossRef]

Agarwal S, Arora A, Arora BB. Energy and exergy
investigations of R1234yf and R1234ze as R134a
replacements in mechanically subcooled vapour. ]
Therm Eng 2021;7:109—132. [CrossRef]

Goyal A, Sherwani AF, Tiwari D. Optimization of
cyclic parameters for ORC system using response
surface methodology (RSM). Energy Sources Part A
Recover Util Environ Eff 2019;43:993—1006. [CrossRef]
Tiwari D, Sherwani AF, Muqeem M, Goyal A.
Parametric optimization of organic Rankine cycle
using TOPSIS integrated with entropy weight
method. Energy Sources Part A Recover Util
Environ Eff 2022;44:2430-2447. [CrossRef]

Li H, Bu X, Wang L Long Z, Lian Y. Hydrocarbon
working fluids for a Rankine cycle powered vapor com-
pression refrigeration system using low-grade thermal
energy. Energy Build 2013;65:167—172. [CrossRef]

Bu X, Wang L, Li H. Working fluids selection for
fishing boats waste heat powered organic Rankine-
vapor compression ice maker. Heat Mass Transf
2014;50:1479—-1485. [CrossRef]

Saleh B. Parametric and working fluid analysis of
a combined organic Rankine-vapor compression
refrigeration system activated by low-grade thermal
energy. ] Adv Res 2016;7:651-660. [CrossRef]

(2]

(3]

(4]

(5]

(6]

(7]

(8]


https://doi.org/10.18186/thermal.581741
https://doi.org/10.18186/thermal.846561
https://doi.org/10.1080/15567036.2019.1633443
https://doi.org/10.1080/15567036.2019.1649755
https://doi.org/10.1016/j.enbuild.2013.06.012
https://doi.org/10.1007/s00231-014-1350-0
https://doi.org/10.1016/j.jare.2016.06.006

658

J Ther Eng, Vol. 9, No. 3, pp. 648-658, May, 2023

(9]

(10]

(11]

(12]

(13]

(14]

(15]

(16]

(17]

Zheng N, Wei ], Zhao L. Analysis of a solar Rankine
cycle powered refrigerator with zeotropic mixtures.
Sol Energy 2018;162:57—66. [CrossRef]

Ghorbani T, Yari M, Mohammadkhani F.
Thermodynamic analysis and feasibility study of
internal combustion engine waste heat recovery to
run its refrigeration system. 2018;2:253-262.
Ashwni, Sherwani AF, Tiwari D. Exergy, economic
and environmental analysis of organic Rankine
cycle based vapor compression refrigeration system.
Int J Refrig 2021;126:259—-271. [CrossRef]

Ashwni, Sherwani AF, Tiwari D. Thermodynamic
analysis of simple and modified organic Rankine
cycle and vapor compression refrigeration (ORC-
VCR) systems. Environ Prog Sustain Energy
2021;40:€13577. [CrossRef]

Ashwni, Sherwani AE Thermodynamic analysis of
hybrid heat source driven organic Rankine cycle
integrated vapor-compression refrigeration system.
Int J Refrig 2021;129:267—-277. [CrossRef]

Zhou X, Rong Y, Fang S, Wang K, Zhi X, Qiu L, et
al. Thermodynamic analysis of an organic Rankine-
vapor compression cycle (ORVC) assisted air com-
pression system for cryogenic air separation units.
Appl Therm Eng 2021;189:116678. [CrossRef]

Sanaye S, Khakpaay N. Thermo-economic multi-ob-
jective optimization of an innovative cascaded organic
Rankine cycle heat recovery and power generation sys-
tem integrated with gas engine and ice thermal energy
storage. ] Energy Storage 2020;32:10169. [CrossRef]
Mahmoudan A, Samadof P, Kumar R, Jalili M,
Issakhov A. Emergy-based exergoeconomic and
exergoenvironmental evaluation of a combined
power and cooling system based on ORC-VCR. ]
Therm Anal Calorim 2021;145:1353—1372. [CrossRef]
Ashwni, Sherwani AF, Tiwari D, Kumar A. Sensitivity
analysis and multi-objective optimization of organic
Rankine cycle integrated with vapor compression
refrigeration system. Energy Sources Part A Recover
Util Environ Eff 2021;1-13. [CrossRef]

(18]

(19]

(20]

(21]

(22]

(23]

(24]

(25]

Jain V, Sachdeva G. Energy, exergy, economic (3E)
analyses and multi-objective optimization of vapor
absorption heat transformer using NSGA-II tech-
nique. Energy Convers Manag 2017;148:1096—-1113.
[CrossRef]

Yang MH. Payback period investigation of the
organic Rankine cycle with mixed working flu-
ids to recover waste heat from the exhaust gas of a
large marine diesel engine. Energy Convers Manag
2018;162:189—202. [CrossRef]

Wang XQ, Li XP, Li YR, Wu CM. Payback period
estimation and parameter optimization of subcrit-
ical organic Rankine cycle system for waste heat
recovery. Energy 2015;88:734—745. [CrossRef]

Jain V, Sachdeva G, Kachhwaha SS. NLP mod-
el-based thermoeconomic optimization of vapor
compression - absorption cascaded refrigeration
system. Energy Convers Manag 2015;93:49-62.
[CrossRef]

Karellas S, Braimakis K. Energy - exergy analysis
and economic investigation of a cogeneration and
trigeneration ORC - VCC hybrid system utiliz-
ing biomass fuel and solar power. Energy Convers
Manag 2016;107:103—113. [CrossRef]

Jain V, Sachdeva G, Singh S. Energy , exergy , eco-
nomic and environmental (4E) analyses based com-
parative performance study and optimization of
vapor compression-absorption integrated refrigera-
tion system. Energy 2015;91:816—832. [CrossRef]

Patel B, Desai NB, Kachhwaha SS. Thermo-
economic analysis of solar-biomass organic Rankine
cycle powered cascaded vapor compression-absorp-
tion system. Sol Energy 2017;157:920—-933. [CrossRef]

Saleh B. Energy and exergy analysis of an integrated
organic Rankine cycle-vapor compression refriger-

ation system. Appl Therm Eng 2018;141:697-710.
[CrossRef]


https://doi.org/10.1016/j.solener.2018.01.011
https://doi.org/10.1016/j.ijrefrig.2021.02.005
https://doi.org/10.1002/ep.13577
https://doi.org/10.1016/j.ijrefrig.2021.05.006
https://doi.org/10.1016/j.applthermaleng.2021.116678
https://doi.org/10.1016/j.est.2020.101697
https://doi.org/10.1007/s10973-020-10422-6
https://doi.org/10.1080/15567036.2021.1916132
https://doi.org/10.1016/j.enconman.2017.06.055
https://doi.org/10.1016/j.enconman.2018.02.032
https://doi.org/10.1016/j.energy.2015.05.095
https://doi.org/10.1016/j.enconman.2014.12.095
https://doi.org/10.1016/j.enconman.2015.06.080
https://doi.org/10.1016/j.energy.2015.08.041
https://doi.org/10.1016/j.solener.2017.09.020
https://doi.org/10.1016/j.applthermaleng.2018.06.018

