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ARTICLE INFO ABSTRACT
Keywords: The present work focusses on 4E analysis of a 50 kW cooling capacity cascade refrigeration cycle covering the
Cascade refrigeration cycle aspects of energy, exergy, economic and environment analysis. The numerical investigation and the multi-

Multi-objective optimization
TOPSIS
4E analysis

objective optimization is carried out for the system using the refrigerant pair R170-R600a and R41-R600a.
The refrigerant pair is selected based on the environmental implications in terms of GWP and ODP. Multi-
objective optimization of the objective functions is carried out using a heat transfer search optimization algo-
rithm to evaluate the optimal performance of the system. The effect of evaporator temperature, condenser
temperature, LTC condenser temperature and LTC condenser temperature difference on the exergy efficiency and
total cost of the system is studied. A set of multiple optimal solutions is presented using the Pareto optimal curve
and TOPSIS criteria is employed to select the optimal operating condition. Compared to the refrigerant pair
R170-R600a, the system with R41-R600a operates at better exergy efficiency and lower total cost. At the TOPSIS
selected optimal condition, exergy efficiency and the total cost of the CRS is 63.5 % and 65,228 $/year for the
refrigerant pair R41-R600a and 62.6 % and 67,690 $/year for R170-R600a, respectively. The distribution of
variables shows that the effect of the evaporation temperature, condensation temperature and the LTC condenser
temperature is profound in obtaining the optimal solution.

overcome the problem of high-temperature lift, a cascade refrigeration
system (CRS) can be employed that uses two VCR systems in series, and
eventually, lower evaporator temperatures can be attained [5]. It is
similar to a multiple-stage system with the only change that refrigerants
can be different in both stages. The system comprises two circuits,
namely a high-temperature circuit (HTC) and a low-temperature circuit
(LTC), using different refrigerant pairs. Concerning the development of
energy-efficient, cost-effective, and environmentally friendly systems,
considerable attention has been devoted to optimizing CRS along with
the optimum selection of working fluids. The use of refrigerants with
zero ODP and relatively low GWP is given prime importance in in-
dustries to reduce greenhouse emissions and avoid harm to the ozone
layer [6,7,8]. Numerous studies have been carried out to understand the
performance of CRS using energetic and exergetic approaches. Along
with the efforts in improving the performance of CRS, studies have been
carried out with a focus on a selection of refrigerant pairs to have
minimal impact on the environment.

Singha et al. [9] performed a study to enhance the performance of
CRS and minimize the environmental impact of CRS by using parallel

1. Introduction

The growing need for refrigeration due to the necessity of daily
human comfort, machine comfort, and food preservation for a longer
duration has motivated researchers to develop energy and cost-efficient
refrigeration systems [1]. Researchers are also looking forward to using
environmentally friendly and economical refrigerants considering
global warming and carbon emissions. Domestic appliances like re-
frigerators, heat pumps, and air-conditioners primarily operate on a
vapour compression refrigeration cycle (VCR) with lower temperature
lift. In many engineering applications like chemical, pharmaceutical,
poultry, and frozen food industries, the temperature requirement can be
aslow as —35 °C to —70 °C [2,3,4]. In such applications, the temperature
lift is substantially high due to extremely low evaporator temperature or
due to high condensing temperature (hot climate).

During such high cooling loads, the simple vapour compression
refrigeration system working as a single stage is unfavourable due to
increased compressor work input and lower COP of the system. To
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Nomenclature

Abbreviations

A Area (m?)

U Overall heat transfer coefficient (W/m?K)
Q heat transfer, (kW)

h specific enthalpy, (kJ/kg)

s specific entropy, (kJ/kg K)

Weomp  compressor work, (kJ/kg)

ED Exergy destruction

MNex exergy efficiency

i population size

j design variable

g number of generations

Sy.x updated solution (objective function value)

S,z randomly selected solution from the population
R probability of executing a phase
r random number between [0,1]
CRS Cascade refrigeration system
VCR Vapour compression refrigeration
LTC Low temperature circuit

HTC High temperature circuit

cop Coefficient of performance

CDF conduction factor

COF convection factor

RDF radiation factor

HTS Heat transfer search

ODP Ozone Depletion Potential

GWP Global Warming Potential

compression in LTC, a gravity fed evaporator and an ejector in HTC. The
study also aimed to avoid the use of synthetic refrigerants and use R744
and R290 in LTC and HTC, respectively. Massuchetto et al. [10] evalu-
ated the thermodynamic performance of a CRS with different refrigerant
mixtures R744/R1270, R744/R717, and R744/RE170. The results
showed that a higher COP could be achieved using mixed refrigerants
compared to pure refrigerant fluids. The system yields the highest COP
of 2.34 when operated with the refrigerant pair R744/RE170 with 20 wt
% R744 in HTC and 10 wt% R744 in LTC. Ustaoglu et al. [11] performed
a parametric study of cascade vapour compression refrigeration system
using Taguchi and ANOVA methods. The optimum operating conditions
were identified for the maximum COP and exergy efficiency of the
cascade system. The study proved that the most influential parameters
affecting the COP and the exergy efficiency are the evaporator temper-
ature, LTC condenser temperature, condenser temperature of the overall
cycle, and the isentropic efficiency of the compressor. In an experi-
mental investigation carried out by Zhang et al. [12], it was observed
that the effect of evaporation and condensation temperature is signifi-
cant on the COP. With the increasing evaporation temperature at con-
stant condensation temperature, COP increases and when the
condensation temperature increases at constant evaporation tempera-
ture, COP decreases.

Mofrad et al. [13] carried out 4E analyses and multi objective
analysis on CRS system with the waste heat recovery system. The high
magnitude of heat rejection from the gas cooler is utilized to operate a
Rankine cycle for power generation. Further, a genetic algorithm is used
to optimise the exergy efficiency, total product cost, COP and product
environmental impact. Mahdi et al. [14] presented an energy-exergy-
economic-environmental model for a CRS operating with six pairs of
refrigerants. The careful selection of refrigerant pairs was done with
minimum GWP to minimize the environmental impact of leaking. With
the suitable refrigerant pair, CRS could operate at maximum exergy
efficiency and COP of 35.3 % and 2.09, respectively. Yilmaz et al. [15]
carried out a thermodynamic investigation for energy and exergy effi-
ciency of a cascade cooling system (CCS) using CO2 and HFE7000 re-
frigerants. The results were comprehensively at par with the system
using refrigerant R134a and it was concluded that HFE7000 can be a
good alternative for CCS. In another study by Yilmaz et al. [16] per-
formed a thermodynamic analysis of cascade systems for cooling and
heating applications with multiple environment-friendly refrigerants.
Among many of the combinations, refrigerant HFE7000 was effective for
heating and cooling applications because of the GWP, ODP values and
efficiencies. Faruque et al. [17] recommended heptane and toluene as
suitable refrigerants for triple cascade vapour refrigeration systems for
ultra-low temperature applications. Evaporation temperature, LTC
condensation temperature and HTC condensation temperature were
considered as the design and operating parameters. For the evaporator

temperature of —100 °C, the highest COP and exergy efficiency were
calculated to be 0.5931 and 54.446 %, respectively. Singh et al. [18]
used natural refrigerants in a cascade refrigeration system incorporated
with a flash tank and a flash intercooler with an indirect subcooler. An
analysis is carried out to compare the performance of the refrigerants on
the basis of exergy efficiency, exergy destruction and system cost rate.
From the thermodynamic and economic perspectives, the refrigerant
pair R717-R290 showed better results compared to other pairs with the
maximum COP and exergy efficiency of 1.9 and 39.1 %. Gill et al. [19]
performed an exergy analysis of a vapour compression refrigeration
system with the objective of replacing the conventional refrigerant
R134a with R450A. The experiments showed that the total irrevers-
ibility and exergy efficiency of the system are lower and higher by
15.2-27.3 % and 10.1-130.9 % when operated with R450A as compared
to R134a, respectively.

Most of the engineering problems come with multiple constraints
and challenges that should be addressed simultaneously. Often the
objective functions of the system are conflicting in nature. For such
scenarios multi-objective optimization can be employed to optimize the
system behaviour for a given number of variables and the effect of in-
dividual variables can be studied simultaneously. Roy et al. [20] used a
genetic algorithm to maximize the exergy efficiency and minimize the
total plant cost rate of CRS working with four different refrigerant pairs.
Improved results were obtained with the refrigerant pair R41-R161 and
R170-R161. Sun et al. [21] performed a detailed analysis of a cascade
refrigeration system with two-stage compression for applications in in-
dustries. The objective was to replace the three-stage cascade refriger-
ation system with a two-stage compression refrigeration system using
the refrigerant pair R1150/R717. Gill et al. [22] used an artificial neural
network approach to perform an exergy analysis of a vapour compres-
sion refrigeration system with the refrigerant blend of R134a/LPG. The
neural network models were developed to predict the total irrevers-
ibility and the results were compared with the experimental results.

Even though a sufficient amount of experimental work and simula-
tion study has been carried out to improve the performance of CRS, there
exists a substantial research gap looking after the strict environmental
policies. The selection of a pair of working fluids is an area yet to be
explored and the wise selection of the fluids can lead to substantial
reduction in greenhouse gas emissions. The extensive research has been
carried out with different fluids and the hydrocarbon-based refrigerants
with low GWP are still gaining attention. It is of interest to test the
system performance using such refrigerants causing minimum impact to
the environment.

The major contributions of the current study are: 1) to investigate the
effect of refrigerant pair R170-R600a and R41-R600a on the system
performance of CRS 2) an in-depth analysis of the CRS from four
different perspectives like energy, exergy, economic and environmental
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3) to obtain multiple solutions and optimal points satisfying the
boundary conditions of individual design variables 4) to understand the
effect of design variables on the performance of CRS and 5) to under-
stand the population distribution of design variables to obtain the
optimal solutions. The novelty of the work lies in optimizing the system
performance using the refrigerant pair which is less harmful to the
environment without compromising on the cooling capacity. The anal-
ysis is multi-dimensional and covers all the aspects thermodynamically,
economically and environmentally.

The current work is organized in the following manner. The detailed
description and mathematical modelling are presented in Section 2.
Section 3 describes the multi-objective optimization method used in the
present work. Section 4 discusses the results of the optimization and the
effect of design variables on the overall performance. Section 5 high-
lights the major findings and conclusions of the proposed work.

2. System description and thermo-economic analysis

In the current section, the working of a conventional cascade
refrigeration system is explained in brief. Further, the thermo-economic
analysis carried out to understand the effect of design variables on the
system performance is discussed. The equations used for the energy and
exergy analysis are presented. The schematic diagram of a CRS system is
represented using Fig. 1.

The cascade refrigeration system comprises two individual vapour
compression refrigeration cycles connected in series. The series
connection is ensured by employing a cascade heat exchanger. The
system can be subsequently divided into the low-temperature circuit
(LTC) and the high-temperature circuit (HTC). The cascade heat
exchanger mounted in the system behaves as a condenser in the LTC and
an evaporator in the HTC. Thermodynamically, the heat is transferred
from the LTC refrigerant to the HTC refrigerant in a cascade condenser.
In the current study, refrigerants R41 and R170 are used in the LTC,
whereas refrigerant R600a is used in the HTC. The thermophysical
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Fig. 1. Schematic diagram of a cascade refrigeration system.
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properties of the refrigerants used in the cascade refrigeration system
are tabulated in Table 1.

In the LTC, the refrigerant in the evaporator absorbs the heat energy
Qeva, from the surroundings providing the required cooling effect at the
temperature T,,,. Upon absorbing the heat energy, the refrigerant gets
evaporated and the vapour refrigerant is supplied to the compressor
wherein the pressure of the refrigerant is increased from P; to Py. The
compression process is considered to be irreversible and to compress the
vapor refrigerant, Wy r¢ amount of work is consumed by the compressor.
From the exit of the compressor, the vapour refrigerant goes to the
cascade heat exchanger wherein, the heat transfer, Q.4 takes place be-
tween the LTC refrigerant and HTC refrigerant. For the LTC, the cascade
heat exchanger acts as a condenser and for the HTC, it acts as an
evaporator. The LTC refrigerant loses the heat energy to the HTC
refrigerant at temperature T,q; and condenses to liquid form. Simulta-
neously, the HTC refrigerant absorbs the energy in the cascade heat
exchanger and gets converted to vapour. The condensed LTC refrigerant
is supplied to the expansion valve to undergo the throttling process
resulting in the sudden drop in the pressure and temperature of the LTC
refrigerant. The low-temperature liquid refrigerant is then supplied to
the evaporator to absorb the heat energy in the LTC and the cycle
repeats.

The vaporized HTC refrigerant from the cascade heat exchanger is
supplied to the HTC compressor and Wyrc amount of work is consumed
to increase the pressure from Ps to Pg. The high-pressure and high-
temperature superheated refrigerant enters the condenser wherein it
rejects heat energy Qcong to the heat sink at the temperature T,opg and
gets condensed to the liquid state. The high-pressure, high-temperature
liquid HTC refrigerant passes through the expansion valve and the
pressure of the refrigerant drops to the evaporator pressure in HTC. The
processes carried out in the cascade refrigeration system are presented
using a P-h diagram as shown in Fig. 2.

During the energy and exergy analysis, the following assumptions
are taken into consideration.

e The system components of the cascade refrigeration system run at a
steady state condition.

e During the calculations, the change in the value of kinetic and po-
tential energies of the refrigerant is considered to be negligible.

e During the flow of the refrigerant, the pressure drop within the
pipelines is neglected.

e The system components do not exchange heat with the surroundings.

2.1. Energy analysis

To understand the system’s performance, thermodynamic analysis of
individual components of the system is carried out. Energy balance
equations are applied at the steady state conditions as mentioned in
Table 2.

The compressor is employed in the high-temperature circuit and low-
temperature circuit and hence the total compressor power is calculated
as,

Table 1
Thermo-physical properties of refrigerants used in the CRS.
Refrigerants
R41 R170 R404a R600a
Molecular mass, g/mol 34 30 97.6 58.1
Critical temperature, K 317.1 305.3 345.1 407
Boiling point, K 194.7 184.4 226.4 261.3
ASHRAE safety code A2 A3 Al A3
ODP 0 0 0 0
GWP 107 20 3800 3
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Fig. 2. P-h diagram of the cascade refrigeration system.

Table 2
Energy and exergy analysis of individual components of cascade refrigeration
system [25].

Component Energy analysis Exergy analysis
Evaporator Qeva = myrc(hi —hy) ED,yq = Ex4 —Ex; +
TO
1-—
Qeva ( Tevu)
Condenser Qcona = Murc(he —h7) EDcong = Exe —Ex; +
To
1-—
(1 72)

Cascade Qcas = Myrc(hy —h3) = ED.os = Exy + Exg —Ex3 —Exs

condenser gre(hs —hs)
LTC Compressor w myrc(hy — hy) EDcomprrc = Ex1 —Exz + Wyre

LTC =~ ——————
NsXNmXMetec
HTC Compressor W murc(he — hs) EDcomp arc = Exs —Exe +
HIC = —
N XN Xl etec Whre

LTC Throttle hs = hy EDeyy ¢ = Exs —Exy

valve
HTC Throttle h; =hg EDexpurc = Ex7 —Exg

valve

Weomp = Ware + Wire 1)

The heat transfer area of heat exchangers i.e., evaporator, condenser

and cascade condenser is calculated as,

Q
A= gxLMD @
where Q is the magnitude of heat transfer in the heat exchanger, U is the
overall heat transfer coefficient; and LMTD is the logarithmic mean
temperature difference between two fluid streams.

For a cascade refrigeration system, the coefficient of performance
(COP) is an appropriate measure to determine the system’s performance.
COP of the system is defined as the ratio of the amount of heat transfer in
the evaporator to the total work input in the compressor.

Qeva

COP =
Wtotal

3

2.2. Exergy analysis

The maximum deliverable work output, when the system undergoes
a transition from the initial specified state to the dead state is referred to
as the exergy of the system [23]. The dead state is referred to as a state
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when the system is in thermodynamic equilibrium with the environ-
ment. Exergy of the system at a specific state point can be calculated
using Eq. (4) [24],

B = mf(h— h) - To(s - 5)] @

where, m’ represents the mass flow rate of the working fluid, h and s
represent specific enthalpy and specific entropy at a state point; and hy,
s, and T, represent specific enthalpy, specific entropy and temperature
of the dead state.

Total exergy destruction of the system is the summation of individual
component’s exergy destruction which is calculated as,

EDmml = EDeva + EDcund + EDca_s + EDcomp.LTC + EDcomp,HTC

(5)
+ EDexp, 17¢ + EDexp, e
The exergetic efficiency of the system is calculated as,
Hoe = Wtotal — EDmml (6)

Wmml

The equations used for the exergy destruction of an individual
component are mentioned in
Table 2.

2.3. Economic analysis

The cascade refrigeration system comprises different components
and it is important to know the cost of the individual component to
determine the total cost of the system. To calculate the total cost of the
system, the capital cost of components with maintenance cost, opera-
tional cost and the penalty cost pertaining to CO, emissions is consid-
ered [26]. Eq. (7) is used to calculate the total cost of the plant.

Ctatal = Z Cc + C.‘o + C.‘pen (7)

The capital cost (C.) of the system components is calculated using the
cost functions as mentioned in Table 3. The capital cost and the main-
tenance cost of the individual component are calculated using Eq. (8),

Cc: CCX(/’XCRF (8)

where CRF is the capital recovery factor representing the return on the
initial invested capital for the lifespan of an investment made. The work
of Prajapati et al. [27] is referred to calculate CRF as presented in the Eq.
(9,

i(1+19)"

CRF = — ' —
(1+i)" -1

©))

The major components of the cascade refrigeration system are
considered for the calculation of total capital and maintenance costs as
presented in Eq. (10),

Z Cc = CEVQ + Ccand + Ccm + CcompALTC + C.'comp.HTC + C.'eJ(p.LTC + Cexp.HTC
10$)

The operational cost of the system is calculated considering the
electricity consumed by the compressor as mentioned in Eq. (11),

Table 3
Cost of the individual system component [28,29].

Component Capital cost of individual component
Evaporator Ceva = 1397 x ALY
Condenser Ceond = 1397 x AQS

Cascade condenser Ceas = 383.5 x A2

Ceomprrc = 10167.5 x Woite
Ccomp‘HTC =9624.2 x ng"g
Cexprrc = 114.5 x myre

Cexpurc = 114.5 x myrc

LTC Compressor
HTC Compressor
LTC Throttle valve
HTC Throttle valve
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Co = Nx W, X Copec 11)

where W, is the total work consumed by the compressor, N refers to the
annual operating hours of the cascade refrigeration system and Cp is
the cost of electricity.

2.4. Environmental analysis

The working fluids used in the CRS are responsible for greenhouse
gas (GHG) emissions and the penalty cost pertaining to their emission is
calculated using Eq. (12) as recommended by Wang et al. [30],

Cpen = Mco,, X Cco, 12)
The amount of GHG emissions is calculated using Eq. (13),

Mco,, = Heo, XE a3
3. Multi-objective optimization

Most engineering problems are governed by a set of parameters and
each parameter affects the system performance in different ways and at
times is conflicting in nature [31]. Multi-objective optimization helps in
understanding the effect of multiple variables on the objective functions
simultaneously and at the same time it provides multiple optimal solu-
tions within the given constraints. Numerous types of metaheuristic-
based optimization algorithms are available with diversified explora-
tion and exploitation approaches [32].

Considering the fundamentals of heat transfer and thermodynamics,
Patel et al. [33] developed the heat transfer search (HTS) optimization
algorithm. In the present work, the HTS optimization algorithm is used
to carry out thermo-economic optimization of cascade refrigeration
systems using different pairs of refrigerants in LTC and HTC. The
employment of multi-objective optimization enables a user to obtain
multiple optimal solutions and helps in selecting optimum operating
parameters to yield optimum system performance.

The HTS algorithm is based on the laws of thermodynamics and heat
transfer wherein a system always aims to attain a thermal equilibrium
with the surroundings. The thermal equilibrium can be attained through
heat transfer through the modes of conduction, convection and radiation
and subsequently an analogy formulated with respect to the engineering
problem helps in obtaining optimal solutions. In the following section,
the individual phase of the optimization algorithm is explained in brief.

3.1. Conduction phase

Thermal conduction is defined as the heat transfer between two
bodies when they are in contact with each other and the energy flow will
always take from molecules possessing high-energy to low-energy in the
vicinity. The system aims to attain thermal equilibrium with the sur-
roundings using the conduction heat transfer. The conduction phase
mimics the fundamental Fourier law of heat conduction. The objective
function values are represented by the energy levels of the molecules.
After every iteration of the conduction phase, the new solution is
updated with the help of Egs. (14) and (15).

’ Sz.x + ( - P?mldAk,x) ) iff(sy) >f(sz) .
Syx = ;1 & < &max/CDF a4
" { Syx+ ( - PfandSyVX)viff(Sy) <f(S:) ¥ = fnux/
r_ Sz,x + - nrsz.x 7lff S >f(SZ) .7
Syx = {Syvx + E - "rsy-xg ) iffES;vfg <f(S:) 8 > &nx/ CDF (15)

where x represents the arbitrarily selected design variable 1,2,3...m, y
= 1,2,3..n, y # z and z is the arbitrarily selected solution from the
population. The probability of executing the conduction phase lies in the
range of 0 to 0.333 and it is represented by P,,q. The number of mol-
ecules and their temperature levels is denoted by n and m, respectively. g
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represents the number of generations. The optimal solution is explored
and exploited with the help of the conduction factor which is denoted as
CDF.

3.2. Convection phase

The heat transfer resulting from the flow of a fluid (liquid or gas)
over a body is regarded as heat convection. On the basis of Newton’s law
of cooling, the system manages to attain thermal equilibrium through
heat convection. As per the law, the heat transfer rate is dependent on
the temperature difference between the system and the surroundings.
For the thermal equilibrium, the best solution is regarded as the sur-
roundings; hence, the system tries to attain the temperature. During the
convection phase, the solutions are modified after every iteration using
the Egs. (16) and (17).

Sy‘x, = Sy,x +Pconv<Tsurr — TCFx Tmean) (16)
abs(P, conv — Tr 7i S max COF
TCF = ( )2 e & / a7
round(1 +n;) + (= Peon,Syx)  ifg > gmax/COF

where the temperature of the surroundings is represented by T, and
Tmean represents the mean system temperature. The probability of
executing the convection phase lies within the range of 0.666 to 1 and it
is denoted by P,,. Similar to the conduction factor, the convection
factor helps in the exploration and exploitation of the optimal solution
that is represented by COF and the temperature change factor is repre-
sented by TCF.

3.3. Radiation phase

The execution of the radiation phase is based on the interaction of
the system (at a higher temperature) and the surroundings (usually at a
lower temperature) through the medium of electromagnetic waves. The
radiation phase mimics Stephen Boltzman’s law as the system makes an
attempt to maintain the thermal balance with the surroundings. During
the each iteration of the radiation phase, the new solutions are modified
using Egs. (18) and (19)

o Sy + Prag(Sex — Syx), U (Sy) > f(Sz) .
Sy = {sy,x  Praa(Syx — Se) T (S)) < fi5,) 1 ¥E < na/RDF - (18)

r__ Sy.x + n, Sz.x - Sy,x 7'ff Sy >f(Sz) .7
S = { S e Ty ) IS > gfROP a9

The probability of the execution of the radiation phase lies in the range
of 0.333 to 0.666 and it is represented by P;44. RDF represents the ra-
diation factor for the exploration and exploitation of the optimal solu-
tion from the workspace.

3.4. Objective function formulation

The focus of the study is to perform a thermo-economic optimization
of a cascade refrigeration system. Two different pair of refrigerants are
considered for the study and it is of interest to maximize the COP of the
system and at the same time minimize the total cost of the system. The
coefficient of performance (COP) and the total cost of the cascade
refrigeration system are calculated using Egs. (3) and (7), respectively.
Table 4 summarizes the input design parameters for the investigation.
The effects of the evaporation temperature (T,,), the condensation
temperature (Tonq), LTC condenser temperature (T;r¢) and cascade
condenser temperature difference (dT) on the objective functions are
studied and presented. The decision variables and their range during
optimization is tabulated in Table 5.

In the mathematical form, the multi-objective optimization problem
is formulated as,
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Table 4
Input parameters for the multi-objective optimization.

Input Parameter Value, Unit

Ambient temperature 25°C

Cooling load 50 kW

Compressor isentropic efficiency 80 %

Compressor mechanical efficiency 100 %

Compressor electrical efficiency 100 %

Superheating in LTC 5K

Superheating in HTC 5K

Overall heat transfer coefficient in evaporator 0.03 kW/m?K

Overall heat transfer coefficient in condenser 0.04 kW/m?K

Overall heat transfer coefficient in cascade 1 kW/m?K
condenser

Inlet temperature of air to the evaporator 263K

Maintenance factor 1.06

Interest rate 14 %

Plant life 15 years

Operational hour 4266 h

0.09 USD/kWh
0.968 kg/kWh

0.09 USD/kg of CO»
emission

Electrical unit cost
Emission factor
Cost of CO,

Table 5
Bounds of design variables for optimization.

Design Variable Lower Bound Upper Bound

Evaporation temperature, K 223 252
Condensation temperature, K 236 218
LTC condenser temperature, K 267 279
Cascade condenser temperature difference, K 2 8

Z; = maximize COP (X), whereX = [X1, X2, X3,X4],Ximin < Xi < Ximax;1

=1,2,3,4
(20)
Z, = minimize Ctotal(Y)1 where Y = [Y17 Y2 Y3 Y4]7YLmin <V
SVimasi=1,2,3,4 @21

Where Z; and Z, are the identified objective functions to optimize for the
CRS.

3.5. Multi-criteria decision making

In the present investigation, multiple optimal solutions are obtained
with the help of the HTS optimization algorithm and the Pareto curve
representing the solutions is obtained. It is also observed that the
objective functions are conflicting in nature and any attempt to increase
the impact of one objective function, the other objective function gets
affected in a negative manner. For example, in an attempt to increase the
exergy efficiency of the CRS, the total cost of the system increases and
vice versa. In such a situation, multi-criteria decision-making (MCDM)
techniques enable a user to select the best suitable point among multiple
solutions [34,35,36]. The Technique for Order Preference by Similarity
to Ideal Solution (TOPSIS) is one such conventional MCDM technique to
identify the best solution among numerous optimal solutions available
[37]. The technique helps in making analytical decisions based on the
available dataset [38,39].

The process of making a decision using TOPSIS involves analysis of
pre-collected numerical data, assigning respective weights and
employing reliable metrics to the data [40]. An evaluation matrix
comprising x number of possible alternatives and y number of criteria is
developed. The normalization process of the evaluation matrix is per-
formed and weights are assigned. The weighted matrix is formed by
multiplying the mass factor with the normalized matrix. Subsequently,
the positive and negative solutions are identified with respect to the
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ideal solution and the relative closeness of each solution is identified.
The relative closeness of each solution is ranked and the highest values
give the ideal solution for the given scenario [41]. The detailed process
flowchart of the TOPSIS methodology is presented using the flowchart in
Fig. 3.

4. Results and discussion

The multi-objective optimization results for the CRS is presented and
discussed in this section. The Pareto front comprising of optimal solu-
tions is presented for both the pairs of refrigerant i.e. R41-R600a and
R170-R600a. TOPSIS criteria is employed to select the best suitable
solution and correspondingly design parameters are identified to yield
optimum system performance. The effect of design variables on the COP
and the total cost of the system is investigated and presented in the
current section.

4.1. Pareto front

The HTS optimization algorithm is employed to optimize the
objective functions within the given range of design variables and
multiple optimal points are presented using the Pareto optimal curve.
The Pareto optimal curve for refrigerant pairs R41-R600a and R170-
R600a is presented in Fig. 4. It is observed from the results that, with
any effort made to increase the exergy efficiency of the CRS, the total
cost of the system increases. Similarly, with any effort made to reduce
the cost of the CRS, the exergy efficiency decreases.

On the Pareto optimal curve, five points (A) to (E) are identified and
their effect on the objective functions is discussed. The sensitivity
analysis with respect to the individual optimal point is carried out and
the variation in COP and the total cost is studied. The optimal point (A)
and (E) corresponds to the condition of minimum total cost and
maximum COP of the CRS, respectively. The Pareto optimal curve for
refrigerant pair R41-R600a shows improved performance as compared
to R170-R600a. At any optimal point on the Pareto front, for the same
total cost of the system, exergy efficiency is always higher for the system
operated with the refrigerant pair R41-R600a than R170-R600a.

The values of design variables pertaining to key optimal points from
the Pareto curve (A) — (E) and the TOPSIS point are tabulated in Table 6.
For the refrigerant pair R41-R600a and R170-R600a the maximum
exergy efficiency of the system is 64.4 % and 63.3 %. Whereas, the total
cost of the system when the system operates at maximum exergy effi-
ciency is 80,110 $/year and 79,912 $/year, respectively. It is also
observed from the results that the effect of evaporation and condensa-
tion temperature and LTC condenser temperature is profound on the
exergy efficiency and total cost of the system. However, the effect of
cascade temperature difference is not significant in obtaining optimum
results. Among the multiple optimal solutions, the most suitable oper-
ating condition is identified using the TOPSIS selection criteria and the
optimum exergy efficiency and the total cost of the CRS is 63.5 % and
65,228 $/year for the refrigerant pair R41-R600a.

4.2. Result validation

The multi-objective optimization results of the current study are
compared with the results of the existing literature [20] to validate the
thermodynamic and economic model. The optimization problem is
considered as a benchmark to compare the results where the objective is
to maximize the exergy efficiency and minimize the total cost of CRS.
The constraints and the input boundary conditions are similar to the
reference study with the only change in the working fluid. The refrig-
erant pair R170-R404a and R41-R404a is used in the reference study
[20] whereas, the refrigerant pair R170-R600a and R41-R600a is used in
the current investigation. The refrigerant R404a is replaced by safe and
less hazardous environment-friendly refrigerant R600a to reduce the
environmental impact and CO, penalty.



P. Prajapati et al.

Thermal Science and Engineering Progress 54 (2024) 102793

Creating an evaluation matrix with
x alternatives and y criteria

\
v

Normalizing the evaluation matrix

Ni]'=

aij

v

‘ Development of the weighted matrix (Vj) ]

\
v

‘ Determination of positive and negative ideal solutions (S*) and (S°) ’

A

Determining relative closeness

i—=

S+

St+8—

|
v

Decision Ranking

Fig. 3. Flow chart of TOPSIS methodology.

800004 o R41-R600a E e g 2
o R170 - R600a o 8
g o
< 75000 - 3 §
g ; 9
. % S
& 0g D
% 70000 - S "
8 &
- o
] pes Top§|so@
g C& ¥
= 65000 o
CA
ijgodjé e
. ®aPO M)
60000 @0 0 PO =
T T T T !
60 61 62 63 64 65

Exergy Efficiency (%)

Fig. 4. Pareto optimal curve from multi-objective optimization of the CRS.

The comparative result is presented using the Pareto optimal curve
for all the refrigerant pairs and is presented in Fig. 5. The optimization
results obtained are in good agreement with the results from the refer-
ence study and hold a solid motivation to carry out a detailed thermo-
economic analysis of the CRS. The GWP of refrigerant R404a is 3800
whereas for the refrigerant R600a, GWP is 3. The less hazardous
refrigerant R600a is a suitable replacement of R404a in the HTC of the
CRS showing better thermal and economic performance. The CRS sys-
tem operating with the refrigerant pair R41-R600 yields the highest

exergy efficiency at any given total cost and vice versa. The optimum
value of the decision variables for the refrigerant pairs used from the
reference and the current study is tabulated in Table 7. The highest
exergy efficiency of the CRS is obtained as 63.5 % with the refrigerant
pair R41-R600a.

4.3. Effect of design variables

In the current section, the effect of individual design variables on the
total cost and the exergy efficiency of the CRS is investigated and pre-
sented for both the pair of refrigerants. Fig. 6 represents the variation in
exergy efficiency and total cost of CRS with respect to the evaporation
temperature which is varied from 223 K to 252 K. It is observed that,
with the increase in the evaporation temperature, the exergy efficiency
increases. The maximum exergy efficiency of 63.8 % and 62.8 % is ob-
tained at evaporation temperature 252 K for the refrigerant pair R41-
R600a and R170-R600a, respectively.

With the increase in the evaporation temperature, the total plant cost
decreases because the compressor load reduces and hence the
compressor input power. Correspondingly, lower input power leads to a
reduction in operating costs and CO2 penalty costs. Beyond a certain
evaporation temperature (—31 °C or 242 K), the capital costs increase
owing to the increased heat transfer surface area of the evaporator. An
increase in heat exchanger size resembles an increase in capital cost and
operational cost. The minimum total cost of the system is obtained as
62,764 $/year and 64,043 $/year at the evaporation temperature
—31.3°C for the refrigerant pair R41-R600a and R170-R600a, respec-
tively. At the condition when the system operates at minimum cost, the
exergy efficiency of the CRS is 62.6 % and 61.7 % for the refrigerant pair
R41-R600a and R170-R600a, respectively. Hence, any attempt made to
reduce the cost of the system, the exergy efficiency of the system is



P. Prajapati et al.

Thermal Science and Engineering Progress 54 (2024) 102793

Table 6

Value of design variables for optimal points (A) — (E) during multi-objective optimization.
Variables/Objective Functions R41-R600a R170-R600a

A B C D E TOPSIS A B C D E TOPSIS

Evaporation temperature, K 241 243.6 246.4 251.2 252 248.4 241.4 243.7 246.6 250.3 252 249.6
Condenser temperature, K 321.7 319.4 314.5 312.5 310 314.3 321.8 317 313.3 311.6 310 313.4
LTC condenser temperature, K 267.3 272.4 273.5 273.8 273.5 273.5 267 267.7 268.4 269.3 269.7 269.5
Cascade condenser temperature difference, K = 2 2 2 2 2 2 2 2 2 2 2 2
Exergy efficiency, % 61.2 62.2 63.3 64 64.4 63.5 60.4 61.5 62.4 63 63.3 62.6
Total cost of the system, $/year 59,462 60,111 63,621 71,511 80,110 65,228 59,984 61,160 65,142 71,543 79,912 67,690

The values in the bold represent the maximum and minimum value of both the objective functions at point A & E. Similarly, the ideal operating condition as selected by

TOPSIS criterion is highlighted in bold.
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Fig. 5. Validation of the multi-objective optimization results.
Table 7

Optimum value of the objective functions obtained by TOPSIS criteria for the
existing and the current study.

R170-404a R41-R404a R170-R600a R41-
R600a
Evaporator 235.1 235.4 249.6 248.4
Temperature, K
Condenser 319.5 320.2 313.4 314.3
Temperature, K
LTC condenser 273 280.8 269.5 273.5
Temperature, K
Cascade condenser 2.1 2.1 2 2
temperature
difference, K
Exergy Efficiency, % 54.9 56.2 62.6 63.5
Total Cost, $/year 64,808 63,346 67,690 65,228

compromised and vice-versa.

The effect of the condenser temperature on the total cost and exergy
efficiency of the CRS is presented in Fig. 7. The effect of the condenser
temperature is considered for the range 310 K to 328 K. The increase in
the condenser temperature from, 310 K to 328 K results in the reduction
of exergy efficiency from 63.9 % to 61.1 % for the refrigerant pair R41-
R600a and 63 % to 59.8 % for R170-R600a. The increase in the
condenser temperature results in the increase in pressure ratio in the
HTC and eventually increases the total power consumed by the
compressor.

With the increase in the condenser temperature, the total cost of the
system decreases gradually, reaches to the minimum total cost and after
a certain condenser temperature (223.2 K), the total cost of CRS starts to
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Fig. 6. Effect of the evaporation temperature on the exergy efficiency and total
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Fig. 7. Effect of the condenser temperature on the exergy efficiency and total
cost of CRS.

increase. The reduction in cost corresponds to reduced condenser size
due to increased heat transfer coefficient in the condenser, eventually
reducing the capital, maintenance and operating costs. The minimum
cost of the CRS is obtained as 62,182 $/year and 63,945 $/year at
condenser temperature 223.2 K for the refrigerant pair R41-R600a and
R170-R600a, respectively.

The variation in exergy efficiency and total cost of the system with
respect to the change in LTC condenser temperature is presented in
Fig. 8. The LTC condenser temperature is varied from 267 K to 279 K and
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it is observed that an increase in the condenser temperature increases
the exergy efficiency, however, beyond a certain condenser tempera-
ture, the efficiency decreases and drops to the minimum exergy effi-
ciency at 279 K. The maximum exergy efficiency of 63.5 % and 62.6 % is
obtained for the refrigerant paint R41-R600a and R170-R600a, at the
LTC condenser temperature 273.8 K and 270.4 K, respectively. The in-
crease in the LTC condenser temperature results in an increased pressure
ratio in the LTC and a decrease in the HTC. As a result, the input
compressor work increases in the LTC and reduces in the HTC. The
decrease in the compressor work accounts for the increase in the exergy
efficiency of the system up to the optimum condition.

The increase in LTC condenser temperature results in increasing the
total cost of the system which is evident from the results. There is a
substantial difference in the total cost of the system for the refrigerant
pair R41-R600a as compared to R170-R600a. The minimum total cost of
the system is 64,719 $/year and 67,399 $/year for the refrigerant pair
R41-R600a and R170-R600a respectively at LTC condenser temperature
267 K.

Fig. 9 represents the variation in the exergy efficiency and total cost
of the CRS with respect to the cascade condenser temperature difference.
The range of cascade condenser temperature difference is varied from 2
K to 8 K and its effect on the objective function is studied. The results
depict the linear relationship between the variables and with increase in
the temperature difference will result in increase in the total cost of the
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Fig. 9. Effect of the cascade condenser temperature difference on the exergy

efficiency and total cost of CRS.

system and decrease in the exergy efficiency. The optimum performance
of the system is obtained at condenser temperature difference of 2 K
when the exergy efficiency is maximum at 63.5 % and 62.6 % and the
total cost is minimum at 65,228 $/year and 67,690 $/year for the
refrigerant pair R41-R600a and R170-R600a, respectively.

4.4. Economic analysis

The economic analysis is carried out to understand the distribution of
total cost of the system among various components. The total cost of the
plant includes, the capital cost, operation and maintenance cost and
penalty cost with reference to the CO, emissions. The distribution of the
cost of the components responsible for the total cost of the system at
TOPSIS point is presented in Fig. 10 for the refrigerant pair R170-R600a
and R41-R600a. The total cost of the system using the refrigerant pair
R170-R600a and R41-R600a at TOPSIS point is 67,690 $/year and
65,228 $/year, respectively. The major fraction of the cost is due to the
capital cost of condenser and evaporator in both the cases which is 29.9
% and 31.7 % for the refrigerant pair R170-R00a and 29.4 % and 29.9 %
for R41-R600a, respectively. The CO; penalty cost corresponds to 11.6
% and 12.3 % of the total cost with the respective refrigerant pairs. The
cost of cascade condenser and the expansion valves in HTC and LTC is
almost negligible with respect to the total cost of CRS.

The cost of the compressor in HTC and LTC corresponds to 8.5 % and
6 % of the total cost of the system. Continuous operation and mainte-
nance of the system is ensured and the corresponding cost is calculated
for the system. For the refrigerant pair R170-R600a, the operating cost is
11.6 % of the total cost whereas it is 12.7 % for the CRS operating with
R41-R600a. The distribution of the cost for the components of CRS at
each optimal points on the Pareto optimal curve (A) — (E) is presented
in the Fig. 11 for the refrigerant pairs R170-R600a and R41-R600a.

4.5. Population distribution of design variables

Fig. 12(a)-(d) represents the distribution of the design variables
during the multi-objective optimization. The maximum and minimum
limit of an individual design variable is tabulated in Table 5. From the
scattered distribution of variables, it is observed that the effect of the
evaporation temperature, condensation temperature and the LTC
condenser temperature is profound in obtaining the optimal solution.
The population distribution is evenly scattered across the design vari-
able range. The exergy efficiency and the total cost of the system are
sensitive to these design variables. However, the effect of the cascade
condenser temperature difference on the system performance is not
significant as it converges to a single value. Any change in the
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temperature difference will result in reducing the system’s performance.
5. Conclusions

The current study deals with energy-exergy-economic-
environmental (4E) analysis and multi-objective optimization of a
cascade refrigeration system with the objective to maximize the exergy
efficiency and minimize the total cost of the system. Two sets of
refrigerant pairs are used for the study R41-R600a and R170-R600a

10

considering the environment-friendly nature. R600a is used as a work-
ing fluid in HTC because of its very low GWP. Heat transfer search
optimization algorithm is used to optimize the objective functions and
obtain a set of multiple optimal solutions. TOPSIS decision-making
technique is used to select the ideal solution.

At any optimal point on the Pareto front, for the same total cost of the
system, exergy efficiency is always higher for the system operated with
the refrigerant pair R41-R600a than R170-R600a. Among the several
multiple optimal solutions, the most suitable operating condition is
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temperature difference.

identified using the TOPSIS selection criteria and the optimum exergy
efficiency and the total cost of the CRS is 63.5 % and 65,228 $/year for
the refrigerant pair R41-R600a. With the increase in evaporator tem-
perature, the exergy efficiency of the CRS increases whereas, it decreases
with the increase in the condenser temperature. The major fraction of
the total cost of CRS is due to the capital cost of the condenser and
evaporator which is 29.4 % and 29.9 % for R41-R600a; whereas, the CO4
penalty cost corresponds to 12.3 %. It is also observed that the effect of
evaporation and condensation temperature and LTC condenser tem-
perature is profound on the exergy efficiency and total cost of the sys-
tem. The effect of cascade condenser temperature difference is observed

11

to be linear and optimum results obtained at the difference of 2 °C. The
scattered distribution of variables shows the profound effect of the
evaporation temperature, condensation temperature and the LTC
condenser temperature to obtain optimal solutions.
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