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In this work, the refrigerant R1233zd(E) (A1 ASHRAE safety code) is investigated for the possible substitution of
refrigerant R161 (A2 ASHRAE safety code) in a cascade refrigeration system. The high-temperature circuit
refrigerant R1233zd(E) is evaluated with the low-temperature circuit refrigerants R41 and R170 for thermo-
economic consideration. A comparative analysis of the refrigerant combination R41-R1233zd(E) and R170-
R1233zd(E) presents exergy efficiency and total plant cost as evaluation criteria. Pareto solutions are obtained
for the thermo-economic objectives for each pair of refrigerants. A decision-making method is adopted to identify
the best result from the Pareto solutions obtained. The effects of operating variables such as evaporator tem-
perature, condenser temperature, LTC condensing temperature, and temperature difference of cascade condenser
are evaluated. The sensitivity of the operating variables on thermo-economic objectives is also evaluated. The
comparative results reveal that for the same total cost rate of the system (68,615 $/year), the exergy efficiencies
of the CRS are 63.08% (R170-R161), 64.04% (R41-R161), 64.93% (R170-R1233zd(E)), and 65.81% (R41-
R1233zd(E)). Also, the R1233zd(E) based CRS operates with a lower total cost rate than the R161-based system.

the cooling space through its evaporator and gives it to the HTC
refrigerant through the cascade condenser, and the HTC refrigerant

1. Introduction

Low-temperature requirements are essential in various industries
such as chemical, food, petroleum, medical sectors, etc. [1-3]. Vapor
compression refrigeration (VCR) is generally used in various industrial
applications which require low temperatures. However, with a reduc-
tion in the low temperature required, a single-stage VCR system is not an
economical option due to the high compression work. Compressor
maintenance costs also increase due to increased wear and tear. In such
applications, a multi-stage VCR system or cascade refrigeration system
(CRS) is a good option for obtaining the desired cooling effect with
considerable economy [4,5].

A cascade refrigeration system is a multi-stage refrigeration system
where two or more individual VCR systems are coupled at the
condenser-evaporator stage. In a two-stage cascade, the condenser of a
low-temperature circuit (LTC) is coupled with the evaporator of a high-
temperature circuit (HTC). The refrigerant of the LTC takes heat from
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transfers that heat to the atmosphere through the HTC condenser [6,7].
Refrigerants belonging to Chlorofluorocarbon (CFC), Hydro-
fluorocarbon (HFC), and Hydrocarbon (HC) categories are used in the
LTC and HTC of CRS. HFCs and CFCs are known to be greenhouse gasses
with considerable global warming potential (GWP), while HCs are
flammable and toxic [8,9]. The refrigerants belonging to HFO (Hydro-
fluoro-olefin) and HCFO (Hydrochlorofluoro-olefin) categories have
relatively lower GWP than CFC and HFC refrigerants. Hence, researchers
have investigated the thermo-economic performance of the CRS with
HFO and HCFO refrigerants [10].

Aktemure et al. [11] conducted a comparative analysis based on
CRS’s energy and exergy efficiency with low GWP halogen-based re-
frigerants R1243zf, R423A, R601, R601A, R1233zd (E), and R170 in the
HTC and R41 in the LTC. The authors reported that R170 is the best and
R423 is the worst refrigerant when paired with R41. Sun et al. [12]
performed energy and exergy analysis on groups of refrigerants for CRS
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Nomenclature Greek symbols
o Cost ($)
A Area (m?) 1 Efficiency
C Capital cost ($) n Emission factor
c Cost rate ($.year’1) [0) Maintenance factor
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&y 1 ( ) Subscripts

Ex Exergy (kJ.s™")
h Enthalpy (kJ.kg ) cas cascade condenser
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s entropy (kJ.ke 1K 1) HTC,, High temperature circuit expansion valve
T tem gg;turf.: & - LTC¢omp Low temperature circuit compressor
W Woi input (kW) LTCexp Low temperature circuit expansion valve
P s Isentropic

and concluded that R41-R161 and R170-R161 are the best combinations
with evaporator temperatures less than —60°C and more than —60°C,
respectively. Ustaoglu et al. [13] studied CRS for thermodynamic and
exergy considerations by performing optimization and parametric
analysis. The authors considered R744 as a LTC refrigerant and R134a as
a HTC refrigerant in their analysis and adopted Taguchi and ANOVA
methods for the optimization. Sun et al. [14] studied different pairs of
refrigerants for a three-stage CRS. The authors show the effect of
evaporation temperature on the coefficient of performance (COP),
pressure ratio, compression power, exergy efficiency, and exergy
destruction of each component. Based on the simulation, the author
recommended R14 for the LTC, R41, and R161 for the HTC. Roy et al.
[15] performed an energy and economic optimization of a two-stage
CRS with different pairs of refrigerants. Based on the optimization re-
sults, the authors reported that R41 and R170 refrigerants yield better
thermo-economic performance with R161 HTC refrigerant. Yilmaz et al.
[16] compared the thermodynamic performance of a cascade system for
heating and cooling applications using CO» as the working fluid in LTC
and HFE 7000, R134a, R152a, R32, R1234yf, and R365mfc refrigerants
in HTC.

Singh et al. [17] performed an energy and economic analysis of CRS
with a flash tank in the HTC and an intercooler in the LTC using a pair of
natural refrigerants. The authors reported that R717-R290 is the best
natural refrigerant combination for CRS. Patel et al. [18] compared a
two-stage CRS operated with natural refrigerants based on
thermo-economic criteria. The authors also identified the effect of each
component on the economic performance of the system. Keshtkar [19]
performed exergetic and economic optimization of CRS with R134a and
R744 as HTC and LTC refrigerants. The authors studied the effect of
evaporator temperature, condenser temperature, and degree of super-
heating on the CRS performance. Ust and Karakurt [20] presented an
analysis and optimization of CRS by taking COP and exergetic perfor-
mance coefficient (EPC) into consideration. The authors reported that
R23-R717 provides a better performance than R23-290, R23-404A, and
R23-507A. Mosaffa et al. [21] performed the exergetic and economic
optimization of a two-stage CRS equipped with a flash tank and flash
intercooler. The authors considered natural refrigerants in their study.
Qin et al. [22] presented a comparative analysis of a three-stage CRS for
ultra-low temperature in the range of —100 °C. The authors reported
that the R1234yf-R23-R14 refrigerant combination provides maximum
COP and exergetic efficiency. In the study by Yilmaz et al. [23],
HFE7000 was investigated thermodynamically in the cascade cooling
system. The effect of different parameters on the system’s COP, energy
efficiency and exergy efficiency was studied.

It can be observed from the literature survey that researchers have
explored various refrigerants belonging to the HFC, HC, CFC, HCFO, and

HFO categories for the HTC of the cascade refrigeration system. How-
ever, most refrigerants explored belong to A2 and A3 ASHRAE safety
codes [24]. Further, only a few systematic comparisons of refrigerants
are observed in the literature. Considering this fact, in the present work,
an effort has been made to investigate a refrigerant belonging to the Al
ASHRAE safety code for the HTC of a cascade refrigeration system. The
purpose of this paper is to present a comparative analysis of the Al
ASHRAE safety code HTC refrigerant R1233zd(E) with R41 and R170
LTC refrigerants. A detailed comparative analysis of the considered Al
code HTC refrigerant is presented in this paper, which can be taken as a
basis for the possible substitution of the currently used A2 or A3 code
HTC refrigerants.

The main contributions of the work are: a) to investigate the Al
ASHRAE code HTC refrigerant R1233zd(E) with R41 and R170 LTC
refrigerants based on thermo-economic considerations; b) a detailed
analysis of R41-R1233zd(E) and R170-R1233zd(E) based CRS and their
comparison with R41-R161 and R170-R161 based CRS; c) to identify the
effect of operating variables on the component cost, total cost, and
exergy efficiency of the R41-R1233zd(E) and R170-R1233zd(E) based
CRS; d) to analyze the behavior of each operating variable for the
sensitivity of thermo-economic objectives of CRS. A thermal model of
CRS is developed for the thermo-economic analysis and optimization.
The CRS’s total plant cost rate and exergy efficiency are analyzed by
adapting a multi-objective heat transfer search algorithm.

The above contributions are demonstrated by considering a case
study of a two-stage CRS. The organization of the rest of the paper in-
cludes a system description and formulation of energy, exergy, and
economic modeling (Section 2); the framework of system optimization
with operating variables and objective function (Section 3); a brief
description of the heat transfer search algorithm and its multi-objective
variant (Section 4); a case study, result-discussion and comparative
analysis (Section 5); and finally conclusions of the work described in
Section 6.

2. System description and energy, exergy & economic modeling
of CRS

This section briefly describes a two-stage CRS and its energy, exergy,
and economic modeling. Fig. 1 shows a schematic arrangement of a two-
stage CRS system along with its thermodynamic presentation in the form
of a pressure-enthalpy chart. As mentioned previously, two single-stage
VCR systems (i.e. LTC and HTC) are coupled together with the help of a
cascade condenser. The LTC evaporator absorbs heat from the cooling
space and rejects heat to the HTC via a cascade condenser, and the HTC
rejects heat to the atmosphere at its condenser. In the present investi-
gation, R41 and R170 refrigerants are considered for the LTC while
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Fig. 1. Cascade refrigeration system (a) schematic diagram (b) P-h diagram.

R1233zd(E) is used as the refrigerant for the HTC. The different state
points (i.e. points 1, 2,....,8) on the schematic and thermodynamic chart
indicate the conditions of refrigerants at the inlet/outlet of different
components of the LTC and HTC.

2.1. Energy and exergy modeling

The following assumptions are considered while developing energy
and exergy modeling of the CRS.

@ Negligible change in the potential and kinetic energies of the re-
frigerants and hence energy and exergy can be calculated from
enthalpy and entropy.

@ Superheat cycles with no subcooling in LTC and HTC.

@ All components of LTC and HTC run under steady-state conditions.

The mass flow rate of refrigerant in the LTC of the CRS is calculated

by [21,25]

@

where Qg is the cooling load of the system, h; and hy4 are the enthalpies
of the refrigerant at state points 1 and 4 of the LTC.

Likewise, the mass flow rate of the refrigerant in the HTC is calcu-
lated by

Ocas

— (2)

Myrc =

where Q. is the rate of heat transfer in the cascade condenser and it can
be calculated as

Ocas = My (hy — h3) = mgre(hs — hg) 3)

The condenser heat transfer in the HTC is calculated as:
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Qcona = itpre(hs — h7) (C)]
The work required to run LTC and HTC compressors is obtained by
mprc(hy, — h
Wire = murc(hs — hi) %)
”S”mrlelec
murc(he — h
Were = mure(hs — hs) 6)
NsMMletec

where 1 is the isentropic efficiency, 0, is the mechanical efficiency, and
Nelec is the electrical efficiency of the compressor
Total compressor power required to run the CRS can be calculated by

Wiotat = Wire + Ware 7)
So, the COP of the CRS can be calculated as
Q(.’Vﬂ

total

COP = ®
The exergy of the refrigerants in HTC and LTC for every state (i.e. 1,
2, ....,8) can be calculated by

Ex; = m[(hj— ho) — To(s; — 50)] )

where subscript j represents the state of refrigerant corresponding to
Fig. 1. hy & sy represent enthalpy and entropy of the refrigerant at at-
mospheric conditions, and Ty is the atmospheric temperature.

To obtain the total exergy destruction of the system (EDjyqp), the
value of exergy destruction (ED) for each component can be calculated
as below:

ED.,, = Ex; — Ex| + Quq * (1 - (%)) (10)
EDirc,,,, = Exi — Exy + Wire an
ED, . = Ex; + Exg — Ex; — Ex;s 12)
EDygc,, = Ex; — Ex, 13
EDyre.,,,, = Exs — Exs + Warc 14)
EDyrc,,, = Ex; — Exg 1s)
ED i = Bra ~ B~ Quna+ (1= (7)) a6)

ED iyt = EDeva + EDp1c

womp T EDeas + EDprc,
+ ED ong

ep

+ EDpyre,

comp

+ EDpyrc,

exp

a7)

where the subscripts to ED indicate the exergy destruction of corre-
sponding components.
Finally, the exergy efficiency of the CRS can be calculated as

_ vaml B EDrotal

18
Wmml ( )

Nex

2.2. Economic modeling

The total cost rate of the CRS consists of the capital and maintenance
cost rate (Cy), the operating cost rate (Cop), and the environmental cost

rate (Ceny) associated with the different components of the system. The
total plant cost rate of the CRS is given as,

Cioal = ch + Cop (19)
X

The capital and maintenance cost rate of the CRS is calculated as
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below [21,26],

Cy = Cc* ¢ CRF (20)

where C, is the capital cost of each component, ¢ is the maintenance
factor and CREF is the capital recovery factor.

The capital cost of each component (i.e. HTC & LTC compressor and
expansion valve, evaporator, cascade condenser, and condenser) are
listed below [21,26]

CHIC.y = 9624.2 % Wypo on
CLrcc.p, = 10,167.2 % Wie 22
Curc,,, = 114.5 % myrc 3
Crrc,, = 1145 % riyre 04
Cova = 1397 x A2 25
Ceona = 1397 * A?ffd 26)
Ceas = 383.5 % A" .

cas

CRF depends on the plant life (n) and interest rate (i) and is calcu-
lated as below,

i(i+1)"

CRF = ———"—
(149" =1

(28)
The operational cost of the system depends on the power consump-
tion required to run compressors and it is given by

COP =N* Wi * Qetec (29)

where N and o, are the annual operational hours and electrical power
cost respectively.

The environmental cost rate contains penalty costs due to CO;
emissions from the electricity generation plant which is required to run
compressors, and it can be estimated as [27]

Cenv = Mco,e * CCOZ (30)

where Cco, is the cost of COy avoided, mco,. is the annual CO4 emission
from the plant which can be calculated as

Mco,e = Hco,e * Eannual (31)

where y¢g,, and Egnuar are the emission factor and annual electricity
consumption, respectively.

The energy, exergy, and economic modeling described above
formulate the thermo-economic objective function described in the next
section.

3. Objective function formulation, operating variables, and
framework of system optimization

The present work investigates a comparative analysis of R41-
R1233zd(E) and R170-R1233zd(E) based CRS through thermo-
economic optimization. Maximizing exergy efficiency and minimizing
the total cost rate of the system is considered the thermo-economic
objective in the present investigation. A multi-objective variant of the
heat transfer search (HTS) algorithm is adopted to perform thermo-
economic optimization. The objective function of the thermo-
economic optimization problem can be described as follows,

Maximize/Minimize f(X) = fi(X),/(X) (32)

X =[x, X2y .nnne J Xz (33)
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where f7(X) and f>(X) are exergy efficiency (Eq. (18)) and total cost rate
(Eq. (19)) of the CRS respectively. X denotes the set of operating vari-
ables that decide both objectives’ value.

In the present work, four operating variables of the CRS such as
evaporator temperature (T,,), condenser temperature (Tcong), LTC
condensing temperature (Tyccond), and cascade condenser temperature
difference (dT) are considered for the optimization during the thermo-
economic investigation. The upper and lower bounds of the consid-
ered operating variables are given in Table 1.

The CRS’s energy, exergy, and economic modeling is carried out in
MATLAB R2021(a). The open-source software COOLPROP is used to
obtain the thermo-physical properties of R41-R1233zd(E) and R170-
R1233zd(E). COOLPROP is integrated with MATLAB during the pre-
sent investigation. Further, the optimization algorithm used in the pre-
sent work is also coded in MATLAB. The overview of the complete
thermo-economic optimization is presented in Fig. 2.

The optimization algorithm used for the thermo-economic investi-
gation is described in the next section.

4. Heat transfer search (HTS) algorithm and its multi-objective
variant

Heat transfer search (HTS) is a population-based metaheuristic al-
gorithm inspired by the natural laws of thermodynamics and heat
transfer [28]. The HTS algorithm mimics any system’s thermal equi-
librium behavior while interacting with its surroundings to achieve a
stable state. A system attains thermal equilibrium when its temperature
level is the same as the surroundings. Any system transfers heat from
conduction, convection, and radiation with the surroundings. Likewise,
the search mechanism of the HTS algorithm is composed of three phases.
Looking at the analogy between the thermal equilibrium behavior of the
system and the HTS algorithm, the system is composed of molecules that
resemble the population of the HTS algorithm, the temperature level of
the molecules resembles the value of design variables, and the energy
level of the system resembles the fitness value of the objective function
[29,30].

As mentioned earlier, the search mechanism of the HTS algorithm is
executed in three phases: conduction, convection, and radiation. Each
phase is executed with equal probability during optimization. The
probability band of the conduction phase is 0.—0.3333, that of the
convection phase is 0.3333-0.6666, and that of the radiation phase is
0.6666-1. Any of the above-mentioned phases are executed during
every generation to update the solution. Further, the greedy selection
process is also incorporated into the HTS algorithm so that better solu-
tions can proceed for the next generation.

The HTS algorithm is initiated with the random generation of pop-
ulations (say j = 1, 2, 3,...,n). The design variables (say i = 1, 2, 3,...,m)
assign an initial evaluation of the objective function to the generated
population. Then, the solutions are updated through a predefined
number of generations (say "Ng’) either by the conduction phase, con-
vection phase, or radiation phase. The search mechanism of the con-
duction, convection, and radiation phases simulates "Fourier’s law of
heat conduction", "Newton’s law of cooling”, and “the Stefan Boltzmann
law”, respectively, demonstrated mathematically as below.

Table 1
Operating variables and bounds.

Operating variables Bounds

Evaporator temperature, Te,q (°C)
Condenser temperature, Teong (°C)

LTC condenser temperature, Ticond (°C)
CCTD, (°C)

=50 < Teya < —21
37 < Teond < 55
—6 < Tie — cona <6
2<dTr<8
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4.1. Conduction phase

. {yk,i + (= Rywa), if f(5) > o) fN, < Ngvmm/ch (34)

Vi = yii + (= Ry), if £ () <fOw)
et (=rived), iFF () > fO0) ., /
i = { Vi + ( - "Jj.i)» i]cf()’j) <f) Hif N > Newas [ CaF (35)

where, y’j; is the updated solution; C4F is the convection factor; the
probability of the conduction phase is decided randomly between 0 and
0.3333 and represented by R; the uniformly distributed random number
between 0 and 1 is represented by ry Ngmax represents the maximum
number of generation respectively.

4.2. Convection phase

i = i+ ROy = TF % Yy (36)
_ abS(R - ri): ing S Ng.max/CoF
ek = { round(1 + r;) + ( - Rzyj‘,»)7 if Ny > Ng_,,m/COF 37

where C,F is the convection factor; the probability of the convection
phase is between 0.6666-1 and represented by R; r; is the uniformly
distributed number between 0 and 1. y; represent the surrounding
temperature (best solution) while y,;s is the mean temperature (average
solution) of the system; T.F represents the temperature change factor.

4.3. Radiation phase

/ {y_/.i +R(yei — i), i f () > f) Lf N, < N, nuu/RdF (38)

Vi = Yii + R(yj.i - Yk.i)7 lff(yj') <f)
it Vi(yk,i _yj.i)7 iff()’j) > fn) / 39
Vi { Yii T i (yj,i *Yk.i), l'ff(y/') <fn) I Ne > Nogos [ RaF 39

where R4F is the radiation factor; the probability of radiation phase is
between 0.3333 - 0.6666 and represented by R.

A non-dominated sorting heat transfer search (NSHTS) algorithm is a
multi-objective variant of the HTS algorithm capable of handling mul-
tiple objectives simultaneously. The proposed NSHTS algorithm used a
non-dominated sorting approach to sort the populations into the
different non-dominated levels. Further, the NSHTS algorithm used a
crowding distance approach to create and maintain the diversity in the
solutions obtained. The updated solutions are stored in the external
archives and presented as Pareto points and Pareto front. More details
related to the multi-objective variant can be obtained from references
[31-33].

5. Case study, result discussion, and comparative analysis

In this work, a two-stage CRS (as shown in Fig. 1) is analyzed with
R1233zd(E) HTC refrigerant for the possible substitution of R161 HTC
refrigerant. R1233zd(E) is investigated with R41 and R170 LTC re-
frigerants. The thermophysical properties of each of these refrigerants
are provided in Table 2. A two-stage CRS having 50 kW capacity is
investigated for its thermo-economic performance. The required cooling
temperature for the system considered is 252 K — 223 K, depending upon
the application. Both LTC and HTC systems are considered as super-
heated cycles. The operating specification of the considered system for
evaluating its thermal performance is defined in Table 3. Likewise, the
parameters required to evaluate the capital and maintenance cost,
operating cost, and environmental cost are also provided in Table 3. The
HTS algorithm is implemented to obtain the optimization results. The
control parameters of the HTS algorithm are given in Table 4. The results
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Fig. 2. Framework of optimization.

Table 2
Thermo-physical properties of refrigerants [36].
Refrigerant Thoiling Teritical Pritical ODP GWP ASHRAE
(°C) (°C) (bar) safety code
R41 —78.31 44.13 58.97 0 107 A2
R170 —88.58 32.3 48.72 0 20 A3
R1233zd 18.26 166.5 36.24 0 7 Al
(E)
R161 -37.5 102 51 0 12 A3

are obtained for both R41-R1233zd(E) and R170-R1233zd(E) based
systems and compared with the R41-R161 and R170-R161for the
possible substitution of R161. Further, the detailed comparison between
R41-R1233zd(E) and R170-R1233zd(E) system is also provided for the
possible selection of the refrigerant combination.

The comparative results of both R41-R1233zd(E) and R170-R1233zd
(E) based CRS are presented in Fig. 3 in the form of Pareto solutions. It

can be observed from the results that the maximum exergy efficiency of
R41-R1233zd(E) and R170-R1233zd(E) based CRS are 65.8% and
64.93% with a total plant cost rate of 75,573 $.year ! and 75,121 $.
year™!, respectively. Likewise, the minimum cost rates of the two sys-
tems are 57,064 $ year’1 (R41-R1233zd(E)) and 57,582 $.year’1 (R170-
R1233zd(E)) with corresponding exergy efficiencies of 63.31% and
62.53%, respectively. For better insight, the optimization results of the
five sample design points and the value of the operating parameters are
provided in Table 5. The results show a 3.93% variation in exergy effi-
ciency with a 32.43% variation in total cost rate between both extreme
solutions of R41-R1233zd(E) CRS. Likewise, for R170-R1233zd(E) CRS,
the corresponding variation is 3.83% (exergy efficiency) and 30.45%
(total cost rate) respectively. Further, for the same total cost rate of the
system (75,121 $.year’1), the R41-R1233zd(E) based CRS gives a higher
exergy efficiency (65.75%) as compared to the R170-R1233zd(E) based
system (64.93%). In the same way, for the same exergy efficiency, the
total plant cost of the R41-R1233zd(E) based CRS is less when compared
with the R170-R1233zd(E) based system.
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Table 3

Operating specification and economic parameters of CRS [15].
Parameter Value
Cooling load, Qeyq 50 kW
Isentropic efficiency of LTC & HTC compressor, 1 80%
Dead state temperature, T, 25°C
Superheating in LTC & HTC 5°C

0.03 kw.m 2K !
0.04 kw.m 2K !

Overall heat transfer coefficient of evaporator, Ueyq
Overall heat transfer coefficient of condenser, Ucong

Cascade condenser overall heat transfer coefficient, Uy 1 kW.m 2K !

Temperature difference of air in evaporator and 10 €
condenser

Temperature of the inlet air to the evaporator -10 °C

Maintenance factor, ¢ 1.06

Interest rate, i 14%

Plant life time, n 15 years

Annual operational hours, N 4266 h

Electrical power cost, Oejec 0.09 $.kWh'!

Emission factor, yco,, 0.968 kg.kwh!

0.09 $.kg” of CO,
emission

Cost of CO, avoided, Cco,

Table 4
Control parameters of the HTS algorithm.

Population size: 50
Function evaluation: 10,000
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Fig. 3. Pareto optimal solution of R41-R1233zd(E) and R170-R1233zd(E)
based CRS.

Fig. 4 shows the comparative results of R41-R161 and R170-R161
based CRS with R41-R1233zd(E) and R170-R1233zd(E) based sys-
tems. The R41-R161 and R170-R161 based CRS were investigated by

Table 5
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Roy and Mandal [8] and the results are reproduced in the present work
for the comparative analysis. It can be observed from the results that the
maximum exergy efficiencies of the R41-R161 and R170-R161based
CRS are 64.04% and 63.08%, respectively, which are less when
compared with R41-R1233zd(E) and R170-R1233zd(E) based systems.
Further, for the same total cost rate of the CRS (68,612 $.year’1), the
exergy efficiencies of the systems are 63.08% (R170-R161), 64.02%
(R41-R161), 64.86% (R170-R1233zd(E)), and 65.55% (R41-R1233zd
(E)). For any value of exergy efficiency more than 63.5%, R41-R1233zd
(E) and R170-R1233zd(E) based CRS operated with less total cost rate
when compared with R41-R161 & R170-R161 based systems. Hence, the
comparative results support the possible substitution of HTC refrigerant
R161 with R1233zd(E) in CRS.

The Pareto curve offers multiple optimal solutions satisfying the
objective functions [34]. The decision-making method TOPSIS [35] is
adopted to select the best results from the Pareto solution of Fig. 3. The
detailed methodology of TOPSIS is provided by [36]. The result selected
by TOPSIS is shown in Fig. 3 and listed in Table 6. The result selected by
TOPSIS is further used for the detailed performance comparison be-
tween R41-R1233zd(E) and R170-R1233zd(E) based CRS.

Fig. 5 shows the operating variables’ effect on CRS’s exergy effi-
ciency. It can be observed from the results that the exergy efficiency of
both CRS increases with the rise in evaporator temperature. Likewise,
the exergy efficiency of both CRS is reduced with increases in condenser
temperature, LTC condensing temperature, and cascade condenser
temperature difference (CCTD). However, the effect of CCTD is profound
on the exergy efficiency followed by the condenser and LTC condensing
temperatures. This behavior of exergy efficiency is due to the change in
compressor work with the change in operating variables. Further, it can
be observed from Fig. 5(a) — (d) that for any value of operating tem-
perature, R41-R1233zd(E) gives higher exergy efficiency as compared to
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Fig. 4. Comparative results of HTC refrigerant R1233zd(E) and R161 (with R41
and R170 LTC refrigerant) based CRS.

Optimized operating variables with thermo-economic objectives of sample design point (A-E) of CRS for both refrigerant pair.

R41-R1233zd(E)

R170-R1233zd(E)

A B C D E A B C D E
Evaporator temperature, ('C) 252.15 249.63 246.98 242.63 240.76 252.15 250.4 247.14 245.17 241.17
Condenser temperature ('C) 310.15 312.26 315.23 318.08 321.95 310.15 311.74 312.97 317.68 322.11
LTC condensing temperature ('C) 271.06 270.41 270.04 269.38 267.15 267.61 267.24 267.19 267.15 267.15
CCTD (C) 2 2 2 2 2 2 2 2 2 2
Exergy efficiency (%) 65.8 65.37 64.819 64.04 63.31 64.93 64.62 64.15 63.46 62.53
Total plant cost ($.year™) 75,573 65,990 60,606 57,832 57,064 75,121 67,851 62,694 58,781 57,582
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Table 6

Optimum result selected by TOPSIS method for CRS with both the refrigerant

pairs.

R41-R1233zd(E)

R170-R1233zd(E)

Evaporator temperature ('C)
Condenser temperature (°C)

LTC condensing temperature ('C)
CCTD (C)

Exergy efficiency (%)

Total plant cost ($.year”)

248.64
314.33
270.98
2
65.09
62,681

249.35
313.24
267.19
2
64.36
64,297

R170- R1233zd(E).

Fig. 6 presents the effect of operating variables on the cost rates of
each component of R41-R1233zd(E) and R170-R1233zd(E) based CRS.
A noticeable rise in the evaporator cost rate is observed with the rise in
evaporator temperature (Fig. 6(a) and (b)). Further, the cost rates of LTC
& HTC compressor and condenser are reduced while the cascade con-
denser’s cost rate remains almost the same with the evaporator tem-
perature rise. With the rise in evaporator temperature, heat transfer
between the cooling space and the evaporator is reduced (due to a
reduction in LMTD between the evaporator and cooling space). Hence, a
larger size evaporator is required to achieve the desired cooling load (50
kW in the present case), which in turn increases the cost of the evapo-
rator. Likewise, with the rise in evaporator temperature, compressor
work is reduced (due to a reduction in pressure ratio), which reduces the
cost of the compressor and condenser.

The cost rate of a condenser is reduced while the HTC compressor
increases with the rise in condenser temperature (Fig. 6(c) and (d)). Ata
higher condenser temperature, the size of the condenser is reduced due
to a higher LMTD (hence less heat transfer area is required) which in
turn reduces the cost of a condenser. However, a rise in pressure ratio

66
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(pe/p5) at a higher condenser temperature increases the cost rate of the
HTC compressor. The cost rates of the evaporator, LTC compressor, and
cascade condenser are less or more invariable with respect to condenser
temperature.

Fig. 6(e) and (f) show the effect of LTC condensing temperature on
the cost rate of different components. With the rise in LTC condensing
temperature, the cost rate of the LTC compressor increases (due to in-
creases in the pressure ratio p,/p;) while that of the HTC compressor is
reduced (due to reduction in the pressure ratio ps/ps). Further, the
condenser cost rate increases while the marginal reduction in evaporator
cost is observed with the rise in LTC condensing temperature. Fig. 6(g)
and (h) show the effect of CCTD. A marginal rise in the cost rate of the
cascade condenser is observed with the increases in CCTD. Further, the
cost rate of the HTC compressor also increases (due to a rise in the
pressure ratio pe/ps) at higher CCTD. The cost rates of evaporator,
condenser, and LTC compressor are almost invariable with respect to
CCTD.

Fig. 7(a) — (d) shows the effect of operating variables on the total
plant cost rate of the R41-R1233zd(E) and R170-R1233zd(E) based CRS.
It can be observed from Fig. 7(a) that the total cost rate of the CRS is
reduced with an increase in evaporator temperature and reaches a
minimum value (due to the dominance of reduction in LTC and HTC
compressor work and condenser size over a rise in evaporator size).
Then afterwards, a rapid rise in total cost rate is observed with increases
in evaporator temperature (due to the dominance of rise in evaporator
cost compared to reduction in the cost of other components). Similarly,
it can be seen from Fig. 7(b) that the total cost rate is reduced with in-
creases in condenser temperature up to a certain level (due to domi-
nance in reduction of condenser cost over other components) followed
by the marginal increment afterwards. The change in the total cost rate
of both the CRS is almost identical with respect to variation in
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evaporator temperature. However, the variation in the total cost rate of
R41-R1233zd(E) based CRS is higher compared to the R170-R1233zd(E)
based system concerning condenser temperature. The total cost rate of
both the CRS increases with a rise in LTC condensing temperature (Fig. 7
(c)) and CCTD (Fig. 7(d)). However, the total cost rate difference be-
tween the CRS is higher for LTC condenser temperature than CCTD.
The effect of operating variables on the Pareto optimal solutions of
R41-R1233zd(E) and R170-R1233zd(E) based CRS is also investigated
to identify the sensitivity of operating variables on thermo-economic
objectives. For the said investigation, sample design points A — E of
Fig. 3 (for both the refrigerant combinations) are considered. Fig. 8(a)—
(h) shows the effect of operating variables on the thermo-economic
objectives of both the CRS. The increases in exergy efficiency with the
corresponding reductions in total cost rates are observed for both the
CRS with a rise in evaporator temperature (Fig. 8(a) and (b)). After
reaching a minimum cost, further rises in evaporator temperature (Teyq)
result in simultaneous increases in both objectives. The effect of Ty, is
more profound on the total cost rate as compared to exergy efficiency.
Likewise, the simultaneous reduction in both exergy efficiency and total
cost rate is observed with increases in condenser temperature (T,onq) for
both refrigerant combinations (Fig. 8(c) and (d)). However, a marginal
rise in the total cost rate is observed towards the latter part of the
condenser temperature. The effect of T,onq is almost equal on the
thermo-economic objective of both the CRS. Fig. 8(e) and (f) show the
effect of LTC condensing temperature (Ti conq) On the optimized value of
objectives for both refrigerant combinations. It can be observed from the
figure that the effect of Ty conq is more significant on the total cost rate as
compared to exergy efficiency. The effect of CCTD on optimized results
for both the CRS is shown in Fig. 8(g) and (h). A linear reduction in
exergy efficiency with a corresponding rise in total cost rate is observed

10

with the rise in CCTD (dT) for both refrigerant combinations. The effect
of dT is observed more on exergy efficiency than the total cost for both
CRS.

Finally, the distribution of operating variables corresponding to the
Pareto solution of Fig. 3 for both the CRS is presented in Fig. 9(a)-(d). It
can be observed from the figure that the distribution of Ty cong (Fig. 9
(c)) is almost invariable for the R170-R1233zd(E) based CRS while
marginal variation in distribution is observed for R41-R1233zd(E).
Likewise, the distribution of dT (Fig. 9(d)) is also invariable for CRS
with both refrigerant combinations. The scattered distribution of Tp,,
(Fig. 9(a)) and Tong (Fig. 9(b)) is observed for both refrigerant combi-
nations over the entire operating range.

6. Conclusion

In the present work, an attempt is made to investigate the possible
substitution of refrigerant R161 (A2 ASHRAE code) by R1233zd(E) (Al
ASHRAE code) for the high-temperature circuit of a CRS. Two-stage
R41-R1233zd(E) and R170-R1233zd(E) based CRS are investigated
from the thermo-economic viewpoint and compared with R41-R161 and
R170-R161 based CRS. The system’s efficiency and total cost rate
(composed of capital and maintenance, operating, and environment
cost) are considered as evaluation criteria to assess the thermo-economic
performance of the CRS. The results show that for the same cost rate of
the system (68,615 $/year’1), R41-R1233zd(E) based CRS gives 2.39%
higher exergy efficiency compared to R41-R161 based CRS. Also, R41-
R1233zd(E) and R170-R1233zd(E) based CRS operated with less total
cost rate as compared to R41-R161 and R170-R161 based systems.

Further, the TOPSIS decision-making method is adopted to select the
best result from the Pareto solutions of both refrigerant combinations.
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The effects of operating variables on the thermo-economic objective of
R41-R1233zd(E) and R170-R1233zd(E) based CRS are evaluated. The
results indicate that all four operating variables create a conflict be-
tween thermo-economic objectives. The operating variables’ sensitivity
to the optimized value of objectives is also evaluated. Evaporator tem-
perature and CCTD appear to be more sensitive to thermo-economic
objectives as compared to other operating variables. Finally, based on
the comparative results, R41-R1233zd(E) based CRS seems to be an
excellent alternative to R41-R161 based CRS.
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