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Abstract

A numerical investigation of energetic, exergetic, economic and environmental performances of a 50-kW cooling capacity
cascade refrigeration system using four different refrigerant pairs, namely R41-R404A, R170-R404A, R41-R161 and
R170-R161, has been carried out. Effects of evaporator temperature, condenser temperature, LTC condenser temperature
and cascade condenser temperature difference have been studied parametrically. The COP and exergetic efficiency of the
system are found to be maximum with R41-R161 refrigerant pair followed by R170-R161 for the same operating
conditions. Genetic algorithm technique has been employed to carry out multi-objective optimization for the cascade
refrigeration system using above-mentioned four refrigerant pairs to evaluate the optimal performances (for maximizing
exergetic efficiency and minimizing the total plant cost rate) and the corresponding operating conditions. A set of non-
dominated solutions have been obtained from the optimization, and then, TOPSIS method is employed to get the unique
solutions for all four investigated refrigerant pairs. Better results in terms of optimum exergetic efficiency and the total
plant cost rate are obtained using R41-R161 and R170-R161 refrigerant pairs compared to those obtained using R41-
R404A pair.
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cond Condenser

elec Electrical

eva Evaporator

exp,h HTC expansion valve
exp,l LTC expansion valve
m Mechanical

S Isentropic
Introduction

The increasing energy demand for refrigeration and air
conditioning in developing countries and the environmental
impact of some commonly used refrigerants motivated many
researchers to develop energy-efficient refrigeration systems
using environment-friendly refrigerants. The recent report of
IIR shows that about 17% of the total world energy con-
sumption is being utilized in refrigeration sectors [1]. There
are many applications of refrigeration in ice industries,
chemical industries and frozen food industries, where the
temperature lift can be quite high either due to the require-
ment of very low evaporator temperatures or due to very high
condensing temperatures at hotter climatic regions. Under
such situations, the use of simple single-stage vapour com-
pression refrigeration system is not desirable as it leads to a
decrease in cooling effect, an increase in compressor power
and wear and tear of the compressor. One of the methods to
overcome the high-temperature lift problem is the use of
cascade refrigeration system (CRS) [2]. Also, the report of
the recent Kigali amendment in 2016 [3] initiated the phase
out of refrigerants having high global warming potential
(GWP). This motivated researchers to look for new alter-
native refrigerants as replacement of refrigerants having
relatively high GWP.

Kilicarslan [4] investigated a two-stage vapour com-
pression CRS using different amounts of R134 as the
refrigerant in both the LTC and HTC and achieved higher
COP compared to the single-stage system. Nicola et al. [5]
presented a thermodynamic analysis of CRS operating with
the blends of R744 and various HFC refrigerants in the low-
temperature circuit and R717 in the high-temperature circuit.
They found the blends of HFC with R744 as suitable alter-
native refrigerants for very low temperature applications.
Niu and Zhang [6] reported that the blend of R744 and R290
was capable of replacing R13 in the LTC. Few researchers
[7-10] investigated on CO,—NH;3; CRS to evaluate the opti-
mal operating conditions in order to achieve the maximum
thermodynamic performance of the system. An energy
analysis on a R744-R717 CRS was performed by Messineo
[11] and compared with a HFC refrigerant R404A-based
two-stage refrigeration system. R744-R717 CRS was noted
to perform better than a R404A-based two-stage refrigera-
tion system for low-temperature applications so far as the
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energy, security and environmental aspects were concerned.
Kilicarslan and Hosez [12] observed a decrease in COP and
an increase in irreversibility with the rise in cascade con-
denser temperature difference. Experimental works [13-16]
showed the use of R744-R717 refrigerant pair to be effective
for low-temperature applications. Few more experimental
studies [17-19] are also available on R744-R717 CRS for
supermarket applications. Ouadha et al. [20] conducted a
numerical study and recommended R744—R717 as one of the
best refrigerant pairs to be used in CRS for low-temperature
applications. Cabello et al. [21] experimented on a cascade
refrigeration system using refrigerant R152a and R134a in
the LTC and R744 in the HTC. They reported that the use of
R152ain LTC instead of R134a yielded better performances.
Sun et al. [22] simulated a CRS using R41-R404A and R23-
R404A as refrigerant combinations and found the system to
give better performance using R41-R404A refrigerant pair.
Roy and Mandal [23, 24] proposed R170 and R161 instead of
R41 and R404A, respectively, for CRS considering ther-
modynamic aspects. Rezayan and Behbahaninia [25] studied
the influence of evaporator, condenser, LTC condenser
temperature and the temperature difference in cascade con-
denser on the total plant cost rate of a R744-R717 based
CRS. Mosaffa et al. [26] performed exergoeconomic and
environmental analyses on CRS with two different config-
urations and compared. Aminyavari et al. [27] performed
multi-objective optimization on a R744-R717 CRS. To
combat the ozone depletion in the stratosphere due to the
leakage and dispersion of CFC- and HCFC-based refriger-
ants, R134a was introduced as the short-term substitute of
chlorine-based halogenated refrigerants. Afterwards, it was
observed that R134a has relatively high GWP and
researchers tried to find alternative to this. Abraham and
Mohanraj [28] experimented on an automobile air condi-
tioner using R430A as a substitute of R134a and obtained
better thermodynamic performance also. Gill et al. [29] in
their experimental study on a vapour compression refriger-
ation system noted improvement in the performance using
R134a/LPG blend instead of R134a. They also developed
artificial neural network (ANN) model to predict the second
law efficiency and total irreversibility of the system. In other
experimental works, Gill et al. [30, 31] experimentally
investigated on vapour compression refrigeration system
using R450A and LPG/TiO,-lubricant and suggested
refrigerant R450A as the substitute of R134a. Paradeshi et al.
[32, 33] studied the performance of a direct-expansion solar-
assisted heat pump and concluded that refrigerants R290 and
R433A might be used as possible energy-efficient alterna-
tives to R22. Esfe et al. [34] carried out optimization of
nanofluid flow in double-tube heat exchangers employing
genetic algorithm considering the heat transfer coefficient
and the cost as the two objective functions. Esfe et al. [35-37]
estimated thermal conductivity of Al,Os; nanoparticles in
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water—ethylene glycol solution using experimental data and
established a correlation using feedforward multi-layer per-
ceptron (MLP) artificial neural network (ANN). In another
study, Shahsavar et al. [38] conducted experimental investi-
gation to study the effect of temperature, nanoparticle mass
concentration and surfactant concentration on the thermal
conductivity and the viscosity of liquid paraffin—Al,O3
nanofluid containing oleic acid surfactant. Few more studies
[39—41] had also been carried out employing ANN to predict
the thermal conductivity of MgO—ethylene glycol and Fe;0,4
nanofluids and dynamic viscosity of TiO, nanofluids. Ahmadi
and Toghraie [42, 43] carried out thermodynamic analysis of
Shahid Montazeri power plant and estimated energy and
exergy efficiencies for three different cases. Ahmadi et al.
[44-47] also presented different case studies on different
power plants in Iran considering energetic, exergetic, eco-
nomic and environmental aspects. Under current scenario, all
refrigeration system should also be analysed giving impor-
tance to the economic and environmental issues in addition to
thermodynamic aspects.

Though substantial amount of experimental and
numerical works are available in the literature on CRS,
there is a gap considering today’s requirements. To protect
the environment from further degradation, the refrigerants
used in any system must have zero ODP and very low
GWP. Most of the published research papers have dealt
with CO,—NHj as refrigerant pair having zero ODP and
low GWP. It will be interesting to investigate CRS using
refrigerant pairs of hydrocarbon and HFC having low
GWP. On the other hand, several previous studies on CRS
have mainly focused on the thermodynamic performance
of the system. Very limited amount of works have been
found addressing the economic performance of the system.
It is also observed that the influence of different design
parameters on the thermodynamic as well as economic
performances, i.e. COP, exergetic efficiency and total plant
cost rate of the system, has not been addressed properly.
Works related to the application of multi-criteria decision-
making (MCDM) in CRS are also very limited.

The present work is mainly focused on the impact of
different design parameters on the COP, exergetic effi-
ciency and total cost rate of the system using four refrig-
erant combinations. An attempt has been made to replace
refrigerant combination R41-R404A  proposed by
Sun et al. [22] with some other refrigerant combinations
having lower GWP and better thermo-economic perfor-
mances. Multi-objective optimization considering exer-
getic efficiency and total plant cost as two objective
functions has also been carried out to find out the non-
dominated solutions, and then, a decision-making tech-
nique, TOPSIS, is employed to determine the unique
solution from the optimization results.

System description

The schematic diagram of a typical CRS and the corre-
sponding p-h plot are shown in Fig. 1a, b, respectively. In
CRS, two single-stage vapour compression refrigeration
cycles are connected with each other in series through a
cascade heat exchanger. This cascade heat exchanger
serves as condenser for the low-temperature circuit (LTC)
and as evaporator for the high-temperature circuit (HTC).
In the cascade heat exchanger, the LTC refrigerant rejects
the heat which is absorbed by HTC refrigerant. Refriger-
ants R41 and R170 are selected for the LTC and R404A
and R161 are chosen for HTC separately. The thermo-
physical properties of different refrigerants considered in
this work are listed in Table 1 [48].

In the evaporator, Q.,, amount of heat is absorbed by
the LTC refrigerant at evaporator temperature of 7, and
gets evaporated. The vapour refrigerant then enters the
LTC compressor (state 1), where W tc amount of work is
supplied to raise its temperature and pressure (state 2). It is
then sent to the cascade heat exchanger where LTC
refrigerant rejects Q.,; amount of heat at LTC condenser
temperature, 71 ¢ which is absorbed by the HTC refrigerant
at HTC evaporator temperature, Tyg. This causes conden-
sation (state 3) of the LTC refrigerant and evaporation
(state 5) of the HTC refrigerant. The condensed LTC
refrigerant then enters the LTC throttle device and
expanded to the evaporator pressure (state 4) and enters the
evaporator. The vapourized HTC refrigerant, coming out
from the cascade heat exchanger, enters the HTC com-
pressor. Wytc amount of work is consumed by the HTC
compressor to compress the refrigerant to the condenser
pressure, and this compressed and superheated refrigerant
enters the condenser at state 6. The refrigerant vapour is
first desuperheated and then condensed to saturated liquid
(state 7) at condenser temperature of T.,,q by rejecting
QOcong amount of heat. The condensed HTC refrigerant is
then passed through the HTC throttle device and expands
to the HTC evaporator pressure at state 8. The evaporator
temperature, condenser temperature, LTC condenser tem-
perature and the temperature difference in the cascade heat
exchanger are the four most important parameters which
have great influence on the performance of system.

Mathematical modelling

A mathematical model has been developed based on the
equations available in the literature for the analysis of CRS
from thermodynamic and economic point of view. How-
ever, following assumptions have been made to make the
overall analysis simplified and feasible:
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Table 1 Thermo-physical properties of R170, R41, R161 and R404A [48]

Refrigerant Molecular mass/g mol ™! Critical temperature/°C Boiling point/°C ASHRAE safety code ODP GWP
R170 30.07 322 — 88.9 A3 0 ~ 20
R41 34.03 44.1 — 78.1 A2 0 97
R161 48.06 102.2 — 371 A3 0 12
R404A 97.6 72.1 — 46.6 Al 0 3800
e Pressure drops and heat losses in the components and in COP Ocva 5
the pipe lines are neglected. " Wrotal @)

e Kinetic and potential energies are not considered.

e No subcooling is considered for both the cycles.

e Isentropic efficiencies of the compressors are indepen-
dent of pressure ratio in both the cycles.

e All the components are operating at a steady-state
condition.

Energy and exergy analysis

Based on the above-said assumptions, mass, energy and
exergy balance equations are applied to all the components
to estimate the overall performance of the system. Those
equations for all the components of the system are sum-
marized in Table 2.

Now, the total compressor power requirement can be
calculated as:

Wrotar = Wite + Ware (1)

Overall COP of the system is given by
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Heat transfer area of evaporator, condenser and cascade
condenser can be calculated following Mosaffa et al. [26]
and Navidbakhsh et al. [51] as:

0

~ U x LMTD (3)

Exergy is defined as the maximum obtainable work from
any system. Exergy at any point of the system can be
obtained as:

Ex = n[(h — ho) — To(s — 50)] (4)

Total exergy destruction is the sum of exergy destructions
in various components of the system and can be written as:

EDTotal = EDeva + EDcomp,l + EDexp,l + EDcomp,h

+ EDexp,h + EDcas + EDcond (5)

Exergetic efficiency of the system can be expressed fol-
lowing Dincer et al. [52] as:



Thermo-economic analysis and multi-objective optimization of vapour cascade refrigeration...

3251

Table 2 Mass, energy and exergy balance equations of individual components of CRS [49, 50]

Components

Mass balance

Energy balance

Exergy balance

Evaporator

LTC compressor

Cascade condenser

LTC throttle valve

HTC compressor

HTC throttle valve

mg4 = nmy = mLrc

Qeva = mLTC(hl - h4)

i _ Oeva
LTC —
hy — hy
my = My = mpTe W, _ iz (lp—hy)
LTC = 5, XM
}’i’lz = }’f’l} = mLTC Qcas = mLTC(hZ - h3)
Tty = 1its = fitTCe = nrc (hs — hg)
n3 = My = MLTC hy = hy
T i he—hs)
s = Hg = MyTtc W _ urre (he—hs
H s Xy X Tt
17 = Mg = myrc hy = hs

EDeva = Exs — Ex; + Qeva ¥ (1 - rf?a)

EDcomp,[ = EXI - EXZ + Wrte

EDcas = EXz -+ EXg — EX3 — EX5

EDepr = EX3 — EX4
EDcomp,h = Exs — Ex¢ + Warc

Condenser Mg = N7 = MHTC

Oconda = mimrc (hs — h7)

EDexp,h = EX7 — EXg

EDcona = Exg — Ex7 — Qcona X (1 — )

Teona

Hex = — T (6)

Economic analysis

The first step in the economic analysis is to identify the
different costs involved in the system. Total plant cost rate
involves the costs associated with capital and maintenance

cost rate (> Ck), operational cost rate (Cop) and the pen-
K

alty cost rate due to CO, emission (Cenv). Total cost rate is
the sum of total capital and maintenance cost rate, opera-
tional cost rate and the penalty cost due to CO, emission of
the system. So, total plant cost rate of the CRS can be
written as:

C.‘Total = Z C.‘k + C.‘OP + C.‘env (7)
k

The capital costs of different components in the system
are estimated based on the cost functions as listed in
Table 3. The cost functions for different components of the
system are taken from the work of Mosaffa et al. [26] and
Aminyavari et al. [27].

The rate of capital investment and maintenance cost of
each component of the system can be estimated as:

Cx = Cy X ¢ x CRF (8)

Again, CRF is calculated from the following equation
[52, 53]

i(i+1)"

CRF=-——_/
(1+i)—1

)

Total capital investment and maintenance cost rate of
the whole system can be calculated by adding the capital
investment and maintenance costs of all components, and it
is given by

Table 3 Cost functions of the system components [26, 27]

Component Capital cost function

HTC compressor Ceompn = 9624.2 x WHE
Ceomp = 10,167.5 x ngg

Cexp,h =114.5 x mHTC

LTC compressor
HTC throttle valve
LTC throttle valve

Evaporator

chp,l =114.5 x mLTC
Ceva = 1397 x A%¥

eva

Ceond = 1397 x A28

cond

Ceas = 383.5 x A9

cas

Condenser

Cascade condenser

Z C"k = Ceva + Ccond + Ccas + Ccomp,l + Ccomp,h + C'vexp,h
k

+ C.‘exp,l
(10)

Operational cost of the system includes the cost of
electricity consumption by the compressor and can be
expressed as:

COP =N x WTotal X Oelec

(11)

Environmental analysis

The rate of penalty cost due to GHG emission for the CRS
can be estimated following Wang et al. [54] as:

Cenv = MCO,e X CC02 (12)

Amount of annual GHG emission from the system
(mco,e) can be calculated as [54]:

(13)

Values of some input parameters have been assumed for
the complete analysis of the system, and those are listed in
Table 4.

Mcoe = Heo,e X Eannual
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Validation of the numerical work

A mathematical model has been developed in engineering
equation solver [55] for the simulation of cascade refrig-
eration system using the equations as mentioned in the
earlier section. The validity of the basic mathematical
model used for this simulation work has been established
by comparing the predicted results with the experimental
results of Sawalha et al. [56] for a CO,/NH; cascade sys-
tem refrigeration system. The model has been validated
with the experimental data for evaporator temperature of
— 26 °C, LTC condenser temperature of — 9 °C, HTC
evaporator temperature of — 11 °C and condenser tem-
perature of 32 °C. The different efficiencies of the LTC
and HTC compressors are taken as: #sprc = 21%,
fimrrc = 93%, Netee,Lte = 80%, #surc = 76%, HmprC-
= 93% and Hejec urc = 80%. No subcooling is considered
for any stage, and 7 K of superheating in LTC has been
considered. The work input to the LTC compressor and
COPs in both LTC and HTC from the present study is
compared with the experimental results of Sawalha et al.
[56]. The predicted results match well quantitatively with
the experimental results for all three parameters. The per-
centage deviations between experimental results and
numerical values are also calculated, and those are found to

be 2.1%, 1.7% and 9% for work input to the LTC com-
pressor and COPs in both LTC and HTC, respectively. The
analysis of different important performance parameters has
been carried out by running the code in EES at different
operating conditions for the investigated refrigerant
combinations.

System optimization
Multi-objective optimization

Multi-objective optimization is a method for solving opti-
mization problems having conflicting objectives such as
minimizing cost and maximizing performance simultane-
ously. Generally, multi-objective optimization does not
result in a unique solution which can satisfy all the
objective functions. A multi-objective optimization results
in a set of optimal solutions where all of them can satisfy
all the objectives at reasonable level. Those set of solutions
are named as Pareto optimal solutions. After obtaining
these Pareto solutions, decision maker decides the best
solution among all the solutions using different decision-
making techniques. In this study, a multi-objective opti-
mization has been carried out using multi-objective genetic

Table 4 Basic assumptions for

the simulation Parameters Values
Cooling load, Qeya, 50 kW
Both compressors isentropic efficiency, #g 80%
Both compressors mechanical efficiency, 7y, 100%
Both compressors electrical efficiency, #ejec 100%
Dead state temperature, T 25 °C
Condenser temperature, Tcong 37-55 °C
Evaporator temperature, Tey, —50°Cto — 21 °C
Temperature difference in cascade condenser, AT 2-8 °C
LTC condenser temperature, 71 c —6°Cto6°C
Superheating in LTC 5°C
Superheating in HTC 5°C
Overall heat transfer coefficient of evaporator 003 kWm2K™'
Overall heat transfer coefficient of condenser 0.04 kW m 2 K™!
Overall heat transfer coefficient of cascade condenser 1kWm2K™!
Temperature difference of air in evaporator and condenser 10K
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 hour, N 4266 h
Electrical power cost, 0 0.09 USD/KW h
Emission factor, ficq,. 0.968 kg/kW h

Cost of CO, avoided, Cco,

0.09 USD/kg of CO, emission
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algorithm (MOGA) [57, 58] in MATLAB optimization
toolbox. After this, technique for order of preference by
similarity to ideal solution (TOPSIS) [59, 60] is imple-
mented to find the best solution (among the Pareto optimal
set) that satisfies the requirement of the current problem. A
multi-objective optimization problem can be expressed
mathematically as follows:

Findx = (x;) Vi=1,2,3.. Ny (13)
Minimize or maximize fi(x), Vi=1,2,3,...Nopj (14)
glx) =0, Vi=1,23,...,m (15)
I(x)=0,..Yk=1,2,3,....n (16)

where x, Npap, fi(x), Nobj» gj(x) and hy(x) are the decision
variables vectors, number of decision variables, objectives,
number of objectives, equality and inequality constraints,
respectively. For the present work, two parameters, exer-
getic efficiency and total plant cost rate, are chosen as
objective functions for multi-objective optimization. The
aim of the optimization is to maximize exergetic efficiency
and minimize the total plant cost rate. Model building for
both objective functions has been carried out using Box—
Behnken method in Minitab software [61]. The decision
variable vectors and their ranges are given in Table 5.

TOPSIS decision-making

Technique for order preference by similarity to ideal
solution (TOPSIS) is a very popular and unique method for
multi-criteria decision-making. This method is applied to
get the unique optimal solution. The steps for TOPSIS
decision-making are as follows [60]:

STEP 1 Creation of an evaluation matrix with m
alternatives and n criteria.

ayp - - alj ...... din
ajp - aij ...... Ain
L Amp """ amj ...... Amn |

STEP 2 Normalization of the evaluation matrix using the
following equation:

= ——— (17)

Table 5 Design parameters for optimization and their ranges

Design parameters Range

Evaporator temperature/°C —50<Teva < —21
37 S Tcond S 55
—6<Tic<6

2<AT <8

Condenser temperature/°C
LTC condenser temperature/°C

Cascade condenser temperature difference/K

STEP 3 Determination of the weighted matrix by
multiplying the mass factor with the normalized matrix
as follows:

Vij = w; X aij (18)

STEP 4 Determination of positive and negative ideal
solutions.

A = {Max Vylj € K}, {Min V;|j € K"} (19)

A7 = {Min Vy|j € K}, {Max Vy|j € K'} (20)

where K is the benefit parameters and K’ is the non-
benefit parameters or cost parameters.

STEP 5 Calculation of distances from positive and
negative ideal solutions from the given equations.

5= | ST —a? 1)

1
\i=

n

S =D (Vij—47) (22)

j=1

STEP 6 Determination of relative closeness from the
ideal solution can be expressed as:

C= i (23)
i = o7 =
S5+,

Rank C;j in descending order where highest value gives
the ideal solution.

The results from the multi-objective optimization, i.e.
the Pareto optimal set of solutions, undergo these afore-
mentioned steps, and the ranks are assigned. Finally, a
unique solution among the Pareto solutions is chosen based
on the rank obtained from the TOPSIS method.
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Results and discussion

The CRS has been investigated numerically using four
refrigerant pairs, namely R41-R404A, R170-R404A, R41-
R161 and R170-R161, on energy, exergy and economy
basis. The influence of several parameters such as evapo-
rator temperature, condenser temperature, LTC condenser
temperature and temperature difference in the cascade
condenser on the performance of the system has been
analysed. Finally, multi-objective optimization technique
using genetic algorithm and TOPSIS method are employed
to obtain the optimal point for the system using each
refrigerant pair.

Effect of evaporator temperature on COP
and exergetic efficiency

Figure 2 shows the effect of evaporator temperature on
COP and exergetic efficiency of the system for the inves-
tigated refrigerant pairs keeping condenser temperature,
LTC condenser temperature and the temperature difference
in cascade condenser constant at 40 °C, 6 °C and 5 K,
respectively. It shows that both COP and exergetic effi-
ciency of the system increase with the increase in evapo-
rator temperature for all the refrigerant pairs. As the
evaporator temperature increases, the temperature lift and
hence the pressure ratio in the LTC decreases. As a result,
the compressor power and also the total exergy destruction
decrease. The reductions in both compressor power and
exergy destruction finally lead to the increase in the overall
COP and exergetic efficiency of the system. Both the COP
and the exergetic efficiency achieved with the system using

R41-R161 refrigerant pair are found to be the best due to
better thermodynamics performance of refrigerant R161
[62-65]. Thermodynamic performances obtained with
R170-R404A pair for the entire evaporator temperature
range considered in this work are lower compared to those
using other refrigerant pairs. It can be noted from the fig-
ure that the COP obtained at evaporator temperature of
—21 °C using R41-R404A, R170-R404A, R41-R161 and
R170-R161 as refrigerant pairs is 2.23, 2.17, 2.39 and 2.32,
respectively. The differences in exergetic efficiency of the
system between R170-R161 and R41-R161 have been
calculated within the investigated evaporator temperature
range. The values are found to be 2.7% and 4.4% at
evaporator temperatures of — 21 °C and — 50 °C,
respectively, for the fixed values of other temperatures as
mentioned above.

Effect of evaporator temperature on total plant
cost

The variations of total plant cost rate with evaporator
temperature are presented in Fig. 3 for the four refrigerant
pairs keeping condenser temperature, LTC condenser
temperature and the temperature difference in cascade
condenser constant at 40 °C, 6 °C and 5 K, respectively. It
can be observed from the figure that the total plant cost
initially decreases and after a certain point it starts to
increase with the increase in evaporator temperature. This
is due to the fact that as the evaporator temperature
increases compressor power requirement decreases which
causes a decrement in the operational cost and the CO,

62
b4 | —*—R41-R404A | — cor
. R170-R404A | —— Exergetic efficiency
—— R41-R161 |
24| —— R170-R161 60
1 Teng=40°C, Tc=6°C -
204 AT=5K i 58 R
s,
[&]
g
1.8 S
[ N . S ST
o] i )
O )
1.6 b ®
54 S
x
1.4 i
- 52
1.2
<
1.0 50

T T T T T
—50 -45 —40

T
-35

— T T T T 1
-3 -25 -20

100
—m— R41-R404A
1|—e— R170-R404A
95 -{|—A— R41-R161
1|—v— R170-R161

90

85

80

75

Total plant cost rate x 103/USD year-!

70

4 Te=40°C, Tic=6°C
{AT=5K

-55 -50 -45 -40 -35 -30 -25

T
-20

-15

Evaporator temperature/°C
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penalty cost. But, at the same time, this increases the
capital and maintenance cost due to the increase in evap-
orator heat transfer area. Capital and maintenance cost
increases rapidly beyond a certain evaporator temperature
(around — 30 °C) and results in an increase in the total
plant cost rate. Plant cost is least when the system is
operated with R41-R161 refrigerant pair and plant cost
becomes maximum when the system works using R170-
R404A refrigerant pair. Plant cost rate for the system using
R170-R161 is slightly higher than the system using R41—
R161 refrigerant pair. However, required plant cost rate
using refrigerant pairs R41-R161 and R170-R161 is
slightly lower than that using refrigerant pair R41-R404A.
Difference in total plant cost between the system working
with R41-R161 and R170-R161 pair has been evaluated,
and it is noted to change only by 0.8-2.7% when the
evaporator temperature is decreased from — 21 to
— 50 °C.

Effect of condenser temperature on COP
and exergetic efficiency

The variations of the COP and the exergetic efficiency of
the system with condenser temperature are shown in Fig. 4.
The simulations have been carried out keeping the other
operating parameters, i.e. evaporator temperature, LTC
condenser temperature and cascade condenser temperature
difference fixed at — 35 °C, 6 °C and 5 K, respectively.
Figure shows that both the COP and the exergetic effi-
ciency decrease with the increase in condenser temperature
due to the increase in pressure ratio in HTC and the total
compressor power. The figure also shows that the
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Fig. 4 Effect of condenser temperature on COP and exergetic

efficiency of the system

maximum COP and the exergetic efficiency are obtained
using the refrigerant pair R41-R161 and these are mini-
mum using refrigerant pair R170-R404A. It may be noted
that refrigerant pair R170-R161 is comparable to R41-
R161 combination in terms of COP and exergetic effi-
ciency. However, the performance deteriorates slightly
with R170-R161 pair. It may also be noted that perfor-
mances obtained using refrigerant pairs R41-R161 and
R170-R161 are slightly higher compared to those using
refrigerant pair R41-R404A. Predicted results show
3.9-3.3% higher COP and 3.7-2.8% higher exergetic
efficiency with the system using R41-R161 pair compared
to the system using R170-R161 pair when the condenser
temperature is increased from 37 to 55 °C.

Effect of condenser temperature on total plant
cost

Figure 5 presents the effect of condenser temperature on
total plant cost rate for all four refrigerant pairs. The total
plant cost initially decreases up to a certain condenser
temperature (in the range of 4650 °C) of condenser, but
beyond that the plant cost rate starts to increase. As the
condenser temperature increases, COMPIEssOr pOwer
increases. This leads to an increase in the plant operational
cost as well as CO, penalty cost. But, an increase in con-
denser temperature causes a reduction in overall heat
transfer area for the condenser which results in a decrease
in the condenser cost and hence the total capital and
maintenance cost of the plant. The combined sum of
operational cost and CO, penalty cost becomes higher than
the total capital and maintenance cost of the plant beyond a
certain condenser temperature. This leads to an increase in
the total plant cost of the system. It has been observed that
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Fig. 5 Variation of total plant cost rate on condenser temperature
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the plant cost is minimum when the system is run using
refrigerant pair R41-R161 and maximum cost rate is
involved with R170-R404A refrigerant pair. The plant cost
rates for the other two refrigerant pairs are found to be in
between the above two cases. The estimated annual plant
cost rate of R41-R161 system varies from 83,202 to 62,429
USD within the investigated condenser temperature range
of 37-55 °C. The corresponding values for R170-R161
system are 84,675 and 63,651 USD, respectively.

Effect of LTC condenser temperature on COP
and exergetic efficiency

Figure 6 depicts the variations of COP and exergetic effi-
ciency of the system with LTC condenser temperature for
different refrigerant pairs. Performance assessment has
been carried out keeping evaporator temperature, con-
denser temperature and the temperature difference in the
cascade condenser temperature difference fixed at
— 35 °C, 40 °C and 5 K, respectively. It is evident that the
rise in LTC condenser temperature causes an increase in
pressure ratio in the LTC and a decrease of the same in the
HTC. As a consequence, compressors power requirement
increases in the LTC and decreases in the HTC, respec-
tively. This leads to a decrease in the COP and exergetic
efficiency in LTC. However, both will increase in HTC.
These two opposite trends in the two cycles increase in
overall COP initially and then decrease after a certain LTC
condenser temperature. Similar results were also reported
by Lee et al. [7] and Roy and Mandal [23]. The exergetic
efficiency is also found to follow the similar variation. The
above trend is distinctly visible in the figure for systems
with refrigerant pairs R41-R404A and R170-R404A. The
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Fig. 6 Variation of COP and exergetic efficiency on LTC condenser
temperature
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optimal LTC condenser temperatures are noted to be 0 °C
and 4 °C for R41-R404A and R170-R404A combinations,
respectively. The figure also indicates that the optimal
points for the other two investigated refrigerant pairs can
be obtained at temperatures lower than — 6 °C, which fall
outside the investigated LTC condenser temperature range.
It is also noticeable that higher values of COP and exer-
getic efficiency are achieved using the refrigerant pairs
R41-R161 and R170-R161 compared to refrigerant pair
R41-R404A and least values are obtained using R170-
R404A pair. It can be noted that COP achieved using R41—
R161 refrigerant pair is 2.7%, 7.1% and 9.8% higher than
those of the systems using R170-R161, R41-R404A and
R170-R404A refrigerant pairs, respectively, for a LTC
condenser temperature of 2 °C. In a similar manner, the
exergetic efficiency using R41-R161 is 2.5%, 6.5% and
8.8% more than the other three refrigerant pairs,
respectively.

Effect of LTC condenser temperature on total
plant cost

The effect of LTC condenser temperature on the total cost
rate of the system is illustrated in Fig. 7. The total plant
cost rate initially decreases and then again increases with
the increase in LTC condenser temperature. This is due to
the fact that as LTC condenser temperature increases, the
compressor power in the LTC increases and at the same
time, the compressor power in the HTC decreases. These
two opposite trends in the LTC and the HTC will finally
decide the operational cost and CO, penalty cost. The
change in LTC condenser temperature has no significant
influence on the capital and maintenance cost. The three
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Fig. 7 Variation of total plant cost rate on LTC condenser
temperature
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cost components as mentioned above finally result in initial
decrease and then increase in the total plant cost rate. This
variation has been observed clearly in case of R41-R404A
and R170-R404A refrigerant pairs within the investigated
range of LTC condenser temperature. For the other two
refrigerant pairs, lowest cost rate can be observed at a LTC
condenser temperature lower than — 6 °C (not shown in
the figure). Similar trend was also reported by Rezayan and
Behbahaninia [25] using R744-R717 refrigerant pair. It
can be further observed from the figure that the minimum
plant cost is associated with R41-R161 system whereas
maximum cost rate is associated with the system using
R170-R404A refrigerant pair. It is estimated from detailed
calculation that average amounts of 2600 USD and 1800
USD per annum can be saved if refrigerant pairs R41—
R161 and R170-R161, respectively, are used instead of
R41-R404A.

Effect of cascade condenser temperature
difference on COP and exergetic efficiency

Figure 8 shows that an increase in cascade condenser
temperature difference leads to a decrease in both the COP
and exergetic efficiency of the system. Simulation has been
carried out keeping evaporator temperature, condenser
temperature and LTC condenser temperature fixed at
— 35 °C, 40 °C and 6 °C, respectively. As the cascade
condenser temperature difference increases, pressure ratio
and hence the compressor power in the HTC increase, but
the LTC remains unaffected. Consequently, the overall
COP and exergetic efficiency of the system decrease.
Similar trend has also been observed by Kilicarslan and
Hosez [12] using other refrigerant combinations. Among
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Fig. 8 Effect of cascade condenser temperature difference on COP
and exergetic efficiency

the investigated refrigerant pairs, R41-R161 provides the
best thermodynamic performance. On the other hand, COP
and exergetic efficiency obtained using refrigerant pair
R170-R404A are not so encouraging. However, COP and
exergetic efficiency obtained using refrigerant pair R41-
R404A are slightly higher compared to R170-R-R404A
but slightly lower compared to the other two refrigerant
pairs. A 6 °C increase in cascade condenser temperature
difference results in a decrease in both COP and exergetic
efficiency by 10.4% and 9.5%, respectively, for the system
using R41-R404A refrigerant pair. The corresponding
values for R170-R404A, R41-R161 and R170-R161
refrigerant pairs are found to be 10.2% and 9.3%, 9.4% and
8.6% and 9.1% and 8.4%, respectively.

Effect of cascade condenser temperature
difference on total plant cost

The effects of cascade condenser temperature difference on
the total plant cost rate for the four refrigerant pairs are
presented in Fig. 9. The figure shows that total plant cost
rate increases almost at a constant rate with the increase in
cascade condenser temperature difference for all the
refrigerant pairs. This can be explained from the fact that as
the cascade condenser temperature difference increases
compressor power requirement increases in the HTC. As a
consequence, the operational cost and the CO, penalty cost
increase. An increase in cascade condenser temperature
difference also leads to an increase in the capital and
maintenance cost rate of the system. This finally results in
an increase in the total plant cost rate of the system.
Mosaffa et al. [27] also reported similar trend of plant cost
rate variation with cascade condenser temperature differ-
ence using refrigerant pair R744-R717. Figure also shows
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that use of R41-R161 refrigerant pair in the system is more
economical compared to the other investigated refrigerant
pairs. The plant cost using R170-R161 refrigerant pair is
slightly higher than that of the R41-R161 system, whereas
the CRS using R170-R404A as refrigerant pair is found to
be the most expensive among the investigated systems.
Predicted results also reveal that the required plant cost
rates are 2.8% and 1% less when the system is simulated
with R41-R161 and R170-R161 refrigerant pairs, respec-
tively, instead of R41-R404A.

Variation of Pareto front
Figure 10a—d displays the Pareto fronts of the CRSs

working with four refrigerant pairs as mentioned in the
earlier sections. All the figures clearly show the conflict
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between the two objective functions, i.e. total plant cost
rate and exergetic efficiency. The cost rate of each of the
systems increases with the increase in exergetic efficiency
of the system. Figure 10a shows that the annual cost rate of
the R41-R404A CRS increases from 62,019 USD to
96,592 USD when the exergetic efficiency is increased
from 55.1 to 59.7%. This means that 8.35% increase in
exergetic efficiency leads to an increase in the cost of the
system by 55.7%. Similar observations can also be made
from Fig. 10b—d which shows that the cost rate increases
60.1%, 58% and 78.9% for 8.9%, 4.9% and 5.8% increase
in exergetic efficiency for refrigerant pairs R170-R404A,
R41-R161 and R170-R161, respectively. Though, all the
points on the Pareto front are optimal points, TOPSIS
decision-making method has been employed to get a
unique solution for this multi-objective problem. The
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Fig. 10 Optimal Pareto front curve from multi-objective optimization of CRS with all four refrigerant pairs
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Table 6 Optimum values of the operating parameters and the objectives for all four investigated refrigerant pairs obtained from the TOPSIS

method

Refrigerant Evaporator Condenser LTC condenser Cascade condenser Exergetic Cost rate/
pair temperature/°C temperature/°C temperature/°C temperature difference/K efficiency/% USD year™!
R41-R404A — 37.6 472 3.8 2.1 56.2 63,346
R170-R404A - 379 46.5 1 2.1 54.9 64,808
R41-R161 — 333 38 0.4 2.0 61.5 57,254
R170-R161 — 36.2 49.2 - 5.6 2.1 59.7 59,300

unique solution for CRS with each investigated refrigerant
pair has been shown with an asterisk in the corresponding
figure and is also presented in Table 6. It shows that the
optimal exergetic efficiency of the system is much higher
with refrigerant pair R41-R161 compared to the other
refrigerant pairs particularly R41-R404A and R170-
R404A pairs. It may be noted that the annual plant cost is
also least at the optimal condition of exergetic efficiency in
case of R41-R161 refrigerant pair. The optimal exergetic
efficiency is slightly lower and the plant cost rate is slightly
higher with refrigerant pair R170-R161 compared to R41—
R161. But, refrigerant pair R170-R161 shows better per-
formance compared to the remaining two refrigerant pairs
(R41-R404 and R170-R404A). Exergetic efficiency of the
CRSs is found to be 61.5%, 59.7%, 56.2% and 54.9% with
refrigerant pairs R41-R161, R170-R161, R41-R404 and
R170-R404A, respectively, at the optimal conditions. The
corresponding yearly plant cost values are 57,254 USD,
59,300 USD, 63,346 USD and 64,808 USD, respectively.

Conclusions

The following conclusions can be drawn from the present
simulation work on a 50-kW cooling capacity cascade
refrigeration system using four different refrigerant pairs:

e COP and exergetic efficiency of the system increase
with the increase in evaporator temperature. The
systems with R41-R161 and R170-R161 refrigerant
pairs show better thermodynamic performances than
with R41-R404A pair. Improvements in COP and
exergetic efficiency are found to be 4.9-7.1% and
4.5-6.6%, respectively, with R41-R161 refrigerant pair
compared to R41-R404A pair for the increase of
evaporator temperature from — 50 to — 21 °C. The
corresponding values with R170-R161 pair are
0.1-4.1% and 0.1-3.6%, respectively.

e Plant cost rates of the systems using R41-R161 and
R170-R161 pairs are less than that with system using
R41-R404A pair. However, average 0.8-2.7% increase

in plant cost rate is noted with R170-R161 compared to
R41-R161 refrigerant pair.

e Both COP and exergetic efficiency of the overall system
decrease with the increase in condenser temperature.
The annual plant cost decreases by 25% for both R41-—
R161 and R170-R161 systems when condenser tem-
perature is increased by 18 K.

e An increase in LTC condenser temperature in the
system leads to an initial increase and then a decrease in
COP and exergetic efficiency. Refrigerant pair R41-
R161 shows best performance among the tested refrig-
erant pairs.

e Performances of CRS deteriorate with the increase in
cascade condenser temperature difference. Best perfor-
mance is obtained with refrigerant pair R41-R161
followed by R170-R161 and R41-R404A pairs.

e At optimal condition, the exergetic efficiency of R41—
R161 CRS is found to be 61.5% with yearly plant cost
of 57,254 USD. The corresponding values for R170-
R161 pair at optimal condition are 59.7% and 59,300
USD, respectively.

e R41-R161- and R170-R161-based CRSs are capable of
replacing the existing R41-R404A system.

e Refrigerant R170 and R161 can be used as an
alternative for refrigerant R41 and R404A in CRS due
to their similar thermodynamic properties and less
environmental impact.

Some previous thermodynamic performance studies
have been carried out using R41-R404A as cascade
refrigerant pair. However, the GWP value of R404A is
much higher and it needs to be replaced by some new low
GWP refrigerants. The present investigation shows that the
thermo-economic performances of the system using
refrigerant pairs R41-R161 and R170-R161 are superior to
the refrigerant combination of R41-R404A. The investi-
gated two refrigerant pairs are also in line with the Kigali
amendment [3] which recommended the use of refrigerants
having reasonably low GWP in different vapour com-
pression refrigeration systems.

The authors are trying to simulate cascade refrigeration
system using refrigerant mixture in one cycle or in both the
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cycles as the next work. This may be helpful to take into
account the flammability issue of R170. The experimental
investigation on the similar cascade system can be carried
out using different refrigerant pairs.
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