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ARTICLE INFO ABSTRACT
Keywords: The post-pandemic energy crisis and ever-increasing environmental degradation necessitate re-
Cascade refrigeration searchers to scrutinize refrigeration systems, major contributors to these issues, for minimal

Economic analysis

' A environmental impact and maximum performance. Thus, this study aims to comprehensively
Environmental impact

R A examine a triple cascade refrigeration system (TCRS) equipped with hydrocarbon refrigerants (1-
Multi-objective optimization butene/Heptane/m-Xylene). This system is specifically designed for ultra-low temperature ap-
Hydrocarbon refrigerants :

Box-behnken method plications, including vaccine storage, quick-freezing, frozen food preservation, cryogenic pro-
cesses, and gas liquefaction. The investigation integrates conventional thermodynamic analysis
with economic and environmental impact assessments, and finally multi-objective optimization
(MOO) to ascertain optimal operating conditions for the system. The effect of (1) evaporator
temperature, Teyap (2) condenser temperature, Teond (3) Lower Temperature Circuit (LTC)
condenser temperature, Tyrc (4) Mid Temperature Circuit (MTC) condenser temperature, Tytc
and (5) Cascade Condenser temperature difference, AT on three objective functions (COP, exergy
efficiency, and overall plant cost) have been investigated employing a parametric analysis.
Subsequently, quadratic equations for these objective functions are generated using the Box-
Behnken method, and MOO utilizing the Genetic algorithm has been performed to maximize
COP and exergy efficiency while minimizing the overall cost rate. The decision-making tech-
niques TOPSIS and LINMAP are used to retrieve a unique solution from the Pareto Front, and the
system performance has been assessed at the optimal point. The optimization result demonstrates
that for the 10-kW capacity TCRS, COP, exergy efficiency, and total plant cost are 0.71, 0.51, and
38262.05 $/year respectively, at optimum condition (Teyap = —101.023 °C, Tcond = 36.545 °C,
Trre = - 69.047 °C and Tyrc = - 34.651 °C). Exergy analysis identifies HTC compressor (19.3 %)
and throttle valve (15.5 %) as key contributors to total exergy destruction, while economic
analysis underscores capital and maintenance costs (72 %) as the primary contributors to the
overall cost, with evaporator (43 %) and condenser (20 %) accounting for 63 % of this cost.

1. Introduction

Energy scarcity and environmental degradation have become critical issues in recent times. The rising need for refrigeration in a
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Nomenclature

Abbreviation

BBD Box-Behnken design

CHX Cascade heat exchanger

COP Coefficient of performance

CRF Capital recovery factor

CRS Cascade refrigeration system
C&M Capital and maintenance

GWP Global warming potential

HTC High temperature circuit

HTCC HTC compressor

LMTD  Logarithmic mean temperature difference
LTC Lower temperature circuit
LTCC LTC compressor

MAE Mean absolute error

MAPE Mean absolute percentage error
MTC Mid temperature circuit

MTCC MTC compressor

ODP Ozone depletion potential

PH Physical

RMSE Root mean squared error

RSM Response surface methodology
TCRS Triple cascade refrigeration system

Greek letter

Exergy efficiency (%)
Emission factor
Electricity cost
Maintenance factor

Cost rate ($/year)
Specific exergy (kJ/kg)
Exergy rate (kW)
Enthalpy (kJ kg~ 1)
Mass flow rate (kg s — D)
Pressure (kPa)

Heat transfer rate (kW)
Entropy (kJ kg~ 'K~ 1)
Temperature (°C)

Work input rate (kW)

Subscripts

1,2 ... State points

cond Condenser

D Exergy destruction
e Electrical

evap Evaporator

F Exergy of fuel

i Isentropic

m Mechanical

P Exergy of product
vV Throttle valve

variety of areas such as the food and beverage industry, pharmaceuticals and healthcare, chemical and industrial processes, retail and
commercial, agriculture and Horticulture, research, and laboratories makes this a significant contributor to these critical issues, as
refrigeration and air conditioning sector consumes 20 % of global energy demand, according to a recent report by IIR [1] and most
commonly employed refrigerants (CFCs, HCFCs, and HFCs) have been accountable for severe consequences of the environment such as
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ozone depletion and temperature rise [2,3]. Several laws, such as the Montreal Protocol of 1987, the Kyoto Protocol of 1997, and the
Kigali Amendment (2016), have been enacted by world leaders to reduce the use of synthetic refrigerants, which are considered
greenhouse gases. Thus, refrigeration systems employing environment-friendly refrigerants that pose minimal plant cost and per-
formance compromise have become one of the most crucial goals for researchers all around the world to attain [4].

The requirement for refrigeration with extremely low temperatures (ranging from —50 °C to —180 °C) is escalating as a result of the
rapid expansion of global civilization, particularly for applications involving quick-freezing [5], preservation of medical supplies [6],
and frozen food preservation to retain quality and inhibit the growth of pathogenic bacteria [7], in an assortment of industrial pro-
cesses, including the natural gas [8,9] and the petroleum gas [10] liquefication, military and national defense equipment [8], steel
alloy treatment processes [11], vaccines and other medicines preservation for viruses like Covid-19 which needs about —70 °C [12],
cryogenic processes which are below —100 °C [13,14], and other applications which require exceedingly low temperatures (freeze
drying and chemical industries [15]). It’s not viable to employ a refrigeration system that consists of just one stage of vapor
compression due to thermodynamic or economic considerations, as a large temperature gap between the evaporator and the condenser
demands high pressure ratio, which results in poor volumetric compressor efficiency, compressor’s wear & tear, increase in compressor
power, decrease in cooling effect and ultimately poor 1st law efficiency [16-18]. Furthermore, this large temperature gap results in a
decreased evaporator pressure (which makes the system vulnerable to air leakage) and a rise in condenser pressure as well as suction
volume (which demand robust pipe designs and fitting that ultimately results in a higher plant cost rate) [19]. Implementing cascaded
refrigeration in which the condenser of a Vapor Compression Refrigeration (VCR) unit is thermally coupled with the evaporator of a
second unit could address the challenges mentioned above [10].

1.1. Study on double stage VCR systems

The Double Cascade Refrigeration System (CRS) has been investigated extensively as an efficient system to be utilized at low
temperatures. Various refrigerants are used in double cascade refrigeration systems, such as CO,-NH3 [19-21], R717, R744, R1270,
R134a [22,23], transcritical CO2-C3H8 [24], R11 [25], Mixture of different refrigerants, etc. [20]. Sun et al. [21] did a simulation on
double CRS employing the refrigerant pairs R41/R23 in LTC and R404A in Higher Temperature Circuit (HTC) and concluded that
R41-R404A gives superior performance. Saleh et al. [22] used Aspen HYSYS to optimize the process of employing several environ-
mentally friendly refrigerants inside the system, with a particular emphasis on minimizing compressor power. Double stage VCR
system has been analyzed via simulation by many researchers including Bhattacharyya and Sarkar [23], Getu and Bansal [24],
Aktemur et al. [25], Kilicarslan and Hosoz [26], Llopis et al. [27], Soni et al. [28].

1.1.1. Experimental works and practical applications of double stage VCR systems

Although the practical application of the double-stage VCR system remains limited, it exhibits potential across various sectors. It
has been applied in supermarkets by several researchers, including Eggen and Aflekt [29], Pearson and Cable [30], Van Riessen [31],
Sawalha et al. [32], Da Silva et al. [33]. It has been practically employed and analyzed in vaccine storage task as well by Liu et al. [34].
Some notable contributions to the experimental analysis include the works of S. Cabello et al. [35], Bingming et al. [36], Dopazo and
Ferna'ndez-Seara [37], Sanz-Kock et al. [38], Wang et al. [39] and Jeon [40]However, for sectors that require ultra-low temperatures,
maintaining the corresponding high-pressure ratio is not feasible with a double cascade system. Cascade refrigeration systems with
three stages, a relatively recent innovation in this field, could be a cost-effective solution to this problem [41].

1.2. Study on triple cascade VCR systems

A Triple Cascade Refrigeration (TCR) system is comprised of three shared single-stage refrigeration cycles called LTC, MTC, and
HTC. The process of liquefaction of LNG was researched by Najibullah et al. [42], who studied the usage of three stage refrigeration for
Propane precooling. This work demonstrates the system’s enhanced efficiency as an outcome of achieving optimum operating con-
ditions by simulation. Yoon et al. [43] proposed a TCR in the liquefication of natural gas. A mixture of methane, propane, and ethylene
was used as a refrigerant in another system. The efficiency was increased significantly compared to a single-stage system and increased
by 25 % compared to an optimized TCR system using the later refrigerant mixture. Johnson et al. [44] developed a TCRS for cryogenic
applications. The system employed methane, propylene, and ethylene to achieve —158 °C evaporator temperature and it was then
utilized for extracting the methane and carbon monoxide in a cryogenic column for distillation. Qin et al. [45] proposed a triple stage
auto cascade refrigeration system employing refrigerants R1234yf/R23/R14 and they were able to achieve a 26 % efficiency of exergy
and a COP of 0.614. A thorough thermodynamic investigation of a TCRS to be utilized at very low temperatures was conducted by
Faruque et al. [41] at an evaporator temperature of 100 °C. These results demonstrate the potential for hydrocarbon refrigerants to
maintain high thermodynamic efficiency in applications involving exceedingly low temperatures. Sun et al. [10] proposed a TCR
utilizing refrigerants of low GWP, and thermodynamic analysis on this system determined that R1150, R152a, R41, R170, R717, and
R161 are suitable alternatives in various temperature cycles, providing a theoretical basis for refrigerant selection and replacement in
TCRS with environmental protection in mind.

1.2.1. Experimental works related to TCRS

To the best of the authors’ knowledge, the application of TCRS has been predominantly confined to simulation, with no corre-
sponding experimental investigations conducted thus far. Nevertheless, considering the successful implementation of the double
cascade VCR system in various applications operating on a similar principle, it is evident that TCRS harbors the potential for effective
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deployment in real-life ultra-low temperature applications.
1.3. Study on economic analysis

The main objective of the above articles is a thermodynamic investigation aimed at either maximizing COP or minimizing exergy
destruction. While this approach enhances efficiency, it has the potential to lead to a significant escalation in the cost. Because of rising
energy prices, increasing worldwide demand for energy, and rising environmental concerns, more effective, economical, and eco-
friendly methods of energy usage are in great demand. So, when analyzing a refrigeration plant, it is crucial to consider economic
factors as well [46]. The thermo-economic technique is an appropriate strategy for analyzing systems from both the economic and
thermodynamic aspects. By incorporating elements of economic and exergy analysis, this method ensures improved performance at the
lowest possible cost [47]. Thermo-economic modelling of frost-free freezers and subsequent optimization was conducted by Mitishita
et al. [48]. Rezayan and Behbahaninia [19] also conducted investigations on cascade refrigeration systems with CO2/NHjs using a
thermo-economic approach and obtained optimized results.

1.4. Study on multi objective optimization

Multi-objective optimization (MOO) is a useful tool for solving problems with several competing goals. It involves identifying a
collection of solutions called the Pareto front. These solutions offer an optimal compromise between distinct objectives without being
overshadowed by any other alternative concerning all the goals simultaneously [49,50]. It has diverse applications across areas like
finance, engineering, or decision-making processes where trade-offs between various criteria call for consideration [51,52]. This
technique empowers its users to evaluate different scenarios and make well-informed choices based on their constraints and prefer-
ences. Gebreslassie et al. [53] investigated a sustainable and single-effect water/LiBR absorption cycle using MOO. For an ice thermal
energy storage (ITES) system, Sanaye and Shirazi [54] used MOO approaches. Similarly, for applications in air conditioning,
Navidbakhsh and Shirazi [55] used the MOO strategy to develop a PCM-incorporated ITES system. The studies that are closely related
to this work (application of MOO on CRS) are listed in Table 1.

1.5. Research scope and problem statement

Following the devastating COVID-19 pandemic, TCRS’ demand has skyrocketed due to its use in ultra-low temperature applica-
tions, particularly in vaccine supply chains and the pharmaceutical industry. Thus, a comprehensive examination of this system is
critically important [34]. The comprehensive literature review indicates that in addition to the thermodynamic analysis, economic and
environmental impact assessment of a refrigeration system is indispensable nowadays, considering the rampant energy crisis and
environmental degradation. However, to the best knowledge of the authors, only a few studies have been conducted on TCRS and those
have mainly concentrated on 1st law efficiency and 2nd law efficiency. A thorough investigation into thermo-economic, environmental
aspects and subsequent MOO of a TCR system has yet to be conducted, which inhibits the advancement of this sector. Hence, this study
concentrates on assessing a TCRS (installed with hydrocarbon refrigerants) from the perspectives of thermodynamics, economics, and
environmental impact, as well as determining the optimal operating condition via MOO. To comprehend the effect of various pa-
rameters on three objective functions (COP, exergy efficiency, and overall plant cost), a parametric analysis has been performed. To
perform the optimization task, quadratic equations that map the input with the output objective function have been generated using
the Box Behnken method in Minitab software, and based on these equations, multi-objective genetic algorithm (MOGA) in MATLAB®
has been utilized to perform the optimization. TOPSIS and LINMAP decision techniques have been employed to extract a unique

Table 1
Relevant works employing MOO in the CRS system.
References System Refrigerants Optimization Input Parameters Optimized Decision
method Parameters Technique
Patel et al. Double CRS LTC: R1233zd(E) Heat transfer Tevaps Teond> Trre, AT Exergy efficiency, TOPSIS
[56] HTC: R41/R170 search total plant cost
Roy et al. [57] Double CRS LTC: R41, R170 MOGA in Tevaps Teond> Trre, AT Exergy efficiency, TOPSIS
HTC: R404A, MATLAB® total plant cost
R161
Aminyavari Double CRS LTC: CO, MOGA in Tevaps Teond> Trre, AT Exergy efficiency, TOPSIS
et al. [58] HTC: NH3 MATLAB® total plant cost
Eini et al. [59] Double CRS LTC: CO, NSGA-II Tevaps Teonds Ture, AT Exergy efficiency, TOPSIS,
HTC: C3Hg/NH3 total plant cost, total ~ LINMAP,
risk level Shannon’s
entropy
Singh et al. Double CRS with flash R717, R290, MOGA in Tevaps Teond> Trres AT, Exergy efficiency, TOPSIS
[60] gas removal & flash R1270, R744a, MATLAB® subcooling parameter, a, total plant cost
intercooling R600a superheating parameter, b
Nasruddin Double CRS HTC: CsHg MOGA in Tevaps Teonds Trre, AT, CO2 Total annual cost, Avg. of the two
et al. [61] LTC: CoHg/CO2 MATLAB® mass fraction total exergy best solutions
mixture destruction
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solution from the Pareto Front, and finally, the overall performance, flow of energy across the system, exergy destruction, and overall
cost for each of the components have been evaluated at the optimum condition to assess the improvement potential of the plant.
Through the comprehensive analysis of the TCRS via simulation, this study aims to make a significant contribution to the advancement
of practical refrigeration systems designed for ultra-low temperature applications. Specifically, it focuses on applications such as the
storage of vaccines and medicines in the pharmaceutical sector, food preservation in supermarkets, and diverse industrial processes,
including the liquefaction of natural gas and petroleum gas.

2. Description of the TCRS

For ultra-low temperature (ULT) (—50 °C to —180 °C) applications, single/double stage VCR is infeasible due to poor volumetric
efficiency of compressors, increased power demand, compressor failure, air leakage, and the need for robust pipe connectors, all these
lead to poor COP and increased plant cost. TCRS, which is still in its nascent stages, can circumvent all these issues. Therefore, it is of
the utmost importance to conduct a thorough analysis of this system from a variety of perspectives to determine its optimal operating
condition. Fig. 1 depicts the schematic diagram of the TCR system which is comprised of three distinct VCR systems operating in
distinct temperature ranges and connected by two cascade heat exchangers in between the VCR cycles. The VCR cycles are termed as
Low temperature circuit (LTC), Mid temperature circuit (MTC) and High temperature circuit (HTC) based on their operating tem-
perature level. The circuit that operates at the lowest temperature region is known as LTC, which is connected to the MTC via a cascade
heat exchanger (CHX1) comprised of an LTC condenser and an MTC evaporator. Similarly, MTC is connected to HTC via another heat
exchanger (CHX2), which operates at the highest temperature level in this system. The evaporator, throttle, compressor, and condenser
are the four basic components in each of the deployed VCR systems in this study. So, the LTC evaporator and HTC condenser act as
evaporators and condensers for the whole TCR system. Selected refrigerants for LTC, MTC, and HTC are 1-butene (C4H8), Heptane
(C7H16), and m-Xylene (C8H10), respectively, and the specifications of these refrigerants are listed in Table 2.

The T-s and P-h diagram of the TCR cycle are illustrated in Fig. 2 (a) and (b) respectively. From the cold space, air enters into the
evaporator at an inlet temperature, Teygpq in (State 13) and leaves at an outlet temperature, Teyapa,out (State 14) after rejecting heat, Qevap
and LTC evaporator takes this heat at the evaporator temperature, T,yq to change its phase from state 4 to saturated vapor at state 1.
Utilizing the required power, LTC compressor raises the pressure of this saturated vapor from state 1 to superheated vapor at state 2.
This superheated refrigerant at state 2 enters the CHX I where it releases heat, Qcuy ; at constant pressure corresponding to LTC
condenser temperature, Ty 7¢ to change its phase to saturated liquid at state 3 and this heat is taken by MTC evaporator. The isenthalpic
expansion through LTC throttling device drops the pressure from state 3 (condenser pressure) to state 4 (evaporator pressure) and thus
completes the LTC. Similarly, MTC begins with evaporator in which MTC refrigerant’s phase changes from state 8 to saturated vapor at
state 5 by consuming the rejected heat from LTC. Temperature difference between LTC condenser and MTC evaporator or MTC
condenser and LTC evaporator is cascade condenser temperature difference, AT. This saturated vapor is pressurized (state 5-6) to
become superheated vapor at state 6 by MTC compressor utilizing input energy, Wircc. This superheated steam changes its phase to
become saturated liquid at state 7 in the CHX2 at a constant pressure corresponding to the temperature, Tyrc by releasing heat, Qcyx»
which is absorbed by HTC evaporator. The MTC completes with the MTC throttling device expanding the MTC refrigerant from state 7
to MTC evaporator pressure at state 8. HTC evaporator absorbs heat, Qcpx to change the phase of the HTC refrigerant from state 12 to
become saturated vapor at state 9. HTC compressor raises its pressure to state 10 by absorbing compressor work input, Wyrcc. In the
condenser, the phase change of the HTC refrigerant from superheated vapor (state 10) to saturated liquid (state 11) occurs at a constant
pressure corresponding to the condenser temperature, T onq by releasing heat, Q.onq to the atmospheric air stream that enters the
condenser at an inlet temperature, Tconda,in and leaves it at Teondg,our- Finally, the isenthalpic expansion through the HTC throttle drops

CHX-II f CHX-1
Airout  Airin i 4 L

High Temperature Mid Temperature
Circuit Circuit

Cooling space
Evaporator

Low Temperature i
Circuit

13

Airin

14!

Air out

1 ﬁ 12 7 E‘] 8 4
High Temperature Mid Temperature Low Temperature
Expansion valve Expansion valve Expansion valve

Fig. 1. Schematic diagram of the considered TCRS.
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Table 2

Thermo-physical properties of selected refrigerants [41].
Characteristics of the refrigerants 1-butene Heptane m-Xylene
Molecular weight (kgkmol’l) 56.11 100.2 106
Critical Temperature (°C) 146.13 266.97 343.73
Critical Pressure (KPa) 4.01 2.73 3.53
Freezing Point (°C) —185.3 —90.6 —47.8
Vapor Density (Air = 1) 1.93 3.45 3.66
Heat of Vaporization (kjmol’1 at 25 °C) 20.31 36.57 42.65
GWP 20 20 20
ODP 0 0 0

Temperature
Pressure
™~

10

Entropy Enthalpy
(a) (b)

Fig. 2. (a) T-S diagram (b) P-h diagram of the TCRS.
the pressure from state 11 to state 12 (at HTC evaporator pressure) to complete the overall system.

3. Mathematical modelling

All the components of the TCRS under consideration have been modeled mathematically, and the corresponding equations have
been developed in this section. The model has been analyzed from thermodynamic and economic perspectives. Based on some as-
sumptions utilized in earlier works, the overall TCR modelling procedure can be simplified [62,63]. These assumptions are as follows:

- In this study, steady state & steady flow conditions are assumed for all the cycle’s components.

- Neither the heat loss nor the pressure drops in the components and connecting pipes of the TCR system are taken into consideration.

- The electricity requirement for the evaporator and condenser fan is considered negligible.
- The thermodynamic processes of compressors and expansion valves are considered adiabatic.
- Heat exchangers used in this system are considered to have insignificant heat losses to the environment.

- The outlet condition for the condenser and both CHX are considered as saturated liquid while it is saturated vapor for the

evaporator.

- For the condenser and evaporator, air is used as an external heat exchanging medium. The difference between the inlet and outlet

temperature of the air is considered as 10k.

3.1. Energy & exergy analysis

For the kth component, mass and energy balance equations can be expressed as:

O.k + Z(mh)m = Wk + Z(mh)out
k k

@

(2
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Exergy, which denotes the maximum work potential of any system, can be analyzed for the effective utilization of energy. Only
physical exergy is considered in this work which can be determined using following equation for any point in the system [64]:

epr = [R(Ts, Ps) — ho(To,Po)] — To[ s (Ts, Ts) — so(To, Po)] 3)

T, Ps represent temperature and pressure respectively of any state point in the system. Ty, Py represent dead state temperature and
Pressure considered in this work.

Under the assumptions mentioned earlier, the generalized equations have been applied taking each of the components of the TCRS
as control volume to derive mass balance, energy & exergy balance equations for the system and are presented in Table 3. The
equations related to the cycle performance assessment are listed in Table 4.

3.2. Economic analysis

Economic analysis begins with defining the various costs required within the system. Capital & maintenance cost (C&M), opera-
tions cost and penalty cost because of CO, emissions sum up as the combined cost for the whole system. Therefore, overall plant cost:

Crowt = »_Ci + Cenv + +Cop @
k

Where Gy is the cost rate for capital and maintenance, Ceny defines the penalty cost for release of CO, and Cop isthe operation cost rate.
The cost functions are listed in Table 5. Cost related to capital investment & maintenance (C&M) of the system’s components [57]:

Cy=Cx x ¢ x CRF (5)

Where, the maintenance factor of the plant is denoted by ¢ & capital recovery factor, also known as CRF can be determined using the

following equation [66]:

Table 3

Energy and exergy analysis related equations.

Components Mass Balance Energy Equations [41] Exergy Equations [65]
Exergy of fuel (Epx) Exergy of product Exergy destruction (Epy)
(Epx)
LTC My =My =y W, o Errrec = Wiree Epirec =myrc(ez —e1  Eprrcc = Erprec — Epircc
C LTcCc = Mrre X
ompressor
(has —h1)
Ni NMm Ne
MTC Mmyrc =Ms = Me Wyrtee = e X Ermrcc = Wwrce Epmrcc = Myrc(es — Epwmrce = Epmrec —
Compressor es) A
(hes — hs)
Ni Nm Ne
HTC Mmyrc = Mg = Mo W _ Ernrcc = Whrce Epurcc = Mpre(eio — Epurcc = Ernrcc — Epnree
C HTCC = MHTC X
ompressor eg)
(h1os — ho)
Ni Nm Ne
LTC mprc = M3 = My h; =h, EprrcTv = myrces EprrcTv = Mrrces Eprrctv = Eprrerv —
Expansion Valve Eprrctv
MTC Expansion Myrc =My = Mg h; =hs Epmrerv = Myrcer Epumrc1v = Murces Epmrerv = Ermrerv —
Valve Epmrc1v
HTC Myre =My =Mz hip =he EpnrcTv = Mprcenn Epnrcv = Marcers Epnrcrv = Epprerv —
Expansion Ep nrcv
Valve

Cascade Heat
Exchanger I

Cascade Heat Exchanger

11

mLTC = mz = m3
Myre = Ms = Mg

Myre = Me = My
My = My = M2

QCHXI = myre % (hs —
hg)

Qcux 1 = Myee X (ha —
h3)

Qcux ;7 = e X (he —

Ercux 1 = myre (e2—
es)

Epcux 11 = twrc(es —

Epcix1 = Tyrc (€3 —
eg)

Epcux 1 = Mprc(e7 —

Epcux1 = Ercnx1—

EP,CHX 1

Epcnx 1 = Ercux 1 —

hy) e9) en) Ep cix 11
QCHX i1 = Mpge X (hg —
hi2)
Evaporator mLTC = mlA =1y Qevap =myre x (hy — Efevap = Mzrc(es — Epevap = Mleva(€14 — Ep.evap = Erevap — Ep.evap
Mgirevp = M1z = hs) er) ei3)
T4
Condenser Myre =10 =M1 Qgeng = tare x (h1o — EFcond = M (€10 — Epcond = Mconda (€16 — Ep.cond = Er.cond — Ep.cond

Maircond = M15 =
mie

hi1)

ell)

615)
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Table 4
Cycle Performance related equations.
Parameters Equation [41]
Overall system COP CoP — Qevap
Wiotal
Total Work input Wiotat = Wrree + Wwree + Waree
Total Exergy Destruction Eptotat = Eprrcc + Epmrec + Epnrec + Eprretv + Epmrerv + Epnarctv + Epcnx 1 + Epcux 7 + Epevap + Ep cond
LTC COP ¢
COPyye — omx
Wirce
MTC COP o
COPyrc = Qcux 1
Whwrce
HTC COP Qeva
COPyrc L
HTCC
Exergy Efficiency 1 Ep sotal
n=1-——
Wiotal
Table 5
Cost function for each component in the cycle.
Components Cost function [58,67]
HTC Compressor Circc = 9624.2 x Wiie,
Throttle valve Crvure = 114.5 x mgre
LTC Compressor Curee = 10167.5 x Wi
Throttle valve Crvure = 114.5 x myrc
MTC Compressor Cmrcc = 9895.85 x WS, [avg. of LTC & HTC]
Throttle Valve Crvure = 114.5 x murc
Evaporator Cevap = 1397 x A2S)
Condenser Ceona = 1397 x A%S%
Cascade condenser | Canx1 = 383.5 x A%,
Cascade condenser I/ Cenx2 = 383.5 x A% 5

in.(in, + 1)"
CRF=——F—— 6
(in, +1)" -1 (6)

Where, in, is the rate of interest, n is plant’s lifetime. Evaporator, both CHX and condenser heat transfer area can be determined as
follows [67]:

~ . Q
A= U x LMTD @
Here,
U = Overall heat transfer coefficient.
O = Total heat transfer rate
LMTD can be expressed as:
(Th1 — Te2) — (Tha — Ta)

In ot —Tc3) ®
(Th2—Tec1)

LMTD =

Hot stream inlet and outlet temperature are denoted by Ty, Ty, respectively and cold stream inlet and outlet temperature are

denoted by T.;, Tc, respectively. The cost rate of operation mainly includes the cost required to run the compressor which is expressed
as:

Cop =N x WTotal X Kelectricity (9)

Here, Wrya = total compressor work and ceectricity = Electrical Power Cost
Total capital & maintenance (C&M) cost can be estimated by summing up all the components’ C&M costs.

ch = Ceva,p + Ceond + Ceux 1 + Cerx 2 + Curce + Ciree + Curee + Crvire + Crvarre + Crvame (10)
3

3.3. Environmental impact analysis

The system’s penalty cost rate associated with GHG emission can be determined by applying the following equation [68]:
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Cenv =Mco,e X CCOZ (1 1)

Here,
Cco, = Cost associated with avoiding CO2
Mco,e = mass of yearly discharged GHG

Mco,e = “COze X EAnnual (1 2)

Here,
Mco,e = Emission Factor
Eannual = yearly power requirement

3.4. Selection of input parameters with their corresponding ranges

The selection of input and output parameters has been grounded in a comprehensive literature review and the justification for this
choice is further substantiated through the application of a correlation matrix (shows the correlation of the input and output pa-
rameters) in the later sections. The determination of input parameters’ ranges is based on pertinent studies on TCRS, specifically the
works of Faruque et al. [41], Nabil et al. [69], Sun et al. [10] and Wang et al. [70]. In addition to the previous works on TCRS, the
selection is significantly influenced by the practical applicability of the proposed system. Despite the purely simulation-based nature of
this work, the overarching objective is to contribute to the advancement of practical refrigerators dedicated to ultra-low temperature
(ULT) applications. As such, the evaporator temperature has been varied to enhance its suitability for a broad range of ULT appli-
cations. The selection of the condenser temperature range has been determined with a focus on practical applicability as well. The
design parameters utilized in this simulation have been listed in Table 6.

Finally, employing the Python programming language, a mathematical model capable of simulating the variations of several
performance-evaluating parameters such as COP, exergy efficiency, total equivalent CO, emission, total plant cost rate, with respect to
Tevap, Teond Trre, Tmre, AT of the proposed system has been developed. CoolProp, a dedicated Python Library is employed to determine
the refrigerants’ thermodynamic properties at different states. Fig. 3 depicts the overall modelling procedure employed in this work.

4. Validation of the proposed model
4.1. Validation of energy analysis
The presented model has been compared to the work of Faruque et al. [41] under similar operating conditions as listed in Table 7.

The comparison between the presented model and reference model is presented in Fig. 4 and Table 8 lists the deviations, MAPE, RSME
and R? scores. With deviations consistently well below the accepted threshold and error metrics falling within a reasonable range, it is

Table 6
Design parameters for the optimization of the presented model.
System Parameters Selected Values
Dead State Temperature, Ty 25°C
Pressure, Py 101.3 kPa
Cooling Load 10 kW
Compressor Isentropic Efficiency, #; 80 %
Electrical Efficiency, 7, 100 %
Mechanical Efficiency, #,, 100 %
Range for the simulation Evaporator Temperature, Teyqp —140°Cto —101 °C
Condenser Temperature, Teond 36 °Cto 60 °C
Cascade Condenser 1 Temperature difference, AT 4°Cto8°C
LTC Condenser Temperature, T;¢ —80°Cto —40°C
MTC Condenser Temperature, Tyrc —-35°Cto10°C
Inlet Air Temperature to the Evaporator -90°C
to the Condenser 25°C
Outlet Air Temperature from the Evaporator —-100 °C
from the Condenser 35°C
Plant’s lifetime, n 15 years [57,67]
Maintenance factor of the plant, ¢ 1.06 [57,67]
Interest rate, in, 14 % [57,67]1
Hours of operation per year, N 4266 h [57,67]
Overall heat transfer coefficient, U Evaporator 30 Wm2K™! [57,67]
Condenser 40 Wm 2K [57,67]
Cascade Condenser 1000 Wm 2K ! [57,67]
Emission Factor, ¢, e 0.968 kg/kW h [57,67]
Cost associated with avoiding CO., Cco, 0.090 $/kg release of CO4 [57]
Cost of electricity, ag 0.090 $/kWh [57,67]
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Load governing equations , performance related equations & cost functions from
Table 3,4 & 5 respectively

'
| Initialize with the values of design parameters from Table 6 |
CE———

CoolProp
While
While
-35 °C< Typpe < 10°

-140 °C< Tyyap< —101
While

36 °C< T,opq< 60°C

While

Evaluation of the thermodynamic properties( P,h,s,x)for

80 °C< Tyc< 40°C
the corresponding temperature set
i

While
4°C< AT < 8°C
Parametric Analysis

(Energy, Exergy & Economic analysis to store COP, exergy efficiency & total plant cost
rate for each set of temperature and simulate graph)

'

le—

(C—
Objective Function Formulation using Box- Behnken Method w
| : |
Obj. Function:01 Obj. Function:03 Obj. Function:02
cop Total Plant Cost Rate Exergy Efficiency

| |

Perform Multi-objective Optimization using Genetic Algorithm to generate Pareto Front

!

MATLAB Employ Decision-Making Techniques to extract the optimum point
TOPSIS Determination of criteria weAlghAts using the Shannon LINMAP
Entropy Principle
Optimum point 1 Optimum point 2

Evaluating state properties and assessing performance
at the optimum point

Illustration of the exergy destruction of each component at the optimum point

End

Fig. 3. Flowchart of overall modelling procedure.

substantiated that the presented model aptly reproduces the functions of the reference model.

4.2. Economic analysis validation

A mathematical model has been constructed to validate the economic analysis, and the results have been contrasted to those of Roy
et al. [57] in the identical condition. Validation has been done for the double cascade VCR system as there wasn’t any earlier work
related to the economic analysis of a TCR system. Fig. 5 depicts the comparison between the presented model and reference model in
terms of variation in the rate of total plant with LTC evaporator temperature. The presented model is well fitted with the reference
model as maximum percentage of deviation is around 2.24 %. Furthermore, the calculated MAPE, RMSE, and R? score values
collectively indicate a high level of accuracy and reliability of the presented model, as listed in Table 9. The minimal errors observed in
this study may be attributed to the utilization of an alternative library, CoolProp, for the determination of enthalpy and entropy at each
state.

10
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Table 7
Considered Parameters for the validation of the simulated model [41].
Parameters Values
Ambient Temperature, Tomp 25°C
Pressure, Py 101.325 kPa
Cooling Load, Qevqp 10 kW
Condenser Temperature, Teong 40 °C
Evaporator Temperature, Teyqp —100 °C
LTC Condenser Temperature, Tyrc —80°Cto —40°C
MTC Condenser Temperature, Tyrc —-15.6 °C
Cascade Temperature difference, A T 5°C
Compressor Isentropic Efficiency, »; 0.80
Mechanical Efficiency, #,, 0.90
Electrical Efficiency, 7, 0.95
0.595
@ Presented model
11 o
Reference model ° F0Y
0.590 — %
o
1 o
0.585 — ¢
S T, .= -100°C
8 ] evap Q
= AT =-5°C
= o
- i o
g 0.580 Tcon = 40°C
o
0.575 4
o
0.570 +
T d T g T g T g T
—-80 =70 -60 =50 —40

LTC condensation temperature,T, -(°C)

Fig. 4. Comparison of the presented simulation model with Faruque et al. [41].

Table 8
Validation of the thermodynamic model.
Trrc (°C) Presented model COP Reference model COP [41] Deviation (%) MAPE RSME R?
—-80 0.5712 0.5713 0.011 0.00013 0.000108 0.999
-75 0.5813 0.5812 0.002
-70 0.5852 0.5852 0.009
—65 0.5892 0.5892 0.002
—-60 0.5913 0.5914 0.010
—55 0.5917 0.5920 0.047
-50 0.5904 0.5903 0.015
—45 0.5875 0.5875 0.009
—-40 0.5829 0.5830 0.014

4.3. Experimental validation

The model has been validated with the previous simulation models, both using energy analysis and economic analysis. However, it
is necessary to validate the simulated model with previously conducted experimental studies to enhance the robustness and reliability

11
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Fig. 5. Economic analysis validation of the presented model with Roy et al. [57].

of the model. As experimental works on the TCR system are yet to be conducted, experimental validation has been performed using a
single-stage VCR system. The operational parameters considered for validation have been listed in Table 10. The COP for both the
experimental and presented models has been compared in Table 11, employing error metrics and relative deviations. The MAPE,
RMSE, and relative deviations all fall well within acceptable ranges, while the R2 value indicates a robust fit between the presented and
experimental models. Fig. 6 illustrates the COP variation with evaporator temperature for both the experimental setup and the pre-
sented model, demonstrating the close alignment and adherence of the presented model to the experimental trend.

5. Optimization of the system
5.1. Multi objective optimization (MOO)

MOO is a widely used method for resolving practical problems involving multiple conflicting objectives, such as maximizing ef-
ficiency while minimizing the cost. There is no unique solution for these types of problems which can simultaneously satisfy each of the
objectives, rather non-dominated solutions’ set which make the Pareto optimal set are generated by making the best tradeoff between
the conflicting objectives by employing this approach [72,73]. Afterward, several decision-making techniques are employed by the
decision makers to identify a unique solution from the Pareto front.

5.1.1. Objective function formulation using Box-Behnken method

Box-Behnken design (BBD) is a broadly utilized statistical experimental design technique in response surface methodology (RSM)
for correlating multiple input variables with a response variable [74]. It operates by fitting a response surface using regression
techniques while requiring fewer experimental trials than a full factorial design, making it a valuable tool for researchers to generate
quadratic equations that efficiently relate a response variable to multiple operating variables and afterward conduct optimization tasks
[75]1. In this work, the quadratic equations for the considered objective functions (rate of total plant cost, COP & exergy efficiency)

Table 9
Validation of the economic model.
Tgvap (°C) Presented model Cost ($/year) Reference model Cost ($/year) [57] Deviation (%) MAPE RSME R?
-50 78530 80000 1.84 0.014 1142.7 0.98
—45 75178 76900 2.24
—-40 73400 74500 1.48
-35 72700 73200 0.68
-30 72250 73400 1.57
—-25 76200 77000 1.04
-21 96230 97000 0.79

12
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Table 10

Considered operational parameters for the experimental validation [71].
Parameters Values
Refrigerant R134a
Tevap —-15°Cto -5°C
Teona 40°C
Degree of sub-cooling in the condenser 2.4°C
Degree of superheating in the evaporator 10.6 °C

Compressor efficiency (%)

63 % at Teyap = —15°C
54 % at Teyap = —10°C
45 % at Teyap = =5 °C

Heliyon 10 (2024) e31655

Table 11
Comparison of the presented model and the experimental work of Ma et al. [71].
Tevap (°C) Ccop Deviation (%) MAPE RSME R?
Experimental Presented Model
Model [71]
—15 1.61 1.63 1.24 0.00934 0.02 0.998799
—-10 2.23 2.25 0.896
-5 3.02 3.04 0.662
3.2
3.0 —m— Reference Model ;/'
®- - Presented Model
2.8
26
o 24
O
©22
2.0
1.8
1.6
1 4 T T T T T
-16 -14 =12 -10 -8 -6 -4
Evaporator temperature, T, (°C)

evap

Fig. 6. Validation of the presented model with the experimental work of Ma et al. [71].

have been developed by correlating these to their operating parameters (Teyqp, TrTc, TmTc, AT) using Box-Behnken design methodology
in Minitab software. The design summary of the considered BBD is described in Table 12.

5.1.2. Optimization using genetic algorithm (GA)

GA operates on a mechanism that is identical to Darwin’s laws of natural selection and nowadays it has become a popular technique
to optimize multiple objectives simultaneously [76]. In this work, the gamultiobj solver of the optimization toolbox in MATLAB®

Table 12
BBD design parameters in Minitab.

Design Parameters

Value

Factors

Base runs
Base blocks
Replicates
Total runs
Total blocks
Center points

74

50
3700
150
2500

13
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software is used for the optimization task of the equations that were generated in Minitab software for the considered objectives. Here,
COP and exergy efficiency must be maximized while minimizing overall plant cost must. Selected values for different parameters in
MATLAB® optimization toolbox are listed in Table 13. The optimization design parameters along with their ranges are listed in
Table 14. The overall optimization procedure is illustrated in. Fig. 7.

5.2. Decision making technique

Although the Pareto Front represents the optimal solution set for the desired MOO task, the application of decision-making
techniques can generate a unique solution based on the users’ priority of objectives. This study compares the optimal value for two
extensively employed decision making techniques: TOPSIS(Technique for order preference by similarity to ideal solution) [77] and
LINMAP (linear programming technique for multidimensional analysis of preference) [78]; Shannon Entropy Principle [79] has been
utilized for weight evaluation which are listed in Table 15 and these weights will be used in TOPSIS and LINMAP to rank all the
alternatives.

6. Results and discussion

This study investigates a 10 kW TCRS from thermodynamic, economic, and environmental point of view. Initially, a parametric
analysis has been performed to illustrate the influence of various parameters on system performance. The Box-Behnken method have
been used then to construct quadratic equations that relate influential system parameters to the objective functions considered (COP,
exergy efficiency, and total plant cost). Employing MOO, a Pareto Front has been generated for these objective functions, subsequently
the TOPSIS and LINMAP decision making techniques have been used to derive a unique solution from the Pareto front. Finally, the
performance of the entire system has been evaluated at the optimal point, and the exergy destruction of each component has been
illustrated to reveal the potential for improvement.

6.1. Effect of evaporator temperature

Fig. 8 depicts the changes of the TCRS’ COP, total work input (W), exergy efficiency (17) & exergy destruction (Ep,sorq) With
evaporator temperature, Te,qp ranging from —140 °C to —104 °C while holding other parameters constant at Trrc = —70 °C, Tyrc =
—30 °C, Teong = 40 °C and A T = 5 °C. It has been observed that as evaporator temperature rises, both work input and exergy
destruction decrease which causes exergy efficiency and overall COP to increase linearly. The rationale for this pattern is that, as Teyqp
rises, temperature elevation across the LTC compressor (LTCC) decreases which drops the required pressure ratio and ultimately both
the required power and exergy destruction across the LTCC decrease and cause the COP & exergy efficiency to be increased. For a 35 °C
decrease in evaporator temperature, compressor work and exergy destruction are observed to decrease by 47.5 % and 62.2 %,
respectively, leading to a 91.2 % and 83.7 % increase in COP and exergy efficiency, respectively. This justifies the substantial effect of
Tevap ON System performance, with this parameter influencing COP (0.009 °C™1) slightly more than exergy efficiency (0.006 °C1).

6.2. Effect of condenser temperature

The variations of the TCRS’ COP, compresor work, Wi,q, exergy efficiency # and exergy destruction, Ep tq With condenser
temperature, Tconq ranging from 36 °C to 58 °C are illustrated in Fig. 9. It has been noticed that both the total compressor work and the
exergy destruction rise as condenser temperature increases, consequently leading to a drop in COP and exergy efficiency. The primary
reason for this deterioration in system performance is that as Tonq rises, more temperature elevation is required in HTC compressor
(HTCC) which increases the HTCC pressure ratio, and all these increase the TCRS’ input power and overall exergy destruction which
deteriorate the performance (COP & exergy efficiency). Total compressor work increases by 20.3 % which results in a 15.7 % decline in
overall COP for 22 °Crises in Tcond, Whereas 32 % increase in total exergy destruction is observed for similar operating condition which

Table 13
Selected Values for different parameters of Multi objective optimization algorithm.
Specified Options Selected Value
Population Size 200
Creation Function Constraint Dependent
Tournament Size 2
Crossover function Intermediate
ratio 1
Migration fraction 0.20
direction forward
Mutation probability Constraint dependent
function 0.10
Distance Measure Function Distancecrowding
Population fraction of the Pareto Front 0.35
Max. Tolerance constraint 102
function 107
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Table 14
Optimization design parameters with their ranges.

Design Parameters Range

Evaporator Temperature, Teyap (°C)
LTC condenser Temperature, Tyrc (°C) —80< Ty <-40
MTC condenser Temperature, Tyrc (°C) —35< Tiee <10
Cascade Condenser Temperature difference, AT (°C) 4< AT <8
Condenser Temperature, Teong (°C) 36< Teona <60

—140< Tevap <-101

Step-1 : Formulating Multi Objective model

_ Step-2: Multi Objective Optimization
Ecotbuc falamem - using MATLAB optimization Tool
Tlll.)le : | Selection of the variables
Economic Analysis > Objective for optimization
Model T
Capital & Mg'mtenance |,| Total Plant |_| Tma} Environmental Multi-objective
Cost, Operational Cost Costl Rate impact Cost optimization by GA
— —] '
RSM/Box Behnken :
I MATLAB Pareto Frontier
Minitab Method -
i
[ woumor || Qe oo
Behnken Method Step-3: Determination of single
! optimum point from Pareto front
Objective Function:02 Process model Operational
o M 1 M 3 — o4 T
Exergy Efficiency (Simulator) Parameters Optimum TOPSIS «j
— ] : Point v
. Objective Function:1 b Decision
Exergy Analysis [’ COP Criteria
RSM/Box Behnken |_ | Enerey Analvsi LINMAE
Method nergy Analysis

Fig. 7. Flow chart for triple objective optimization procedure.

Table 15

Generated weight of the criteria using the Shannon
Entropy Principle.

Criteria Weight
Total Plant Cost 0.15
Overall COP 0.45
Exergy Efficiency 0.40

leads to 16.2 % fall in exergy efficiency. It can be concluded that variation in Tonq equally affects COP (0.004 °C~!) and exergy ef-
ficiency (0.003 °C1), although the impact is quite low compared t0 Teyap.

6.3. Effect of LTC condenser temperature

The changes of the TCRS’ COP, compressor work, Wi, exergy efficiency, n and exergy destruction, Ep ot With LTC condenser
temperature, T;r¢ ranging from —80 °C to —44 °C are depicted in Fig. 10. It demonstrates that both work input and exergy destruction
decrease initially up to a specific temperature (—76 °C), and after that, both parameters exhibit a quadratic increment with Tyrc,
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whereas exactly opposite trend is observed for COP and exergy efficiency. The reason for this trend is that when Tyr¢ increases, LTCC
pressure ratio rises, and MTC compressor (MTCC) pressure ratio drops. This causes the work input to rise in LTCC and fall in MTCC. The
overall power requirement drops initially as the drop in the amount of work input in MTCC is greater than the rise of the same in LTCC.
However, the increase rate in LTCC is higher than the decrease rate in MTCC. After a certain temperature, the increase of the work
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input in LTCC surpasses the decrease of the same in MTCC, thus overall power requirement keeps increasing. For initial changes in Ty1¢
(—80 °C to —76 °C), compressor work and exergy destruction drop at an avg. rate of 0.0033 kW/ °C and 0.0025 kW/ °C respectively
while both COP and exergy efficiency increases at an avg. rate of 0.0025 °C~1. At the optimum temperature (—76 °C), COP and exergy
efficiency are 0.499 and 0.361 respectively. After that, compressor work and exergy destruction rise at an avg. rate of 0.03 kW/ °C and
0.034 kW/ °C respectively which leads to COP and exergy efficiency declining at an avg. rate of 0.0008 °C~! and 0.0006 °C~!
respectively. It is evident that T;7¢ has minimal impact on system performance at lower temperatures (up to —76 °C), but then has a
significant effect on COP and exergy efficiency, with a disproportionately large effect on COP.

6.4. Effect of MTC condenser temperature

Fig. 11 demonstrates the changes of the TCRS’ COP, compressor work, Wica), exergy efficiency, y and exergy destruction, Ep (otal
with MTC condenser temperature, Tyrc ranging from-35 °C to 9 °C. The values of Teyap, Tcond, Trrc, A T have been kept at —120 °C,
40 °C, —60 °C, and 5 °C respectively throughout the simulation process. It is observed that initially both compressor work and exergy
destruction show quadratic decrement with Tyrc, reaching their minimum value for a specific temperature, and after that, both exhibit
quadratic increments. In contrast, COP and exergy efficiency exhibit the exact opposite trend. The driving factor behind this trend is
that with the increase in Ty, the pressure ratio goes up in MTC compressor (MTCC) while it drops in HTCC, so does the power
requirement. The overall power requirement drops initially as the required power’s decrease in HTCC is larger than the rise in MTCC at
this stage. But the increment rate in MTCC is higher than the decrement rate in HTCC. After a certain temperature (—15 °C), the
increase in MTCC power requirement surpasses the decrease in HTCC power requirement, thus overall power requirement keeps
increasing. Initially, compressor work and exergy destruction drop at an avg. rate of 0.031 kW/ °C and 0.03 kW/ °C respectively while
COP and exergy efficiency rise at an avg. rate of 0.00073 °C~! and 0.0005 °C~! up to —15 °C. At the optimum point (—15 °C),
compressor work (20.178 KW) and exergy destruction (12.942 kW) are at their minimum while COP (0.4956) and exergy efficiency
(0.359) are at their maximum. After that, both compressor work and exergy destruction continue to increase at an avg. rate of 0.02 kW/
°C while COP and exergy efficiency maintain an avg. Decrement rate of 0.00028 °C~! and 0.0003 °C~!. It can be concluded that, at
higher temperatures, Tyt has a greater effect on COP, but after the critical temperature (—15 °C), its effect on exergy efficiency is
marginally greater. Additionally, Ty 1 has a substantially larger influence on system performance than Tyrc.

6.5. Effect of cascade condenser temperature difference

The variations of the TCRS’ COP, compressor work, Wi, exergy efficiency, # and exergy destruction, Ep ora1 With cascade
condenser temperature difference, AT ranging from 4 °C to 8.5 °C are depicted in Fig. 12. It can be observed that with AT increases,
both total compressor work and total exergy destruction increase linearly while a linear decrease is observed for COP and exergy
efficiency. The reason for this trend is that as AT increases, both the MTCC and HTCC pressure ratio increase and thus cause an
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increased power requirement for both MTCC and HTCC while LTCC remains unaffected. For a 4.5 °C change in AT, compressor work
and exergy destruction increase by 9.6 % and 15.2 %, respectively, resulting in a 9.6 % and 9.5 % decrease in COP and exergy effi-
ciency, respectively. It is evident that, AT has marginally greater impact on COP (0.01 °C~1) than exergy efficiency (0.008 °C~1).
Moreover, it has proven to be the most influential variable in this study.
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6.6. Effect of evaporator temperature on plant economics

The changes in total plant cost rate, individual cost rates, and equivalent CO, emission with evaporator temperature, Teyap ranging
from —140 °C to —100.5 °C are illustrated in Fig. 13 while keeping Trrc, Tmrc, Teond, AT fixed at —70 °C, —30 °C, 40 °C, 5 °C
respectively. It has been noticed that the overall plant cost rate shows a quadratic decrement initially with Ty, reaching a minimum
value at —107.5 °C, after that, increases rapidly while equivalent CO, emission keeps decreasing throughout this range. Examining the
trends of individual cost rates can unveil the fundamental reasons for the trend of overall plant cost rates. An increase in Teyqp drops the
compressor power requirement and consequently, total operational and environmental impact costs will be reduced. But this will
increase the evaporator heat transfer area which has a significant contribution to the total capital and maintenance (C&M) cost.
Initially, the reduction of the compressor power causes total C&M cost to decrease, but after a certain temperature level, the cost
related to the evaporator surpasses other contributors, and the overall C&M cost starts increasing sharply. Although operational and
environmental penalty costs keep decreasing, the drastic increase in C&M costs causes the total plant cost to increase rapidly. Total
plant cost and equivalent CO, emission initially decreases at an avg rate of 383 ($/year)/ °C and 1649.2 kg/ °C respectively to a
minimum of 32500 $/year and 68160 kg respectively at —107.5 °C. Total CO; emission keeps a steady fall and reaches 60824 kg while
the total plant cost rate’s sudden rise (1158.9 ($/year)/ °C avg.) takes it to 40612 $/year at —100.5 °C. As a drastic increase in plant
cost rate is observed after —107.5 °C, the operating temperature should be kept below this for economical operation.

6.7. Effect of condenser temperature on plant economics

Fig. 14 demonstrates the variations in total plant cost rates, individual cost rates, and equivalent CO2 emission with condenser
temperature, Tcong ranging from —140 °C to —100.5 °C. It is observed that the overall plant cost rate decreases initially for a specific
temperature range (36 °C to 44 °C), afterward it starts increasing with T.,,q While total equivalent CO, emission keeps increasing
throughout this range. When Tonq increases, the total power requirement in HTCC increases which results in increased operational and
environmental penalty costs, but C&M cost gets reduced as the condenser heat transfer area drops. Initially, the amount of increment in
operational and environmental cost is less than the drop in C&M cost and so, the plant cost gets reduced till T,,,q = 44 °C. After that, the
increased amount in operational and maintenance cost becomes greater than the fall in C&M cost which eventually causes the plant
cost to increase. Total plant cost decreases initially at an avg. rate of 270.9 ($/year)/ °C and reaches its optimum value (34810 $/year)
at 44 °C. Then, it maintains a steady increase rate of 89.5 ($/year)/ °C until it reaches 36063 $/year at 58 °C. As the effect of T¢ong 0N
the cost rate of the plant is relatively insignificant, the optimal operational condition for this parameter, as determined by energy and
exergy analysis, will prevail.
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Fig. 13. Variations of plant cost rates and total CO2 emission with evaporator temperature, Teyap.
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6.8. Effect of LTC condenser temperature on plant economics
The variations in total plant cost rates, individual cost rates, and total equivalent CO5 emission with LTC condenser temperature,

Trrc ranging from —80 °C to —44 °C are depicted in Fig. 15. It exhibits that the overall plant cost rate initially rises steadily with Tyrc,
but a rapid increase occurs just after —72.5 °C whereas total CO, emission decreases initially up to a certain temperature range, after
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Fig. 15. Variations of plant cost rates and total CO2 emission with LTC condenser temperature, Tytc.
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that a drastic increase is noticed with LTC condenser temperature. This trend can be comprehended by scrutinizing individual cost
rates. When Ty ¢ increases, the required power increases for LTCC but decreases for HTCC. This opposite behavior of overall input
power will impact the operational cost and environmental impact cost. For a temperature range of —80 °C to —76 °C, although total
environmental cost and operational cost fall, the total plant cost rises very slowly because of the increase in its major contributor which
is C&M cost. After that, all the contributors to the total plant cost increase with Ty ¢ and so, it starts increasing rapidly. At —80 °C, the
total plant cost rate is 34935.3 $/year which increases with an avg. rate of 5.2 ($/year)/ °C and rises to 34956 $/year at —76 °C. After
that with an avg. increase rate of 30.4 ($/year)/ °C , total plant cost finally rises to 35928 $/year at —44 °C.Clearly, Ty ¢ has little
influence on the total plant cost rate compared to other parameters.

6.9. Effect of MTC condenser temperature on plant economics

Fig. 16 shows the changes in total plant cost rates, individual cost rates, and equivalent CO5 emission with MTC condenser tem-
perature, Tyrc ranging from —35 °C to 9 °C. It has been noticed that C & M cost increases with Tyr¢ whereas environmental and
operational costs decrease initially for a temperature range of —35 °C to —15 °C and after that increase with Tyr¢. These factors lead to
a gradual increase in total plant cost until —15 °C, then it rises rapidly as all the individual cost rate increase for this range. The
required power increases in MTCC and decreases in HTCC when Ty¢ rises. These two opposing factors will determine the behavior of
overall power requirement and subsequently total environmental cost and operational cost. Total plant cost increases at an avg. rate of
61.2 ($/year)/ °C up to —15 °C, then it rises rapidly at an avg. rate of 482 ($/year)/ °C, whereas CO; emission decreases at an avg. rate
of 68.25 kg/ °C to reach its minimum value (83324 kg) at —15 °C. After that it maintains an avg. increment rate of 125.8 kg/ °C. Since
Turc has a significant impact on plant economics, the optimum operating range should be below —15 °C.

6.10. Effect of cascade condenser temperature difference on plant economics

The variations of total plant cost rates, individual cost rates, and equivalent CO, emission with cascade condenser temperature
difference, AT ranging from 4 °C to 8.5 °C are depicted in Fig. 17. It demonstrates that both the overall plant cost rate and the
equivalent CO; emission increase at constant rates with AT. Total plant cost rate rises from 35476 $/year at 4 °C to 37440 $/year at 8.5
°C at a constant rate of 418 ($/year)/ °C while total CO, emission rises from 81647 kg at 4 °C to 89616 kg at 8.5 °C at an avg. rate of
1700 kg/ °C. The reason for this trend is that input power for MTCC and HTCC increases with AT, while it remains unaffected for LTCC.
These factors lead to the gradual increase in all the individual costs and so, increase at a constant rate with AT is noticed for total plant
cost rate. Evidently, AT has a strong influence on plant cost. However, since the optimal operating point (4 °C) for AT is similar from
both thermodynamic and economic point of view, this parameter can be excluded from the optimization task.
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6.11. Effect of both evaporator temperature and condenser temperature on plant economics

The changes of overall plant cost with respect to both condenser temperature, Tconq and evaporator temperature, Teyqp, Tanging from
36 °C to 61 °C and —140 °C to —101 °C respectively are presented in Fig. 18. It has been observed that the range of Te,q, should be
between —106 °C and —112 °C and T,,nq range should be between 40 °C and 50 °C for the minimization of the plant cost rate. The
minimum value of the plant cost rate is 32498 $/year which is obtained for T,q = —108 °C and Tcong = 44 °C. The optimal range for
the overall plant cost, however, may shift depending on the other operational parameters.

6.12. Effect of both LTC & MTC condenser temperature on plant economics

Fig. 19 demonstrates the variations in overall plant cost with LTC condenser temperature, Ty ¢ ranging from —80 °C to —35 °C and
MTC condenser temperature, Tyrc ranging from —35 °C to 11 °C while keeping Teyap, Tcona, AT fixed at —120 °C, 40 °C and 5 °C
respectively. The overall plant cost decreases with the decrease of both Tir¢ and Tyrc. Therefore, the optimal temperature for
minimizing total plant cost would be the temperature with the lowest values in the LTC and MTC condenser temperature ranges. At this
operating condition, the minimum total plant cost rate is 34643 $/year which is obtained for LTC and MTC condenser temperatures at
—80 °C and —35 °C respectively. However, this optimum range is only applicable for the operating conditions considered, but the trend
should remain the same for other operating conditions as well.

6.13. Pareto Analysis to determine the most impactful input parameters

A sensitivity analysis has been conducted to evaluate the impact of input parameters on the three objective functions (Total Plant
Cost, COP, and Exergy Efficiency). The dataset has been systematically varied across input parameters (Teyap, Trtc, TMTC, Teond and AT)
to observe corresponding changes in output parameters. This dataset has been utilized to generate a correlation matrix for both input
and output parameters. Subsequently, Pareto Analysis has been employed to identify the most impactful (20 % input that causes 80 %
outputs) input parameters in this study. Fig. 20 (a), (b), and (c) depict the correlation between input and output parameters for Total
Plant Cost, COP, and exergy efficiency, respectively, while Fig. 20 (d), (e), and (f) illustrate Pareto Analysis for the corresponding
outputs. The heatmap of the correlation matrix justifies the selection of input parameters, revealing significant correlations with the
outputs. The Pareto Analysis results demonstrate that Teyap and AT are crucial factors for Total Plant Cost, while Teyap and Tecong are
vital for both COP and exergy efficiency.
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7.1. Box-Behnken method for objective function generation

Heliyon 10 (2024) e31655

The quadratic equations for the three objective functions which are generated using Minitab software are given below. Cascade
temperature difference, AT is not included as a contributing factor in the RSM method as it is evident after the parametric analysis part
that, both exergy efficiency and COP will be maximum and total plant cost rate will be minimum at the lowest value of AT. Thus, AT

has been kept at 4 °C to evade the unnecessary complexity of optimization procedure.
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Total Plant Cost =286832 + 3631.13 x — 91.24 X Tyqc + 287.10 X Tyrc

— 1735.7 X Tegnd + 16.6106 X (Tevap)” +0.6317 x (Tirc)? + 1.1752 % (Twrrc)? + 17.5936 X (Teond)® — 1.4965 x (Tevap X Tirc)
~ 0.5632 X (Tevap X Taarc) +1.4065 X (Tevap X Teona) — 0.8651(Tire X Twre) — 6.3309 x (Twrre X Teond)

Exergy Efficiency =1.93134 +0.015717 x Tevap — 0.000109 x Tyrc — 0.000223 X Tyirc
— 0.010408 X Teong +0.000026 X (Tevap)” — 0.000016 x (Tyc)?
~ 0.000017 x (Tyrc)? +0.000010 X (Teona)? + 0.000016 X (Tevap X Trzc) — 0.000002 X (Tevap X Twirc)
— 0.000060 x (Teyap X Teonda) +0.000018 x (Tixe X Trc) +0.000003 X (Tire X Teona) +0.000013 x (Tyrc X Teona)

COP=2.77349 4 0.022764 x Tevap — 0.000158 x Tyzc — 0.000322 X Tyre — 0.015075 X Tegng + 0.000037 X (Tevap)”
~ 0.000024 x (Tyrc)® — 0.000024 X (Twrc)” +0.000015 X (Teona)” +0.000023 X (Tevap X Tirc) — 0.000002 X (Tevap X Tyirc)
—0.000087 X (Teyap X Teona) +0.000026 x (Ty1c X Tyurc) + 0.000004 x (Tyre X Teona) +0.000019 X (Tyrc X Teond)

7.1.1. Accuracy of the quadratic equations

To assess the accuracy of the quadratic equations derived through the Box-Behnken method, a dataset was systematically generated
across a specified range: (Teyap = —140 t0 —110 °C), (Tcong = 36 t0 57 °C), (Tyrc = —80 to —72 °C) and (Tyrc = —35 to 7 °C). A subset
of this dataset is presented in Table 16 for reference. The accuracy of the quadratic equations was then rigorously evaluated using
various error metrics, as delineated in Table 17. It can be observed that MAE, MAPE and RMSE values are within the expected range for
all three output functions. Furthermore, the R? values, approaching unity, affirm a close alignment between the quadratic equations
and the underlying model. This convergence strongly suggests that the equations aptly capture the intricacies of the model, sub-
stantiating their appropriateness for predictive purposes.

7.2. Pareto Front for three objective functions

The optimum solutions of the three objective functions which are generated by using gamultiobj solver in MATLAB optimization
toolbox are presented in Fig. 21. It is evident that a rise in COP and exergy efficiency causes total plant cost to increase. Total plant cost
rate increases from 33295 $/year to 40639 $/year for 38.1 % increase in exergy efficiency (from 0.37 to 0.511) and 39.2 % increase in
COP (from 0.51 to 0.71).

7.3. Optimum solutions from decision making techniques

Although all the solutions of the Pareto front are optimum, a unique solution has been extracted from the Pareto Front by
employing decision making techniques (TOPSIS & LINMAP) to analyze the TCR system comprehensively. Fig. 22 depicts the optimum
point after employing TOPSIS and LINMAP, it is also listed in Table 18. It has been found that both decision-making techniques derive
the same unique solution. The thermodynamic properties of each state point and the performance of the TCRS have been determined at
the optimum point and are listed in Table 19 and Table 20 respectively. Three objective functions in this work, total plant cost rate,
exergy efficiency, and COP, are 38262.05 $/year, 0.51 and 0.71 respectively at optimum point.

Table 16

Sample dataset to compare the actual and predicted value.
Tevap Trrc Twmrc Teond AT Plant Cost Actual Plant Cost Exergy Efficiency Exergy Efficiency [e0)2 COP
(°0) °C) (°C) °C) (°c) Predicted Actual Predicted Actual Predicted
-113 —72 7 57 4 35196.12 35873.75 0.35 0.35 0.48 0.47
-116 -72 7 57 4 35913.04 35839.91 0.33 0.34 0.46 0.45
-119 -72 7 57 4 36820.87 36105.07 0.32 0.32 0.44 0.43
-137 -76 7 57 4 45573.1 43917.87 0.23 0.24 0.32 0.31
-113 —72 4 57 4 34949.81 35678.46 0.35 0.35 0.49 0.48
—-140 -72 7 57 4 47549.9 46332.89 0.22 0.23 0.3 0.29
-113 —-74 7 57 4 35270.7 35914.59 0.35 0.35 0.48 0.47
-116 —74 7 57 4 35983.1 35871.77 0.33 0.33 0.46 0.45
-119 —74 7 57 4 36885.8 36127.95 0.32 0.32 0.44 0.43
—-122 —-74 7 57 4 37949.7 36683.11 0.3 0.3 0.41 0.4
—134 —78 7 45 4 43898.25 43952.1 0.27 0.27 0.36 0.35
—140 —74 7 57 4 47563.94 46292.92 0.22 0.23 0.3 0.29
-119 —78 —-14 51 4 34997.91 34572.13 0.34 0.34 0.47 0.46
-116 -76 7 57 4 36062.78 35908.68 0.33 0.33 0.45 0.45
-119 -76 7 57 4 36960.58 36155.88 0.32 0.32 0.43 0.42
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Table 17

Accuracy of the quadratic equations based on some error metrics.
Outputs MAE MAPE RMSE R? Score
Total Plant Cost 754.27 0.0191 871.46 0.96
CopP 0.0088 0.0215 0.009 0.98
Exergy Efficiency 0.0026 0.0091 0.003 0.995

(AR |§) 180D yueld (0L
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Fig. 21. Pareto front for the triple objective optimization of the TCRS.

7.4. Exergy destruction at the optimum point

To investigate the TCR system comprehensively, exergy destruction across each of the components at the optimum point has been
determined and further depicted in Fig. 23. It has been noticed that HTC compressor (19.3 %) and HTC throttle valve (15.5 %) cause
the majority (35 %) of the total exergy destruction and to improve the total exergy efficiency, these parts should be given the most
attention. Condenser (11.7 %), MTC compressor (11.2 %), CHX1 (10 %), LTC compressor (9 %), evaporator (8.4 %), CHX2 (6.6 %) are
next to this list according to their contribution to total exergy destruction rate and there is room for improvements in these components

as well. As the LTC throttle (3.1 %) and MTC throttle (5.1 %) have insignificant impact on total exergy destruction, improvement for
these components can be avoided to reduce overall plant cost.

7.5. Energy flow at the optimum point

The energy flow across each of the components of the TCRS at the optimum operating condition has been depicted in Fig. 24 For a
refrigeration system with a capacity of 10 kW, it is observed that the total work input necessary is 14.1 kW. Furthermore, approxi-
mately 57 % of the total work input has to be provided to the high-temperature circuit (HTC) compressor.

7.6. Plant economics at the optimum point

Fig. 25 illustrates the various cost parameters (capital & maintenance cost, operational cost, environmental cost) of the TCRS at the
optimum operating condition. It can be observed that the majority (72 %) of the cost is related to the capital investment and main-
tenance cost while environmental and operational costs comprise 14 % each of the total cost. The preeminent contributors to the total

capital and maintenance cost are the evaporator (43 %) and condenser (20 %). This underscores the necessity to prioritize efforts
aimed at cost reduction for these components.
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Fig. 22. Unique solution on Pareto Front after employing decision making techniques.

Table 18
Optimized point for each decision-making technique.
Tevap Tirc Ture Teond Decision making Technique
—-101.023 —69.047 —34.651 36.545 TOPSIS
-101.023 —69.047 —34.651 36.545 LINMAP
Table 19
Thermodynamic properties of each state point at optimum operating condition.
State Point Fluid T (°C) P (kPa) m (kg/s) h (kJ/kg) s (kJ/kg/k) E (kW)
1 1-Butene —101.02 0.209 0.02 282.46 1.87 —5.51
2 1-Butene —10.90 3.574 0.02 391.80 1.96 —3.48
3 1-Butene —69.05 3.574 0.02 —-129.41 —0.55 2.03
4 1-Butene —101.02 0.209 0.02 —129.41 —0.52 1.81
5 Heptane —73.05 0.002 0.04 47.66 0.79 —6.04
6 Heptane —4.83 0.123 0.04 142.81 0.86 -3.39
7 Heptane —34.65 0.123 0.04 —303.38 -1.00 0.52
8 Heptane —73.05 0.002 0.04 —303.38 —-0.97 0.16
9 m-xylene —38.65 0.008 0.05 117.50 0.87 —-5.43
10 m-xylene 92.98 2.116 0.05 274.23 0.95 1.22
11 m-xylene 36.55 2.116 0.05 —-197.71 —0.55 0.01
12 m-xylene —38.65 0.008 0.05 —-197.71 —0.48 -1.07
13 Air —90.00 101.300 2.39 308.74 3.39 30.23
14 Air —100.00 101.300 2.39 298.65 3.33 36.97
15 Air 25.00 101.300 0.99 424.44 3.88 0.00
16 Air 35.00 101.300 0.99 434.50 3.91 0.40

8. Conclusion

A comprehensive analysis based on thermodynamic, economic, and environmental perspectives of a 10 kW TCR system installed
with hydrocarbon refrigerants (1-butene/Heptane/m-Xylene) has been conducted in this work. A sensitivity analysis has been
employed to comprehend the effect of different operational parameters on the system performance. In addition, multi-objective (COP,
exergy efficiency, overall plant cost) optimization using genetic algorithm and subsequent decision techniques (TOPSIS & LINMAP)
have been employed to derive the optimum operating point. Furthermore, system performance, energy flow, exergy destruction and
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Table 20

TCR system performance at optimum point.
Parameters Value
Total compressor work 14.08 kW
Total exergy destruction 6.95 kW
LTC COP 3.77
MTC COP 3.69
HTC COP 2.01
Overall COP 0.71
Exergy Efficiency 0.51

Capital and maintenance cost
Operational cost

Total equivalent CO, emission
CO;, penalty cost

Total plant cost

27621.49 $/year
5406.79 $/year
58153.03 kg
5233.77 $/year
38262.05 $/year
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cost rate for each of the components have been evaluated at optimum point to make a priority-based improvement. This investigation
allows us to derive the following findings:

Both COP and exergy efficiency increases with evaporator temperature, Teyap (91.2 % & 83.7 % increment respectively for tem-
perature range —140 °C to —104 °C) while overall plant cost rate shows a quadratic decrement (383 ($/year)/°C~!) initially,
reaching a minimum value of 32500 $/year at —107.5 °C, after that, increases rapidly (1158.9 ($/year)/°C~1).

The system performance (COP and exergy efficiency) deteriorates with condenser temperature (15.7 % & 16.2 % decrement
respectively for temperature range 36 °C to 58 °C) while the overall plant cost rate decreases (270.9 ($/year)/°C™!) initially,
reaching a minimum value of 34810 $/year at 44 °C and afterward it starts increasing (89.5 ($/year)/°C™1).

With LTC condenser temperature, Tyrc both COP & exergy efficiency exhibits increment (0.0025 °C~!) initially, reaching maximum
value (0.499 and 0.361 respectively) at Tyrc = —76 °C and after that, both parameters show quadratic decrement (0.0008 °C~! and
0.0006 °C~1) while overall plant cost rate initially rises steadily with Tryc, but a rapid increase occurs just after —72.5 °C.

COP and exergy efficiency shows increment (0.00073 °C~! and 0.0005 °C~! respectively) initially with MTC condenser temper-
ature, Ty¢ and rise to their maximum value (0.5 and 0.36 respectively) at Tyirc = —15 °C, then both of these parameters start
declining while gradual increase is observed in total plant cost until Ty;rc = —15 °C, then it rises rapidly (482 ($/year)/°C~1).
Alinear decrease in COP & exergy efficiency (9.6 % and 9.5 % respectively) is noticed with cascade temperature difference AT (4 °C
to 8.5 °C) while overall plant cost rate increases (418 ($/year)/°C™!) linearly. As all the functions are already optimized at the
minimum temperature of AT, this parameter has been excluded from the optimization.

Both TOPSIS & LINMAP gives identical solution and COP, exergy efficiency and overall cost rates are found 0.71, 0.51 and
38262.05 $/year respectively at optimum temperature (Teyap = —101.023 °C, Tcond = 36.545 °C, Trrc = —69.047 °C and Tyrc =
—34.651 °C)

Finally, exergy destruction at optimum condition shows that the focus should be on the improvement of HTC compressor and HTC
throttle valve, a major contributor (35 %) to overall exergy destruction.

At the optimum point, the economic analysis reveals that capital and maintenance costs are the primary contributors, accounting

for 72 %, with 63 % of this cost attributed to the evaporator and condenser components.

9.

Limitations and future recommendations

This study, which relies on simulations for the TCRS, inherently recognizes the possibility of deviations in results when extending

findings to real-world scenarios. The ensuing section encompasses a comprehensive discussion of the limitations associated with this
study, accompanied by recommendations for future research within this sector.

9.1. Limitations

As this is a simulation-based study of a TCRS, it is acknowledged that there may be deviations in the results when applied to real-life
scenarios.

The quadratic equations were derived through the Box-Behnken method, and subsequent optimization was carried out based on
these equations. While the equations demonstrate a notable level of accuracy, it is recognized that they may not perfectly align with
the actual model across all ranges of the input dataset.
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e Design parameters, assumed or adopted from the literature review, may require adjustment based on specific application re-
quirements and locations.

e The optimization process was conducted based on certain assumptions, recognizing that these assumptions may need to be revisited
or adjusted in real-life applications.

e Conventional exergy analysis, while determining overall exergy destruction, lacks the ability to differentiate between endogenous
and exogenous sources, limiting insights into specific components causing maximum exergy destruction.

9.2. Future recommendations

e An advanced exergy analysis might be performed on this cycle to get a detailed analysis of the components’ contribution to the
exergy destruction and an advanced exergo-economic analysis can be employed as well to unveil more detailed improvement
potentials of the TCRS economics in the next work.

e Advanced multi-objective optimization algorithms, such as NSGA-III, SMPSO, and MOEAD, may be used. Machine learning models
may be used to enhance the precision of regression models in addition to the Box Behnken approach.

e The simulation model will be compared to an experimental model to uncover significant opportunities for improvement.
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