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KEYWORDS ABSTRACT

Coefficient of performance With increasing restrictions on high GWP refrigerants in refrigeration system, th
transition to efficient, climate-friendly alternatives has become necessary. Some efficier
low GWP options fall within the A2/A2L flammability class, necessitating stric
TEWT Analysis adherence to safety standards, introducing additional design and cost implications
Despite these challenges, integrated assessments that simultaneously addres
performance, environmental impact, safety requirements, and economic viability in
dedicated mechanical subcooling refrigeration system (DMS-VCRS) remain scarce.

Exergy Efficiency

Refrigerant Safety
Annual Total Cost Rate

Low GWP Refrigerants

This study presents a comprehensive parametric evaluation of seven R134A substitute
Alternatives

under the DMS-VCRS framework using 4Es (Energy, Exergy, Economic, Environmental
analysis. It includes TEWI-based environmental analysis and safety-economi
assessments for A2/A2L refrigerants. The R134a substitute refrigerants that wer
examined in this work include R1234ze(E), R1234yf, R440A, R450A, R513A, R515A
and R152A. The model of the DMS-VCRS was carried out using STEAG Ebsilo
Professional software with REFPROP 9.1 thermophysical property correlation. Th
model validation demonstrated excellent agreement with the literature (RMSE = 0.033¢
MAPE < 3%, R*> 0.997).

Parametric studies investigated the influence of condenser temperatures, evaporatc
temperatures, degrees of subcooling, degrees of superheating, and refrigerant mass-floy
ratios on thermodynamics, economics, and environmental impacts performance. R152/
and R440A performed better than R134A, achieving a 7% increase in COP, a 6% increas
in exergy efficiency, and a 13-22% reduction in Total Equivalent Warming Impac
(TEWI) compared to R134A. Reliability-bounded operating ranges for subcoolin
degrees (22-39.5 °C) and superheating degrees (1.5-37.5 °C), along with othe
parameters, yielded optimal conditions at 34—37 °C condenser 1 temperature, —4 °(
evaporator temperature, and 27.3-32.5 °C and 20-25 °C subcooling and superheating
respectively. The performance of 4Es was consistently and mildly impacted by variation
in superheating and subcooling degrees. While indirect emissions from powe
consumption show a total TEWI (>85%). Their economic competitiveness i
demonstrated by the fact that R152A and R440A had the lowest Annual Total Cost Rat
(ATCR) (=5% below R134a) and Total System Cost (TCR-SYS), which was roughly 99
higher than R134a but 12% lower than R1234yf. Although R152A and R440A are mildl
flammable (A2), safe operation can be ensured under the IEC 60335-2-89 guidelin
through charge limitation, leak detection, and ventilation.
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1. Introduction

Conventional Vapour compression refrigeration
systems (VCRS) continue to dominate industrial and
commercial cooling but they are known for substantial
energy consumption. R134a has been used as a
standard working fluid for decades; its high global
warming potential poses serious environmental
concerns. Extensive VCRS deployment contributes
substantially to global energy consumption and
greenhouse gas emissions [1-3]. The 2016 Kigali
Amendment mandates gradual reduction HFCs,
including R134a [4, 5]. This regulatory framework
necessitated industry adoption of low-GWP
refrigerants with improved refrigeration system
configurations such as mechanical subcooling [6].

Recent studies have explored multiple low GWP
alternatives for R134a, with particular focus on
R1234yfand R1234ze(E), due to their ultra-low GWP
(below 10) and comparable operating pressure to
R134A, as well as several blended refrigerants which
include: R513A, R515A, R440A, and R450A. Most
alternatives achieve GWP values below 150, though
R450A, R513A, and R515A exceed this benchmark
[7]. The studied refrigerants have been shown to have
similar thermophysical properties to R134A [8, 9], but
they show a lower coefficient of performance (COP)
and volumetric cooling capacity (VCC) compared to
R134A [10, 11]. Aprea et al. [8] reported a 5-10%
reduction in COP for R1234yf compared to R134A.
While Nawaz et al. [12] reported an acceptable energy
performance for R1234ze(E) despite lower VCC.
Blended refrigerants (R-440A, R-450A, R-513A, R-
515A) offer similar performance characteristics with
GWP values below 630 [13]. Bolaji [14] observed
COP improvements of 14% and 5% for R440A and
R450A, respectively. Li [15] identified R513A,
R515B, and R516A as practical substitutes for R134A.
They noted that R516A show superior performance
among the three evaluated refrigerants but requires a
safety protocol due to its A2L classification, while
R515B demand significant compressor modifications.
Kizilboga et al. [23] examined low GWP refrigerants
in automotive applications. They found that R152A,
among the evaluated refrigerants, exhibited the lowest
total exergy destruction despite A2 classification.
Deymi-Dashtebayaz et al. [22] applied second law
analysis to optimise refrigeration configurations,
focusing on exergy-based performance evaluation of
low GWP refrigerants. Their work identified optimal
conditions maximising exergy efficiency while
minimising irreversibilities, establishing a framework
for sustainable design.

Dedicated mechanical subcooling (DMS) has
gained research  interest for  performance
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improvement. The application of DMS helps to
increase  refrigeration effect while reducing
compressor work, improving COP and exergy
efficiency [16—18]. Studies report 8-15% COP gains
[11, 18, 19]. Component-level exergy analysis in
DMS-VCRS reveals reduced irreversibility’s,
particularly in evaporators and expansion devices. Wu
and Wang [20] emphasised that expansion valve
exergy destruction decreases significantly with
mechanical subcooling. Solanki et al. [18] and Zheng
et al. [21] reported reduced compressor work and
overall exergy destruction.

Financial analyses using Net present Value (NPV),
life cycle cost (LCC), and payback metrics indicate
subcooling modifications could achieve 2—4 years cost
recovery [27]. Research confirms that DMS
integration improves not only efficiency but also
maintains economic viability [17, 18, 28]. Existing
DMS-VCRS studies, particularly with R134a, focus
predominantly on thermodynamic performance or 3Es
analyses [18, 19, 46]. These studies have advanced
DMS understanding with high GWP refrigerants,
which provide limited insight into low GWP
performance under identical conditions. Studies have
examined low GWP refrigerants or DMS separately; a
comprehensive 4Es evaluation combining both
remains rare.

TEWI assessments show electricity consumption
dominates environmental impact [24]. Kumar et al.
[25] demonstrated how grid carbon intensity critically
influences indirect emission significance in TEWI
calculations, emphasising energy efficiency's
importance beyond refrigerant GWP in refrigerant
selection and system optimisation. Refrigerant
selection has been shown to have a critical influence
on  environmental  sustainability [4,  29].
Environmental criteria must be integrated with
thermodynamic and economic factors in refrigeration
assessment for system sustainability. Kayes et al. [26]
applied a 4Es (energy, exergy, environmental,
economic) analysis to CO: systems, demonstrating
that environmental factors can shift thermodynamic
optimisation points.

Literature rarely integrates A2/A2L safety
requirements—charge  limits, ventilation, leak
detection, and compliance with I[EC 60335-2-89, ISO
5149, and EN 378—into economic frameworks. This
safety cost remains inadequately quantified in
economic assessment. Some promising alternatives
(R152A, R440A, RI1234yf, R1234ze(E)) carry
A2/A2L classifications, which demand safety-related
design modifications.

This work addresses these gaps through 4Es
(energy,  exergy, economic, environmental)
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assessment of DMS-VCRS with seven low GWP
refrigerants as R134a substitutes, integrating TEWI
analysis and safety-compliant economics. The aim of
this study is achieved through regulatory-aligned
refrigerant selection guidance that balances efficiency,
safety, cost, and environmental sustainability.

2. Materials And Methods

This study presents a comprehensive evaluation of
seven R134A substitutes under the DMS-VCRS
framework, which includes an integrated condenser
cooling fan. Seven low-GWP refrigerants, including
R1234yf, R1234ze(E), R440A, R450A, RS5I13A,
R515A, and RI152A, were analysed for being
substitutes for the R134a refrigerant in a study. It
investigates the impact of variations in the
temperatures of the condenser and evaporator,
superheating degree of the subcooling circuit,
subcooling degree, and the mass flow ratio of the
working fluid on the performance of the system,
namely, annual total plant cost rate (ATCR), system
total cost rate (TCR-SYS), TEWI, COP and exergy
efficiency.

2.1 System Description

Figure 2(a—) shows the DMS-VCRS schematic
together with the corresponding pressure-enthalpy (p-
h) and temperature-entropy (T-s) diagrams. The
primary DMS-VCRS circuit includes a compressor,
condenser, expansion valve, and evaporator, which
operate in a closed-loop setup (see Fig. 2a). The
auxiliary DMS-VCRS circuit is thermally linked to the
primary circuit through a sub cooler. Acting as an
evaporator for the auxiliary loop, the sub cooler lowers
the primary circuit refrigerant temperature below its
saturation point at the condenser pressure. This design
improves the refrigerating effect without increasing
the compressor work. Air cooling for both condensers
is provided by the forced-draft fans.

2.2 Steag Ebsilon Modeling And Simulation Of The
Refirigeration Cycle

The 4Es (energy, exergy, economic, and
environmental) assessment of a DMS-VCRS was
performed using STEAG Ebsilon Professional (v16.0)
software. This platform offers good capability for
steady-state and quasi-dynamic simulations with
accurate heat and mass balance calculations. Although
originally  developed for power generation
applications, the software can be adapted effectively
to detailed refrigeration system modelling through its
extensive component library, integrated material
databases, and kernel scripting features [30].

Thermophysical  property calculations use
REFPROP 9.1 correlations, which guarantee precise
refrigerant and air property computation across all
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operating conditions [31]. The software allows user-
defined equations for exergy, economic, and Total
Equivalent Warming Impact (TEWI) calculations
through its integrated kernel-scripting feature.

2.2.1 Model Construction Methodology

The DMS-VCRS model was developed using
Ebsilon’s component library as follows (Fig. 1):

e Main Refrigeration Loop: Compressor
(Comp. 24 + 29), Condenser (Comp. 7),
Expansion Valve (Comp. 14), and
Evaporator (Comp. 26).

e Subcooling Loop: Secondary Compressor
(Comp. 24 + 29), Condenser (Comp. 7),
Expansion Valve (Comp. 14), and Sub
cooler (Comp. 26).

e Auxiliary Systems: Centrifugal Fans
(Comp. 24 +29), control elements (Comp.
39), and kernel scripts for control
integration and system performance
metrics calculation.

Boundary conditions and convergence criteria were
defined as: convergence tolerance = 1x107, and
maximum iterations = 900.

2.3 Mathematical Modelling
2.3.1 Energy and Exergy Analysis

A thermodynamic and exergetic model of the
DMS-VCRS was developed based on established
formulations from literature to evaluate system
performance and cost characteristics (see Table 3).
The following assumptions were applied to ensure
model simplicity and computational stability:

1. Pressure drops of 2% for the main loop
and 1% for the DMS loop components.
Heat losses of 0.5%

2. Kinetic and potential energy effects are
neglected.

3. All components operate under steady-
state conditions.

4. Expansion in both main and subcooling
loops is isenthalpic.

5. The refrigeration capacity is fixed at 15
kW to maintain safe refrigerant charge
limits (<1.2 kg) for A2 and A2L
refrigerants at the designed 40 °C
condenser temperature.

6. Inlet air temperatures for the condenser
and evaporator fans are constant at 25 °C.

Table 2 presents the principal input parameters and
governing equations derived from the first and second
laws of thermodynamics used for system analysis.
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The compressor-driven refrigerant mass flow rate

(m" R1) in the main cycle is determined through a heat

balance analysis of the evaporator using Equations (1).
_ QEvap _ Q6—7

= = 1
(hai=hs)  (hi—hs) 1
The compressor-driven refrigerant mass flow rate

Mmpg1

(Thg,) in the subcooling cycle is determined through a
heat balance analysis of the subcooler using Equations

Q).

Where v, and vy is the suction specific volume at
the compressor's inlet at the main and subcooling
cycle.
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Table 1
Properties of Selected Refrigerants [11], [32]-[35]
Properties Refrigerants
R134A RI1234ze  R1234yf R440A  R450A RS513A  RSI5A R152A
Global Warming Potential
(GWP) 1430 7 4 144 537 631 393 124
Safety Class* Al A2L A2L A2L Al Al Al A2
Boiling Point (°C) -26.1 -19.0 295 -25.5 -23.1 292 -19.2 -24.0
Critical Temp. (°C) 101.1 109.4 94.7 103.5 104.4 96.5 108.7 113.3
Critical Press. (kPa) 4059 3635 3382 4003 3820 3858 3571 4520
Liquid Density @25°C (kg/m®) 1206 1163 1091 1097 1175.1 1134 1181 899
Vi Density @25°C
apour Density @ 3235 30.12 37.92 3542 296 3631 3148 13.35
(kg/m’)
Molar Mass (g/mol) 102.03 114.04 114.04 99.72 108.6 108.43 118.73 66.05
Latent Heat @—15°C (kJ/kg) 209.5 195.6 180.3 214.7 203.64  194.1 186.3 3299
Refrigerant Cost (USD) $2425 $74 $99.2 $25 ™ $44.09  $55 $50 ** $15.51
Reference for Refrigerant Cost  [36,37] [38] [39] [40] [41] [42]

*Al (Non-flammable) A2L (Mildly flammable) A2/A3 (Flammable)

** The refrigerant prices here are estimated based on the blended proportion.

The coefficient of performance (COP) of the overall
DMS-VCRS is obtained from Egs. (4).

COP = Qevap
“4)

The total exergy Ex ofa system or component can be

Qevap

WComp,Total+WFan WComp1+WComp2 +WFran

divided into two components: physical exergy Epy,
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and chemical exergy E.y, which is not considered
here. [43]

Ex = Epo + EXCH = Mfs(épo + éxCH)

)

The physical exergy component épy arises from the
pressure differential between the fluid stream and the
ambient environment [34].

epy = (h —ho) — To(s — s0)

(6)
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Here h and s represent the specific enthalpy and
entropy of a fluid stream under its actual operating
conditions of temperature T and pressure p, while ho
and so represent the specific enthalpy and entropy of
the same stream evaluated at reference environmental
conditions T, and P,. For any component, the exergy
balance is defined by the following Eqgs. 7: [44]

Ex =% (1 - T;jf) Qi — Wey + X(Exin — Exout)
(7

Exergy destruction, which results from
irreversibility’s within the system, equals the
difference between the total exergy entering and
leaving the system. The general exergy balance
equation is expressed as [45]:

ExDest = Exin - ExOut (8)
The Total Exergy Destruction (Epest,Towal), €Xergetic
efficiency (nin) and components relative

Table 2

Parameters used for simulation

irreversibility (R];) of DMS-VCRS are given by Egs.
(9, 10, & 11) below.

EDest,Total = EDest,Evap + EDest,Condl +

EDest,CondZ + EDest,Compl + EDest,CompZ +

Epest,pan + Epest.evi + Epestev2 )
Ny = Exout — 1 _ EXpestTotal (10)
1 Ex,n Ex,n
Ex i
RI; = —2estt (11)
EXpest,Total

Where [ represents the component of evaluation.

2.3.2  Economic analysis

The economic analysis begins by identifying all costs
associated with the system. The total Cost rate for the
DMS-VCRS represents the summation of these capital
and maintenance costs, operational expenses, CO2
emission penalties and refrigerant leak cost.

Component Parameters with Values

Compressor
superheating rise: 3°C

Combined Electrical and Mechanical Efficiency: 0.9, Allowable Suction line Degree of

Isentropic Efficiency njs = 0.85 — 0.046667(%) [18]

Condenser

Evaporator

Sub-Cooler

Condenser
Cooling Fan and
motor
Economics
Parameters [46,
87]

Condenser Temperature:40°C (32°C — 52°C), Allowable sub-cooling: 2°C, Air flow calculation is
based on Lower Terminal Temperature Difference: 2 °C, Tube’s inner/outer diameter: 7.894/9.52
mm [89]*

Evaporator Temperature: -5°C (6°C to -24°C), Allowable superheating: 5°C (Main Evaporator),
Cabinet Average Temperature: -8.5°C, Air flow calculation is based on Lower Terminal
Temperature Difference: 2 °C

DMS cycle (DMSC) Evaporating Temperature: 0°C (15°C to -11°C), Design Refrigerant charge
Ratio: 0.15 (0.05 — 0.65), Degree of subcooling (22°C to 39.5°C), Degree of superheating: 1.5°C
(1.5°C to0 37.5°C)

Fan isentropic Efficiency: 0.865, Combined Electrical and Mechanical Efficiency: 0.9,
Environment Temperature: 25 °C

Maintenance factor, ¢ 1.06, 1.08**
Interest rate, 1 14%

Plant life time, n 15 years
Annual operational hours, N 5256 hours
Electrical power cost, Oelec 0.06 USD/kWh
Emission factor, pcoze 0.968 kg/kWh

Cost of CO; avoided, Cco
Leakage rate/Recovery Factor

0.09 USD/kg of CO; emission
5% (2.5%**)/70% [88]

* System A2/A2L refrigerants (the choice is due to stricter safety standards)

*k Same diameter dimension applied to evaporator and subcooler.

The system cost rate is the sum of equipment cost,

CTotal = CK + COp + Cenv + CRefg,Leak

installation and refrigerant cost. Therefore, the total (12a)
plant cost rate for the DMS-VCRS is expressed as:
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CSys = 1.07 * ZK CK + Clnstallation + CRefg +

CSysMod

(12b)
CRefg = éRefg X Mcharge (13)
CRefg,Leak = Lannual X CRefg X mCharge (14)

According to Sanaye and Malek Mohammadi [47],
approximately 0.84% of the total investment cost is
attributed to auxiliary components such as piping,
expansion valves, and refrigerant.

Since the refrigerant and expansion valve costs are
already included in the cost models, a 7% adjustment
to the equipment capital cost is applied to account
solely for system piping and system control unit (Eq.
12b), thereby accommodating the extended piping
lengths adopted in the present modelling.
Eco-friendly refrigerants often operate at different
pressures or exhibit mild flammability, making
retrofitting of existing R134a systems impractical.
Consequently, a system modification cost C'SysMod is
introduced to capture the expenses associated with
upgrading components to minimise leakage and
integrating safety features for A2 and A2L
refrigerants. This cost typically ranges between 10—
40% of the conventional system cost [48—49]. In this
present work, it is taken as 20%. Capital and
maintenance cost rates for system components are
estimated using cost correlations summarised in Table
5, derived from the works of Solanki et al. [46] and
Mosaffa and Farshi [87].

Ck = [(1.07 * T Cx + CSysMod) X @+

Clnstallation + CRefg] X CRF (15)
Where the maintenance factor of the plant is denoted
by ¢ (Table 2).

Also, CRF, capital recovery factor, is determined

using Eqgs. 16: [46, 50]
g+
CRF = g (16)

The total capital investment and maintenance cost rate

for the entire system is determined by summing the

capital investment and maintenance costs of all

individual components, expressed as:

ZK CK = CCompl + CCondl + CEuap + CEVl +

CCompZ + CCondZ + CSubC + CEVZ + CFanl + CFanZ
(17)

The operational cost of the system encompasses the

electricity consumption cost and is given by:

COp =NX WTotal X Oelec (18)

The heat transfer surface area of the heat exchanger

(A) for economic analysis is given by [46]:

A= 2 (19)

UoLMTD
To estimate the heat transfer areas of the condenser,
evaporator, and sub cooler for equipment cost
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evaluation, the overall heat transfer coefficient was
determined using the governing equations and
parameters presented in Table 4.

2.3.3  Environmental analysis

The penalty cost rate for greenhouse gas (GHG)
emissions from the DMS-VCRS is calculated using
the relationship established by Wang et al. [52] as:
Cenv = Mco,e X Ceo, (20)

The annual greenhouse gas emission from the system
(mcoae) is determined as [52]:

Mco,e = Heoye X Eannuai (21)

The input parameter values assumed for the

comprehensive system analysis are presented in Table
2.

Fig. 2a. A diagram of a DMS-VCRS.

Allowable
Condenser Degree
of subcooling

|

S
12

Fig. 2b. A P-h diagram of a DMS-VCRS.

Allowable /
Condenser Degres [

of m:mnng\z\ / J

’ Allowable {
Evaporator

f Degree of f

10 superheating

T =Ty T st RS oW GO

Fig. 2c. A T-s diagram of a DMS-VCRS.
2.4 Total Equivalent Warming Impact (TEWI)
Analysis

The environmental evaluation was performed using
the TEWI, which accounts for both direct and
indirect greenhouse gas emissions [53, 54]:

93



TEWI = TEWlgirect + TEW ingirece  (22)
Direct emissions result from refrigerant leakage and
end-of-life loss [53], [55]:

TEW lirece = (GWP - Lanmuat - 1 + GWP - Meogay -

(1 - arecovery)) (23)
where:

Leak Rat
Lannuat = Meotar % (24)

Indirect emissions result from energy consumption
[53, 54]:

TEWingirect = Eannuar "1 B
where:

Table 3

(25)

_ Qcooling'toperation

Eannual -

cop

(26)

Total TEWI is given as:

LR

TEWI = GWP - Myprq [— n+(1-

100

Qcooling toperation'™ B

arecovery)] +
@27

copP

2.5 Refrigerant Charge Estimation

The total refrigerant charge in the system is computed
as the sum of refrigerant mass in all components:

as [56, 57]:

Energy and Exergy relations of the Main and subcooling sub-system of the DMS-VCRS.

The total refrigerant charge in the system is calculated

Components Energy Relations Exergy Relations
Exergy Destruction Exergy Efficiency
Evaporator QEvap = Q6—7 ExDest,Evap = Exs —Ex; + 7 1 EXpest Evap
= mpg,(hy — hs) 0 <1 Ty ) Ex,Evap Exs — Ex,
= UEvapAEvapLMTDEvap 67 TEvap
Condenser 1 QEvap = Qg9 ExDest,Condl = Ex; — Ex; — 0 -1 ExDest,Condl
= 1hp, (hy — h3) 0 (1 T, ) Ex,Cond1 Fx, — Ex,
R
= UconarAcona1LMTD¢onar Tcona,ave1
Condenser 2 QEvap = Qua-1s ExDest,CondZ = Exy1 — Exqp — 7 _ EXpest,conaz
. ExCond2 = 1 —7————
= gz (h1y — hi2) 0 (1 To ) en Exyy — Exyp
-5\~
= UconazAcona2LMTDconaz * Tcona,avez
Sub cooler Mgy (hy — h3) = Mgz (hyo EXpestsunc = Ex13 — Exyo o4 EXpestsubc
— hy3) + (Exg MEx Subc Exi3 + Ex;
_ Teota,out — Tcota,in — Ex,)
THot,in - TCold,in
Ty —Ti3
T3 —Ti3
Compressor 1 WCompl ExDest,Compl = Ex; —Exy n -1 ExDest,Compl
Mgy (hy — hy) + WCompl ExCompl Ex, — Ex,
Nisen X NMech—Elect
Compressor 2 WCompZ ExDest,Compz = Exll - Exlo 77 _ _ ExDest,CompZ
Mgz (R1y — hyo) + WComm Frcomp2 Exy; — Exyo
Nisen X NMech—Elect
Condenser Fan Wean = Weant + Wranz = Expest.pan = (Exo — Exg Nexfan = 1—
Myir1 (h9 - hB) + Exy5 ExDest,Compl
Nisen,Fan X NMech—Elect — Exq14) (Exg — Exg + Exy5 — Ex14)
mAirZ (h15 - h14) — Wean

77Isen,Fan X NMech—Elect

Expansion Valve 1 hy = hg

Expansion Valve 2 hiy = hys

Expestpvi = Exy — Exs

EXpestpva = EXx13 — EXq3

n =1— ExDest,Evl
Ex,Evl Ex4

1 =1 ExDest,EvZ
Ex,Ev2 — -
wEY Exy;

© Mehran University of Engineering and Technology 2026
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Mtotal = Mcomp + Mcond + Mevap + Msubcooler +
Mpipes (28)
The vapour fluid charge in the compressor (Mcomp)
has been neglected [57].

For two-phase heat exchangers (evaporator,
condenser sections), the refrigerant charge is [57,
58]:

L
My = [ pep - Ac dz (29)
where the two-phase density is:

Py =pPL(1=y)+py-y (30)

The mean void fraction over the heat exchanger
length is calculated as [58]:

— 1L 1 o
y=1lyydz=—["ydx (31)

Xo—Xi
where y is the local void fraction using Zivi

correlation [58], [59]:
1 x

y= 1_1_sz = S+(S-1)x (32)
The slip ratio parameter is defined as [58]:
2
A
s=(%) (33)
where:

x; = vapour quality at inlet, x, = vapour quality at
outlet, p,; = vapour density (kg/m?), p; = liquid
density (kg/m?)

Substituting the local void fraction in equ. (36) into
the mean void fraction equation:

y=—— [ X _gx (34)

Xo—Xi“Xi S+(S—-1)x
This integral solution, analytically with further
simplification, is given as:

Table 4

y=1+

S S+(S—1)xo
(5= (xg—x) In (S+(S—1)xi) (35)

Using the mean void fraction and two-phase mass

charge [57]:

Pep =p, (1= +py-y (36)

M2¢ = /_)tp Vinternat (37

For pipeline sections, an average constant void

fraction approach is adopted, and the pipe length was

scaled as 15% of the heat exchanger length. The void

fraction is assumed constant throughout the pipe

length based on inlet conditions:

The refrigerant mass in pipelines with two-phase

flow is:

MPipe = VPipe X (aPipe X py + (1 - aPipe) X pL)
(38)

For single-phase pipeline sections:

Mgy = Vine X p (39)

where p is the refrigerant density (kg/m?®), and Vi is

the internal volume (m?) of the component or pipe.

2.9 Safety Analysis for Flammable Refrigerants

A comprehensive safety assessment was conducted
for A2 and A2L refrigerants in compliance with IEC
60335-2-89:2019 [60]. The revised standard,
following a five-year review, increased allowable
charge limits in self-contained commercial systems to
500 g for A3 refrigerants (R290, R600a) and 1.2 kg for
A2/A2L refrigerants (R152a, R440A, R1234yf,
R1234ze(E), R32) to promote the adoption of low-
GWP alternatives [61], [62].

Heat transfer analysis for DMS-VCRS condensers and evaporator (applicable to subcooler).

Condenser and Evaporator Heat Condenser

Transfer Analysis

Evaporator

Desuperheating/Superheating Zone

Ay, =
ASh = U jon X LMTDygp,
Uy, = 150 W/m?2.K [86]

Condensing /Evaporating Zone

A =
cond Ucond X LMTDcond
Ucona = 975 W/m?.K [86]
Qsup = My X (hf - hsub)

qub

Ugup X LMTDg,,p,

Subcooling Zone

Asup =

Qasn = My X (hsup - hg)
sth qup

qup = m, X (hout - hg)

Qcona = My X hfg

Ao =
SUP " Ugyy X LMTDgyy,

Ugsn = 325 W/m2.K [86]

Qevap =m, X hfg

cond Qevap

A =
P Ugpap X LMTD gy
Ugpap = 675 W/m?.K [86]

Usup = 240 W/m?.K [86]

Total Area Calculation
Note: LMTD for each zone

Where:

Acondenser = Adsh + Acond + Asub

Aevaporator = Aevap + Asup
AT, — AT,

. AT; = Temperature difference at inlet
. AT, = Temperature difference at outlet

© Mehran University of Engineering and Technology 2026
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Flammability properties differ significantly among
these fluids. R152a exhibits very low ignition energy
(~0.004 mJ) with flammability limits of 3.9.-16.9
vol.% and an LFL of 0.092 kg/m*, whereas R440A
shows 0.015 mJ and 0.097 kg/m?, respectively [63]-
[66]. While R1234yf and R1234ze(E) require higher
ignition energies (25-50 mJ and 7-20 mJ) and exhibit
higher LFLs (0.289 and 0.303 kg/m?), indicating lower
ignition susceptibility [65], [67].

IEC 60335-2-89 mandates risk-control provisions
including leak prevention, charge limitation, and
active ventilation. Systems with less than 1200g of
Table 5

Cost functions of the system components [46, 51, 87]

flammable refrigerant will employ hydrocarbon-
sensitive leak detectors (activating at 50% LEL). It
may also employ continuous ventilation (>0.4 m/s),
hermetically sealed compressors, and explosion-proof
(IP65-rated) electrical components within 3 m of
potential leak sources [70]-[74]. All installations must
continue to adhere to ISO 5149, EN 378, and
ASHRAE 15 standards [75]-[78]. Recent research
confirms that, with appropriate mitigation measures,
A2/A2L refrigerants can be safely used in commercial
refrigeration  without sacrificing  performance,
according to recent studies [68, 69].

Component

Capital Cost Function

Compressor (1 & 2)

Evaporator

Condenser (1 & 2)
Evapansion Valve (1 & 2)
Subcooler

Condenser Fan

Installation Cost

Ceomp1a2 = ( o753 X I ) (Pcond) In (Pc‘ond>
, 0.8996 — Nysen’ \ Pevap Pyap
Cryap = 516.621 X Ap,q, + 268.45

Coond 182 = 516.621 X Agong + 268.45
Cep1gz = 114.5 X 1M, ,
Csuvc = 516.621 X Agypc + 268.45
Cran 182 = 155 % (V +1.43)

CInstallation =150.2 x QEvap

Table 6

Performance comparison of current model with Solanki et al [18] and Agarwal et al [16] examining the influence of condenser

temperature on refrigerant R134a (Tevap = — 10 °C, Tcond = 40 °C)

Condenser COP[16, COP Exergy Exergy Exergy Errorin %  Error in % Error in %
Temp. 18] (Present Eff. Eff. Eff. COP[16, Exergy Eff. Exergy Eff.
Model) [18] [16] (Present 18] Compared Compared
Model) to [18] to [16]
30 4.5199 4.5946 49.9870 50.7179 51.4034 1.6261 2.755 1.333
35 3.8914 3.9495 43.5129 43.8205 44.1857 1.4696 1.523 0.826
40 3.3933 3.4264 38.3460 37.9616 38.3341 0.9683 -0.031 0.972
45 2.9674 2.9918 34.0256 33.2563 33.4720 0.8157 -1.654 0.644
50 2.6140 2.6231 30.2820 29.2436 29.3462 0.3461 -3.189 0.349
Mean Error 1.045 -0.119 0.825
Table 7
Statistical validation metrics for the present model compared to literature data
Parameter Reference RMSE MAPE (%) R? Standard Deviation
COoP* [16] & [18] 0.0334 1.382 0.9996 0.0318
Exergy Efficiency [16] 0.8617 1.848 0.9988 0.6431
Exergy Efficiency [18] 1.2738 2.755 0.9972 0.6126

"Literature [16] and [18] report identical COP values, hence a single comparison for COP

© Mehran University of Engineering and Technology 2026
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3. Results And Discussion

This study presents energy, exergy, economic and
environmental analyses of DMS-VCRS with a
condenser cooling fan designed for cold storage
applications. Environmentally friendly refrigerants
assessed as R134a alternatives are: R1234ze(E),
R1234yf, R440A, R450A, R513A, R515A, and
R152A. The parametric study investigates how
condenser and evaporator temperatures, superheating
and subcooling degrees, and refrigerant mass flow
ratio affect system performance using 4Es analysis.

3.1 Model Validation

Model validation was conducted through
comparison with theoretical studies by Solanki et al.
[18] and Agarwal et al. [16] to confirm the accuracy
and dependability of the DMS-VCRS model
developed in STEAG Ebsilon. The simulated results
show strong agreement with literature data, with
respect to the coefficient of performance (COP) and
exergy efficiency (n_Il)across the condenser
temperature range of 30-50 °C. For COP validation,
the comparison shows excellent agreement (RMSE =
0.0334, MAPE = 1.382%, R? = 0.9996). For exergy
efficiency, it showed closer alignment with Agarwal
et al. [16] (MAPE = 1.848%) than with Solanki et al.
[18] (MAPE = 2.755%), with both maintaining high
correlations (R? > 0.997). These results prove the
model’s predictive reliability, with MAPE < 1.5% for
COP and < 3% for n_II, validating its applicability for
R134a-based system design and optimisation (see Fig.
3, Tables 6 and 7).

5.0 T T T T T 55

COP (Solanki et al, 2023)
—e— COP (Present Model) +50
—+— COP (Agarwal et al, 2019)

= Exergy Efficiency (Solanki et al, 2023) =

|—s— Exergy Efficiency (Present Model) -E'\_‘,

Exergy Efficiency (Agarwal et al, 2019), AE ==

40 \ L45 2

N c

o z

Q E

O 35 40 W

>

=

Q

x

3.0 L35W
2.5 30

30 35 40 45 50

Condenser Temperature (°C)

Fig. 3. A performance comparison of the current model's
results against N. Solanki et al. [18] and Agarwal et al.
[16]. It demonstrates how condenser temperature affects

R134a performance at an evaporator temperature of -10°C.

3.2 Relative Capacity Indices

Figure 4 presents information on the several
evaluated relative capacity indices of seven low-GWP
refrigerants compared to R134a. It shows the

© Mehran University of Engineering and Technology 2026

available results of the assessment of performance
differences for the metrics evaluated.

Among the low-GWP refrigerants, R152a and
R440A displayed the greatest improvements in COP
and n_II exceeding 2.9%. They offered lower mass
flow rates and compressor discharge pressure, leading
to smaller compressor sizing and lower compressor
work. This explains their superior COP performance
over R134a substitutes. The results validate previous
studies that R152a is a preferred low-GWP alternative
to R134A with superior performance [80].

R513A, RS515A, R450A, RI1234yf, and
R1234ze(E) exhibit slight COP decrease relative to
R134a. These refrigerants exhibit either high
compressor pressure ratios or increased mass flow
rates, resulting in higher compressor work, as reported
by Sanchez et al. [9]. R513A and R450A showed a
reasonable drop in compatibility with RI134A,
displaying similar discharge temperatures, pressures,
and cooling capacities. This observation aligns with
Makhnatch et al. [54], who identified R513A as a
practical retrofit option requiring minimal system
modifications.

In summary, R152A and R440A offer the best
thermodynamic performance among the evaluated
refrigerants for new designs, while R513A provides a
well-balanced drop-in option with minimal changes
required for existing VCRS.
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Fig. 4. Relative capacity index (%) of discharge line
temperature (DLT), condenser discharge pressure,
volumetric cooling capacity (VCC), COPRCI, exergy
efficiency (nIIRCI), pressure ratio (PRComp), refrigerant
charge flow in main cycle (MRefg,MS) and subcooling
system (MRefg,SS) of alternative refrigerants compared to
R134a in a DMS-VCRS.
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3.3 Relative Irreversibility And Exergy Efficiency
Evaluation

As shown in Figure 5(a), Compressor 1 accounted
for the largest share of system irreversibility,
exceeding 34% for all refrigerants. R134a and
R1234z¢e(E) had the highest values. In contrast, R152a
and R513A showed lower irreversibility in
Compressor 1, indicating better thermodynamic
performance.

The evaporator and Condenser 1 contributed
moderately (14—20%) to total irreversibility, while the
subcooler, valves, and fan showed minor impacts
(<10%), consistent with reported trends in ancillary
component behaviour [81], [82].

Exergy efficiency trends (Figure 5(b)) reflected the
inverse of these findings. The subcooler and expansion
valves maintained high exergy efficiencies (over 90%)
for all refrigerants, indicating minimal entropy
generation. Condensers 1 and 2 had the lowest
efficiencies, especially for R440A (28.9% and 32.3%)
and R152A (29.5% and 33.1%). Overall, R152A and
R440A achieved the highest exergy performance with
lower irreversibility, confirming their suitability as
effective, low-impact substitutes for R134a [12].
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Fig. 5a. The Relative Irreversibility (%) of various
components in DMS-VCRS for different refrigerants
under consideration.
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Fig. 5b. Exergy efficiency (%) of various components in
DMS-VCRS for different refrigerants under consideration.
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Fig. 6. Effect of Condenser 1 temperature on system

performance:

(a) coefficient of performance (COP) and exergy
efficiency (%).

(b) total equivalent warming impact (Total TEWI) and
Direct TEWI.

3.4 Effect of Condenser Temperatures on System
Performance

Condenser temperatures were varied from 32°C to
52°C across eight refrigerants. This variation revealed
distinct performance characteristics for the two
condensers. Fig. 6(a) shows that condenser 1 exhibits
a pronounced parabolic COP trend. It rises from 2.6—
2.65 at 32 °C, reaching a maximum of 2.9 (for R152A,
R440A) and 2.78 (for R1234yf) at 34-35 °c. It then
declines sharply to 1.7-1.8 at 52 °C, representing
approximately 40% performance degradation. Exergy
efficiency shows a consistent decline from 42% at
32°C to 23% at 52°C (Fig. 6(a)).

Figures 7(a—b) show that condenser 2 exhibits a linear
COP decrease from 2.76-2.90 to 2.65-2.72. Exergy
efficiency also shows a steady decline from 35.2% to
32.0%, indicating more stable operational behaviour.
Economic evaluation reveals a clearly different cost
behaviour between the two condensers. According to
Figs. 6(c) and (d), the annual total cost rate (ATCR) of
Condenser 1 takes the form of a U-shape that exhibits
minimum values in the range 6.3 to 6.85 x 10° USD
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yr-1 at around 34 to 36 °C. Subsequently, the ATCR
will increase to the range of 8.6 to 9.7 x 103 USD yr-!
at about 52 °C. TCR-SYS exhibits parabolic
behaviour, reaching a maximum of around 14 x 103
USD (for R1234yf) and 11.7 x 10°* USD (for R134A)
at about 40 °C. The ATCR of Condenser 2 (Figs. 7(c—
d)) also increasing linearly from 6.3—6.9 x 10* USD
yr! to 6.6-7.2 x 10° USD yr ', and its TCR-SYS is
stable at 12.0-12.2 x 10* USD (R134A) and 14.2-14.3
x 10° USD (R1234yf).

The environmental assessment (Figs. 6(b) and 7(e—f))
indicates condenser 1 exhibits U-shaped total TEWI
variation with minimum values of 0.40—0.53 x 10°¢ kg
COz-eq at 34-35 °C. It increases to 0.63—0.73 x 10°kg
COz-¢eq at 52 °C, representing a 27% reduction from
optimal temperature. Direct TEWI decreases steadily
with temperature, with its average value less than 15%
of TEWI Total, indicating indirect emissions dominate
the overall impact. Condenser 2 shows a parabolic
direct TEWI with minima at 38—42 °C, and total TEWI
increases slightly by approximately 4%.
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(c) Annual total cost rate (ATCR),
(d) Total system cost (TCR-SYS).
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Fig. 7. Effect of Condenser 2 temperature on system performance:

(a) COP,

(b) Exergy efficiency (%).

The comparative assessment of direct TEWI
between two condensers indicates that condenser 1 has
an optimal temperature range of 34 to 40 °C, while
condenser 2 provides show optimal temperature that is
refrigerant dependent.
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In summary, R152A and R440A exhibit superior
performance compared to RI34A among the
evaluated refrigerant alternatives, achieving a 2—7%
increase in COP, a 1.4-5% increase in n_II, -3.3—
+1.5% ATCR increase, 7-13% TCR-SYS increase
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while  5-12%
R1234yf),

TCR-SYS decrease (compare to
and a 13-26%
Equivalent Warming Impact (TEWI) compare to
R134a. These findings aligned with Aprea et al. [8].

reduction

in Total

Finally,
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Fig. 7. Effect of Condenser 2 temperature on system performance:

(c) ATCR,
(d) TCR-SYS,
(e) Direct TEWI,
(f) Total TEWI.
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effective
temperature management, and careful refrigerant
selection in system design will improve both system
performance and environmental sustainability.
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3.5 Influence of Evaporator Temperatures on System
Performance

The evaporator temperatures range for the main
and subcooling cycles are examined from -24 °C to 6
°C and -11 °C to 15 °C. For the main evaporator, Fig.
8(a) shows that COP gradually rises from 1.0 at -24 °C
to0 3.9-4.0 at 6 °C for R152A and R440A, and 1.0-3.8
for R1234yf. This represents a fourfold improvement,
suggesting reduced compressor workload and
improved thermal integration. Exergy efficiency
shows non-linear changes, rising from 21-22% at -24
°C to peak values of 28.9-30.2% near -4 °C, before
slightly declining to 26.7-27.8% at 6 °C. This
indicates  optimal operation and minimised
irreversibilities at approximately —4 °C [83].

Economic evaluation (Figs. 8(c—d)) shows ATCR
decreasing from 14.4—17.7 x 10°* USD yr' to 5.5-6.0
x 103 USD yr!, while total system cost declines from
13.7-16.8 x 10° USD to 11-12.9 x 10® USD. Reduced
energy demand and smaller equipment sizing result in
a lower cost of 4-6% R152A than R134.

4.5 T T T T T T T T T T T T T
30
4.0 1
3.5 4 - 28
3.0
- 26
o —3— COP[R134A]
Q 2.5+ igg:ggzﬂ(m
(@] COP [R4404]
—+— COP[R4504] L 24
2.0 3 Copmeran
e COP[R1524]
nu [R1344]
154 Dl L 22
ny [R4404]
—+—n, [R4504]
104 RSt
e 20
0.5 T T T T T T T T T
-25 -20 -15 -10 -5 0 5 10

Evaporator Temperature (°C)

Exergy Efficiency (%)
Total Equivalent Warming Impact (TEWI)

Environmental assessment (Figs. 8(b&e)) indicates
exponential TEWI decline from 1.06—-1.23 x 10° kg
COz-¢q to 0.29-0.37 x 10° kg COz2-eq—nearly 90%
reduction. Direct TEWI for R134A decreases from
96,000 to 77,000 kg CO:z-eq, and for R1234yf from
134 to 104 kg CO:z-eq, confirming the environmental
benefits of higher evaporator temperatures.

For the subcooling cycle evaporating temperature,
similar trends are observed (Figs. 9(a—b)). COP
increases nearly linearly from 2.35-2.50 to 2.64-2.80
as the temperature rises from —11°C to 15°C. Exergy
efficiency improves from 28.7% to 31.7%, consistent
with Qin et al. [84] findings concerning elevated
evaporator conditions.

Economic behaviour (Fig. 9(c)) follows mild
parabolic trends: ATCR decreases from 6.9-7.6 x 10?
USD yr! to minimum values of 6.49—6.63 x 10° USD
yr! around 13 °C, while total system cost shows
minima of 14.2-14.5 x 10* USD between 1-11°C,
indicating thermodynamic and cost advantages
coincide within this range.
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Fig. 8. Effect of main evaporator temperature on system performance:

(a) COP and exergy efficiency (%)

(b) Total TEWI

Environmental performance (Figs. 9(d—e)) exhibits
parabolic direct TEWI variation with minima around
4-11°C. R134A records 81,757-81,306 kg CO:-eq,
while R1234yf shows 110-111 kg CO.-eq. Total
TEWI demonstrates a linear decrease from 0.46—0.48
x 10° kg COz2-eq to 0.41-0.43 x 10° kg CO2-eq.
Among the refrigerants evaluated, R152A achieves
the lowest total environmental impact, while R1234yf
yields the highest environmental impact.

In conclusion, improvements in the thermodynamic
and economic performance are observed with rising
© Mehran University of Engineering and Technology 2026

evaporator temperatures, with mlIl reaching a
maximum near —4 °C. To sum up, R152A & R440A
exhibited a better performance than R134A: 2.5-7%
rise in COP, 1.8-6% increase in nll, -5.5-+2.2%
increase in ATCR, 5-13% increase in TCR-SYS, but
9-15% (compared to R1234yf) and 14-22% decrease
in TEWIL Based on findings, optimising the
evaporator temperature is key to achieving a balance
between energy efficiency, economic cost and
environmental sustainability.
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Fig. 8. Effect of main evaporator temperature on system performance:
(c) ATCR;
(d) TCR-SYS;
(e) Direct TEWL

3.6 Effect of Circuit Refrigerant Mass Flow Ratio

The refrigerant mass flow ratio was evaluated
across the range of 0.05-0.65. The excessive mass
flow ratio of refrigerant causes instability in
operations and elevated pinch point temperature in
heat exchangers.

Figs. 10(a—b) shows a distinct and steady decline
of COP and exergy efficiency with increasing
refrigerant mass flow ratio. They decrease from 1.59—
1.69 and 25.5-27.2% at 0.05 to 1.43-1.50 and 23.6—
24.5% at 0.6—representing 9—-14% degradation.

The COP and exergy efficiency performance of
R152A and R440A remains the best, followed by
R513A, R134A and R1234yf. R1234z¢(E), R450A
and R515A exhibit the poorest performance due to

© Mehran University of Engineering and Technology 2026

higher irreversibility from greater friction and
pressure losses.

Figs. 10(c—d) shows similar trends for economic
performance. ATCR increases from 9.27-10.22 x 10?
USD yr to 10.3-10.8 x 10* USD yr* at 0.6, with
R152A exhibiting lowest values and RS515A,
R1234yf, and R1234ze(E) highest, reflecting low-
GWP market premiums. TCR-SYS rises from 12.7—
15.4 x 10* USD to 14.1-16.5 x 10°* USD at 0.6.

Fig. 10(e) shows a linear trend for environmental
evaluation. Total TEWI increases from 0.68—0.80 X
10¢ kg COz2-eq to 0.77-0.82 x 10° kg CO2-eq at 0.6.
R440A and R152A achieve the lowest values at 0.70—
0.71 x 10° kg COa-eq when the ratio is 0.35,
demonstrating excellent performance through
enhanced efficiency and reduced indirect emissions.
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Fig. 9. Effect of secondary cycle evaporator temperature on system performance:

(a) Coefficient of performance (COP),

(b) Exergy efficiency,

(c) Annual total cost rate (ATCR) and Total system cost rate (TCR-SYS)

Direct TEWI (Figure 10(f)) exhibits strong
refrigerant-specific ~ behaviour: R134A  shows
substantially elevated values (715,000-763,000 kg
CO:z-eq) owing to its high GWP, whereas low-GWP
options contribute minimally. The declining trend
indicates that direct emissions decrease as the mass
flow ratio rises.

R152A emerges as the most promising R134a
alternative, consistently outperform R134A, achieving

© Mehran University of Engineering and Technology 2026

5% higher COP, 4.3% higher n_II, 3% lower ATCR,
6-7% higher TCR-SYS, but 9% lower to R1234yf, and
14-16% lower TEWI, which makes it a suitable
candidate for sustainable medium-load refrigeration
systems, provided safety measures address its mild
flammability (A2 classification). R440A exhibits
comparable performance with similar efficiency and
favourable economic and environmental indices.
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Fig. 10. Effect of refrigerant mass flow ratio on system performance:

(a) Coefficient of performance (COP);

(b) Exergy efficiency;

3.7 Effect Of Subcooler Degree Of Superheating And
Subcooling

The degree of superheating and subcooling jointly
influences the thermodynamic, economic, and
environmental performance of the DMS-VCRS. The
analysis covered superheating degree of 1.5-37.5 °C
and subcooling of 22-39.5 °C, both limited by
refrigerant and system reliability relating heat
exchanger pinch point (Figures 11(a)~(e) & 12(a)-
(h)). The subcooling range was selected to prevent
wet vapour conditions at the subcooling cycle
compressor inlet.

© Mehran University of Engineering and Technology 2026

Increasing superheating and subcooling degrees
provides a moderate but steady impact on system
behaviour. For the superheating degree, the COP
increases from 2.48-2.64 at 1.5 °C to 2.51-2.65 at
25.5 °C, and exergy efficiency improves from 28.8—
30.2 % t0 29.2-30.4%, indicating lower irreversibility.
R440A and R152A achieve the highest COP (2.65 and
2.64 at 25.5 °C), followed by R134a, R450A,
R1234ze(E), and R513A, while R1234yf and R515A
perform slightly lower.
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Fig. 10. Effect of refrigerant mass flow ratio on system performance:

(c) ATCR;
(d) TCR-SYS;
(e) Total TEWTI;

(f) Direct TEWI.

Total TEWI decreases marginally from 0.43—-0.53 x
10° kg COz-eq at 1.5 °C to 0.42-0.52 x 10° kg CO2-eq
at 25.5 °C, while direct TEWI remains nearly constant
yet refrigerant-specific—highest for R134a (=75,000
kg CO2-eq) and lowest for R1234yf and R1234z¢e(E).

Economically, ATCR and TCR-SYS show non-linear
trends. For R152A and R440A, an inflexion occurs
near 22-23 °C, where compressor power begins to
offset energy gains. R134a, R1234yf, R450A, R513A,
and R515A show clear ATCR minima between 31-34
°C, where cost rates are lowest. For subcooling, both
COP and m_II increase almost linearly across the
stability-limited and wet-vapour-limited range (22—
39.5 °C) due to a higher refrigerating effect. R152A
and R440A also have superior thermodynamic

© Mehran University of Engineering and Technology 2026

performance with mild impact, as with other
refrigerants. The ATCR and TCR-SYS vary non-
linearly, with minima observed for R134A, R1234yf,
R450A, R513A, and R515A at 27.3-32.5°C. Both
total and direct TEWI remain relatively constant with

slight reductions at higher subcooling levels,
especially for R440A.
In summary, subcooling between 22-39.5 °C

combined with moderate superheating (20-25 °C)
yields modest improvements in system efficiency,
exergetic performance, and environmental
sustainability. R152A and R440A continue to
represent the most favourable R134a alternatives from
thermo-economic and environmental perspectives.
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Fig. 11. Effect of degree of superheating on system performance:

(a) COP; (b) Exergy efficiency; (c) Total TEWI; (d) Direct TEWI; (e) ATCR and TCR-SYS.

4. Conclusion

A comprehensive parametric investigation of
seven R134A replacements is conducted in this study,
utilising a 4Es (Energy, Exergy, Economic,
Environmental) analysis within a DMS-VCRS
framework. It incorporates TEWI-based
environmental  analysis and  safety-economic
assessments for A2/A2L refrigerants. The STEAG
Ebsilon Professional model developed in this study
showed a strong correlation with the literature (RMSE
= 0.0334, MAPE < 3%, R? > 0.997). Through our
parametric analysis across varying condenser
temperatures, evaporator temperatures, subcooling,
and superheating degrees, we gained valuable insights
into the reliable, safe working operation and optimal
conditions for the system. The present study leads to
the following deductions.

1. The thermodynamic performance shows
that R152A and R440A exhibited superior
performance, achieving 7%  COP
improvement and 6% exergy efficiency
increase relative to RI134a. This
improvement is due to reduced
compressor work and lower irreversibility
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losses. Across all evaluated refrigerants,
more than 34% of the total system
irreversibility ~ was  attributed  to
compressors, while subcoolers sustained
the highest exergy efficiencies greater
than 90%.

The economic analysis further indicates
that the R152A and R440A system
achieved an attractive  economics
compared to RI134A. They record the
lowest Annual Total Cost Rate (ATCR)
(=5% below R134a) and Total System
Cost (TCR-SYS), which was roughly 9%
higher than RI134a (reflecting safety
compliance modifications for A2/A2L
refrigerants) but 12% lower than R1234yf.
R513A and R450A proved to be
moderate-priced solutions in retrofitting
the RI134A refrigeration system. Both
showed average economic performance
and have an Al safety classification,
which reduces the need for system
modification while providing reasonable
thermodynamic performance.
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3. The environmental sustainability shows
that TEWI analysis revealed that indirect
emissions from electricity consumption
dominated the environmental impact,
exceeding 85% of total TEWI across all
evaluated refrigerants. This emphasises
why energy efficiency is critical for
environmental performance than just
refrigerant GWP. R152A and R440A
achieved the best overall environmental
performance, with TEWI values 13-26%
lower than R134a. Although R1234yf and
R1234ze(E) possess impressively low
GWP values, their lower efficiency

resulted in a higher total TEWI value,
ranking them least among the refrigerants
evaluated.

The range of operational conditions was
carefully selected to avoid wet vapour
formation at the suction end of the
secondary cycle compressor of DMS-
VCRS and ensure safe operation
according to IEC 60335-2-89 for A2/A2L
refrigerants.  Finding reveals  that
subcooling and superheating degree
variation showed a mild and consistent
impact on 4Es performance.
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Fig. 11e. Effect of degree of superheating on system performance: ATCR [right] and TCR-SY'S [left].

Secondly, optimal conditions were identified while
varying the operational conditions: condenser 1
temperature of 3437 °C, evaporator temperature of -
4 °C, and superheating and subcooling degrees of 20—
25 °C and 27.3-32.5 °C.

Based on our findings, R152A and R440A emerge as
the most suitable substitutes for R134a, providing
superior performance across all four criteria we
evaluated. Their A2 flammability classification
© Mehran University of Engineering and Technology 2026

requires careful consideration; however, proper
implementation of IEC 60335-2-89 guidelines—such
as charge limitation (<1.2 kg), leak detection, and
adequate ventilation—facilitates their safe utilisation
in commercial refrigeration applications. For
situations where flammability concerns outweigh
performance advantages, RS13A represents the best
non-flammable option, offering reasonable drop-in
compatibility with minimal system modifications.
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Fig. 12. Effect of degree of subcooling on system performance for all investigated refrigerants: COP, Exergy efficiency,

Nomenclature:

Acronyms:

DMS Dedicated Mechanical Subcooling

LMTD Log Mean Temperature Difference

RMFR Refrigerant mass flow ratio

VCRS Vapour Compression Refrigeration System

Symbols:

h Specific Enthalpy (kJ/kg)
P Pressure (kPa or Bar)

L Leakage rate
Mass Flow Rate (kg/s)

m
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ATCR, TCR-SYS, Total TEWI, TEWI (direct).
’ Specific Volume (m3/ kg)
Pressure (kPa)

Heat Transfer Rate (kW)
Temperature (°C or K)
Work (kW)

Entropy (kJ/kg-K)

Exergy (kJ)

v
P
Q
T
A\
S

Ex
i Interest Rate (%)

n Operating Life (years)
Annual Operating hours (Hrs)

Heat exchanger surface area, m2

108



U Overall heat transfer coefficient (J/m2.K)
ATsc  Degree of Subcooling (°C or K)

v specific volume of the refrigerant, m3/kg
PR Pressure ratio between high- and low-pressure
side

Cco2 Penalty cost of CO2 emissions ($/tons of CO2
emission)

mco2 Annual emission of carbon dioxide (ton)
top Per-year operation period (h)

w Power input rate (kW)

Greek Symbols

€ Subcooler Effectiveness (dimensionless)

NI Exergy Efficiency (%)

Subscript:

i index for components in the DMS-VCRS

n inlet of the fluild to the device for
consideration

out exit of the fluid from the device for
consideration

Sat saturation

Ref  Environment or reference property
0 Environment or reference property
Cond Condenser

comp Compressor

dsp Desuperheating

Evap Evaporator

refg  Refrigerant

sh superheating

SubC  Subcooler

Sys System

tot Total

dis Discharge end of the compressor
suc Suction end of the compressor
fs Flowing stream.
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