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Abstract: The aim of our study is to propose a theoretical model to analyze the energy efficient
and environment friendly cascade system for various refrigerant pairs. In order to realize, the
optimum cascade evaporation temperature (Topr,cas,e) Which maximize the performance, coefficient
of performance (COP) values are determined for different refrigerant pairs of the system. After the
optimization, two different cases have been investigated through a thermodynamic analysis to
discover the best refrigerant pair for the system. Natural refrigerant CO, is selected instead of
R404A which has high Global Warming Potential (GWP) value for the low temperature cycle (LTC).
On the other hand, synthetic refrigerants (R134a, R152a) and a natural refrigerant (NH3) are
chosen for the high temperature cycle (HTC). In order to determine, energy efficient and
environmentally friendly cascade system, R134a/C0O,, R152a/C0O; and NH3/CO; refrigerant pairs are
investigated in Case 1. On the other hand, R134a/R404A, R152a/R404A and NH3/R404A refrigerant
pairs are investigated in Case 2. In calculations, the evaporation temperature (Tg) is varied from -
20 °C to -40 °C in LTC. The condensation temperature (Tc) is considered to be between 30 °C and
45 °C in HTC. Mass flow rate requirements of systems for various refrigeration capacities (Qgvap)
are calculated for different refrigerant pairs. Moreover, the COPmax and total equivalent warming
impact (TEWI) values of the system’s refrigerant pairs are evaluated and compared for various
operating conditions.
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INTRODUCTION cascade systems using different refrigerant
pairs and to determine their total contribution
Cascade refrigeration systems have been to global warming. For this purpose, the COP
widely used in commercial and industrial and TEWI values are calculated and
applications. The system incorporates two or compared for various refrigerant pairs of the
more refrigeration cycles with relevant cascade system (1-4).
refrigerants. An appropriate selection of
refrigerants to operate the LTC and HTC In the previous studies, there are few
should be made in order to obtain high COP theoretical and experimental studies to
values, besides reducing the refrigerants’ evaluate the alternative refrigerants with
impact on the environment during operation, respect to performance and environmental
leakage and recharge. Therefore, it is considerations in refrigeration applications
important to improve the energy efficiency of (1-7). Llopis et al. (1) presented the
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experimental evaluation of refrigerants
R404A and R507A in the double-stage
refrigeration plant. They concluded that the
performance of R404A system is considerably
higher than R507A system’s when the plant
operates without inter-stage system at low
evaporation temperatures. Kilicaslan and
Hosoz, (2) determined and compared the
COP and irreversibility values of the cascade
system with various refrigerant pairs such as
R152a/R23, R290/R23, R507/R23, R717/R23,
R404a/R23. They reported that refrigerant
pair R717/R23 is the best for the cascade
systems among all selected pairs. If there are
some limitations for the use of the natural
refrigerants, the pair R152a/R23 is the best
solution. Cabello et al. (3) performed an
experimental comparison of a cascade
refrigeration plant with the refrigerant pairs
R134a/R744 and R152a/R744 under a wide
range of operating conditions. They
concluded that the high GWP refrigerant
(R134a) can be replaced with the low GWP
refrigerant (R152a) in accordance with the
new environmental regulations. As a result,
the replacement of R134a with R152a is
technically and energetically feasible. Orug et
al. (4) investigated experimentally a
refrigeration system using low GWP
alternative refrigerants of R453A and R442A
as drop in replacements for R404A. Using
R453A and R442A as alternatives for R404A
reduced the GWP by %55 and %52. In
addition, the alternative refrigerants could be
directly used in a system constructed to
operate with R404A. Baakem et al. (5)
performed energy, exergy and economic
analyses of a multistage refrigeration system
using Engineering Equation Solver (EES)
software. In this theoretical study, they
examined eight different refrigerants such as
R717, R22, R134a, R1234yf, R1234ze,
R410A, R404A and R407C. The maximum
COP (6.17) was calculated for R717 system
whereas the minimum COP value (4.95) was
calculated for R407C. It was found that the
best alternative was R717, compared to the
other refrigerants. Vaghela (6) examined
theoretically the different alternative
refrigerants such as R290, R600a, R407C,
R410A, R404A, R152a and R1234yf as a drop
in replacement of R134a. As a result of the
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thermodynamic analysis, R1234yf is
determined to be the best suitable alternative
refrigerant to replace R134a. It has very low
GWP although it causes lower COP values
compared to R134a. Karampour and Savalla
(7) identified the most promising solutions of
CO, trans-critical booster systems. They
determined that the state-of-the-art
integrated CO, systems are energy efficient,
environmentally friendly and compact
solutions which provide the whole thermal
demands of supermarkets in cold and warm
climates.

CASCADE REFRIGERATION SYSTEM

Some industrial applications require
moderately low temperatures and the
temperature range between high and low
temperatures may be too large for a single
refrigeration cycle. Moreover, a large
temperature range means that a large
pressure range in the cycle and poor
performance for a compressor. In these
conditions, the refrigeration process s
performed in stages, namely, to have two or
more refrigeration cycles operate in series.
These refrigeration cycles are called cascade
refrigeration cycles (8). The cascade system
is principally two single vapor compression
cycles that are integrated by a heat
exchanger. In this study, the upper cycle
utilizes R134a, R152a and NHs and rejects
heat to the ambient air at high temperature
(TH). The lower cycle uses CO, or R404A and
absorbs heat from the refrigerated space at
low temperature (T.). Figure la displays a
schematic view of the cascade system. The
lower cycle rejects heat to the upper cycle in
the cascade heat exchanger. The cascade
heat exchanger functions as an evaporator
for the HTC and a condenser for the LTC. As
shown in the T-s diagram in Figure 1b, there
are the evaporation and condensation
temperatures. These temperatures depend on
the refrigerated space and ambient
conditions. Moreover, in a cascade system,
there are two additional temperatures being
the condensation temperature of the LTC
(Teas,c) and the evaporation temperature of
the HTC (TCAS,E)-
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Figure 1a: Schematic view of the cascade
system

For a given operating condition Te and T¢, the
intermediate temperatures can be
determined through the use of optimization.
Initially, the optimum Tcas,e (Topr,case ) is
computed from the Te and Tc. With such
cascade systems, the Te range from -30 °C to
-55 °C can be achieved. Since cascade
systems are more complicated than the
single-stage ones, the attention should be
paid to the optimization of the operation
parameters.

UTILIZED REFRIGERANTS AND
ENVIRONMENTAL ANALYSIS

Synthetic refrigerants are utilized in most
industrial refrigeration systems because of
their higher cooling properties. Nowadays, as
environmental issues have recently gained
more importance considering GWPs and
ozone depletion potentials (ODPs) natural
refrigerants such as CO; and \various
hydrocarbon compounds are proposed to
replace synthetic refrigerants in industrial
systems (9). This study investigates the
effect of the low and high GWP refrigerants in
the cascade system using thermodynamic
analysis.

In Case 1, one fully and two partially natural
refrigerant solutions have been investigated.
Fully natural refrigeration solution, CO; is the
selected refrigerant of LTC and NHs3 is the
selected refrigerant of HTC. The partially
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Figure 1b: T-s diagram of system

natural refrigerant solutions system uses the
CO; as the refrigerant of the LTC and the
synthetic R152a and R134a as refrigerants of
the HTC. CO; is one of the most promising
and environment-friendly refrigerant
solutions due to its superior thermo-physical
properties, low ODP and GWP. It is also a

non-toxic, non-explosive, easily available
refrigerant Pearson (9). NHsz is another
natural refrigerant but it is toxic and

flammable with A2 safety class. R152a has
approximately same behavior like R134a for
temperatures from -25 °C to -10 °C.
Therefore, R134a can be replaced with R152a
with minimum modification in the existing
refrigeration system Cabello (3).

In Case 2, one partially natural refrigerant

solution and two synthetic refrigerant
solutions are examined. R404A, as a
refrigerant with several appropriate

properties, has been being widely used in

industrial applications in over the world.
However, due to several regulations
regarding the environmental issues, the

restriction of refrigerants (R404A, R134a and
R152a) usage with high GWP has started.
Main advantages of them are in Al safety
class and non-flammable refrigerants.
However, they have high GWP. The
advantage of R152a is its low GWP, whereas
its disadvantage is its flammability. It is in
the safety class A2.
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Table 1. The physical, environmental
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and safety properties of refrigerants (10)

Refrigerants Molecular Boiling Critical Critical Toxicity Flammability GWP
weight point temperat pressure
(kg/kmol) (°C) ure (MPa)
(°C)
NH3 17.03 -33.3 132.3 11.28 A2 2 0
R152a 66.05 -25.0 113.5 4.52 Al 2 140
R134a 102.3 -26.1 101.1 4.06 Al 1 1370
R404A 97.60 -46.5 72.04 3.72 Al 1 3922
CO2 44.01 -56.6 31.0 7.38 Al 1 1

TEWI is a GWP measure used to evaluate the
direct and indirect global warming effects of
the refrigeration systems. The direct effect
which occurs as a result of refrigerant is
released directly into the atmosphere. The
indirect effect of CO; emissions released from
fossil fuels consumed to produce energy to

TEWI = GWPRef (mRef X Lannual XN+ Mgef X (1_“)) + (Eannual X B X N)

Where GWPger is the GWP of the refrigerant,
N is the system lifetime, mger is the total
refrigerant charge, Lannual is the refrigerant
leakage rate, a is the recycling factor, Eannual
is energy consumed per year and B is the
electricity regional conversion factor.

THERMODYNAMIC ANALYSIS

System Model Equations

The thermodynamic model of the cascade
system is developed using the first law of
thermodynamics. Considering the schematic
and state points of Figures la and 1b, the
following equations are used for the analysis.
The COP and the mass flow ratio of two
cycles are computed for various operating
conditions (8).

Following assumptions are taken into
consideration in the analysis.

isenthalpic expansion of refrigerants
in expansion valves,

isentropic compressor efficiencies of
0.72 both low and high temperature
cycles,

potential and kinetic energy changes
are neglected,

heat and pressure losses
components are neglected,
the subcooling degree (ATsys) and
superheat degree (ATsup) are kept
constant to be 5 °C and 7 °C
respectively.

in all

Numerical calculations are performed using
well-known EES software (12). The thermo-
physical properties of the refrigerants (CO.,
NHs3, R134a, R152a and R404A) specified is
obtained using EES. The mathematical model
of the cascade system has been developed
using the first law of thermodynamics. The
derived equations are given below;

drive the refrigeration system from beginning
to the end of its lifetime. TEWI comparison
provides a clear image of these effects in the
service lifetime of the refrigeration system.
TEWTI values of different system’s refrigerant
pairs are calculated using the following
correlation (11).

(1)

The capacity of the evaporator of LTC is
qefined as
QEvap = mL(hZ - h1) (2)
Compressor power consumption for HTC is
g_iven a:
WCO‘mpZ = mH(h7 - he) (3)
Similarly, compressor power consumption for
LTCis
WCompl = 1, (hy — hy) 4)
The rate of heat transfer in the cascade
system is calculated as
Qcas = My(he — hs) = my(hy — h3) (5)
The mass flow rate ratio of circulating
refrigerants in high and low temperature
cycles is
7 hy—h
ﬂ — ( 4 3) (6)
my  (he—hs)
The rate of heat rejection by the condenser of
HTC:
Qcona = My (hy — hg) (7)
And finally, the overall COP of the cascade
system is determined by:
COP = QEvap = mL(hZ_‘hl)
my(hy—he)+my(h3—hy)

(8)

Weompz+Weomp1
RESULTS AND DISCUSSION

Optimization

The linear regression method is applied in
two-variable optimization calculations using
EES software (12). Two correlations are
computed for each refrigerant pair from the
two operating condition variables Te and Tc.
First, the Topr,case is calculated from the
given Tg and Tc. Then, the COPmax is
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calculated from the former Topr,cas,e values. Table 2. The unit used in the calculations is
The computed correlations are presented in Kelvin (K).

Table 2: Correlations of the refrigerant pairs calculated for two case studies.

Case 1 Case 2
Topreasy = 73235 + 0.34T; + 0.365T; < Topreasy = 155357 +0.4736T; + 0.4705T;
R?>=9177% < R?=97.74%
QN o

o <

% COPypy = 4.540 — 0.0403T, + 0.0404T; % COPpqy = 3.881—0.0425T, + 0.0393T;

<+ R?=9757% <+ R?=199.98%

™M ™M

— —

o o
Topreasy = 5114 + 0.3208T; + 0.467T < Topreasy = 37-932 + 0.3484T; + 0.5215T;
R? =99.91 % < R?=9790%

S 3

Y COPpu. = 3.9747 — 0.039T, + 0.0418T; & COP,.. = 3.3795— 0.038T, + 0.04316T;

& R2=9767% & R2=9581%

n n

— —

o o
Tropreass = 8518 +0.2172T; + 0.458T Tropreass = 607717 +0.2876T¢ + 0.5045Tg
R? = 99.95 % I R*=9999%

S I

O COPypgy = 2.022 = 0.03307, + 0.0424T & COPpq, = 3.006 — 003717, + 0.0436T

£ R*=9284% £ R*=9775%

=2 =2

Optimization results
The proposed correlations are used to estimate the Topr,cas,e and COPmax values from various
operating parameters Te and Tc. The estimations for Cases 1 and 2 are illustrated in Table 3.

Table 3: Predictions of Topr,cas,e and COPmax for different refrigerant pairs.
Case 1 Case 2
R134a/CO> R152a/CO> NH3/CO: R134a/R404A R152a/R404A  NHs/R404A

Tc Te Topr Toer Torr Torr Toer Torr
COoP COoP CcopP CcoP CcoP CcoP
K (K (K) (K) (K K (K) K

253 273.7 2.03 271,3 2.15 270.1 2.26 285.2 2.14 280.6 2.20 279.9 2.24
248 2719 1.83 269.0 1.94 267.8 2.04 282.8 1.93 278.0 1.98 277.3 2.02
318 243 270.0 1.63 266.6 1.73 265.5 1.83 280.5 1.72 275.5 1.77 274.8 1.81
238 268.2 1.43 264.3 152 263.3 1.62 278.1 1.50 272.8 1.55 272.3 1.59
233 266.4 1.22 262.0 131 2609 141 275.8 1.29 270.2 1.34 269.8 1.37

253 272.0 2.23 269.7 2.34 269.0 2.42 282.8 2.34 278.9 2.39 278.4 2.43
248 270.2 2.03 267.4 2.13 266.8 2.21 280.5 2.13 276.3 2.17 2759 2.21
313 243 268.4 1.83 265.0 1.93 264.5 2.00 278.1 1.91 273.7 1.96 273.4 1.99
238 266.5 1.63 262.7 1.72 262.2 1.78 275.7 1.70 271.1 1.74 270.9 1.77
233 264.7 1.42 2604 1.51 259.9 1.57 273.4 1.49 268.5 1.53 268.3 1.55

253 270.3 2.43 268.1 2.54 268.0 2.59 280.5 2.54 277.2 2.58 277.0 2.61
248 268.5 2.23 265.8 2.33 265.7 2.37 278.1 2.32 274.6 2.36 274.5 2.39
308 243 266.6 2.03 263.4 2.12 263.4 2.16 275.7 2.11 272.0 2.15 2719 2.18
238 264.8 1.83 261.1 191 261.1 195 273.4 190 269.4 1.93 269.4 1.96
233 263.0 1.62 258.8 1.70 258.8 1.74 271.0 1.68 266.7 1.72 266.9 1.74

253 268.6 2.63 266.5 2.73 266.9 2.75 278.1 2.73 275.5 2.77 275.6 2.80
248 266.8 2.43 264.2 2.52 264.6 2.54 275.7 2.52 272.8 2,55 273.0 2.58
303 243 264.9 2.23 261.8 2.32 262.3 2.33 273.4 2.31 270.2 2.34 270.5 2.36
238 263.1 2.03 259.5 2.11 260.0 2.11 271.0 2.09 267.6 2.12 268.0 2.14
233 261.3 1.83 257.2 190 257.7 1.90 268.7 1.88 265.0 1.91 265.5 1.93
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Thermodynamic analysis results

Various pairs of refrigerant such as
R134a/C0O,, R152a/CO;, and NH3/CO, are
investigated in Case 1. Similarly,

R134a/R404A, R152a/R404A, and NH3/R404A
are examined in Case 2. The cases were
investigated due to the variations in Te and
Tc. The other operating parameters were kept
constant such as ATcas, the subcooling and
superheat degrees were assumed as 6 K, 5 K
and 7 K respectively.

The Effect of Te on COPax

Qevap=5 kW, T=40°C, ATgy6 K,
ATg=5 K, ATgz=7 K

260
I \ I

1+—R134a/CO,  —BW+R152a/CO,  —&—NH,/CO,
240 /
4220 e /4.0
g / -~
U 2.00 ~ /

gz

2

v

AN

230 235 240 245

Te (K)

250

Figure 2a: Influence of Te on COPmax(Case 1)

Effect of Tc on COPmax

The effect of Tc on COPmax was investigated.
The Te was kept constant at -35 °C. The
COPmax values are demonstrated in Figures
3a and 3b for variable Tc¢ values such as; 45
°C, 40 °C, 35 °C, 30 °C. For all the systems

Qevep=S kW, Ty=-35°C, ATc,s=6 K.
ATqp=5 K, ATgr=7 K

255

20 ~

1.40
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In Figures 2a and 2b, the effect of various Te
values (between -20 °C and -40 °C) on
COPmax is demonstrated for the cascade
systems to select the optimal refrigerant
pairs. Figure 2a indicates that NH3/CO;
system provides the maximum COPnax values
for various Te values in Case 1. On the other
hand, COP of R152a/CO; system is slightly
better than the R134a/CO; system. COP
values are displayed in Figure 2b for Case 2.
In this case, NH3/ R404A system appears to
be slightly better than R152a/ R404A and
R134a/ R404A systems.

Qevag=5 kW, Tc=40°C, AT¢ =6 K,
ATgp=3 K, ATgp=7 K

T T T T 1
—+—R134a/R404A -E—R152a/R404A =—&=NH;/R404A

A

%’/

235

230 240 245

T (K)

250

Figure 2b: Influence of Te on COPnax(Case 2)

—0—111343)(302 —B-R152a/CO, —rNH,/CO,

T N\

AN

1.60

COPm;\x

N

A

1.40

300 305 310

T¢ (K)
Figure 3a: Effect of Tc on COPmax (Case 1)
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Effect of Te on Topr,case

Topr,cas,e values were calculated for various
evaporation temperatures (Te ). While the Tc
was kept constant at 40 °C, Te values were

102

1.80

1.60

140

in Case 1 and Case 2, it is observed that,
while the Tc¢ values increase the COPmax
values decrease. The NH3/CO, system and
the NH3/R404A system appear to have minor
advantages over the other refrigerant pairs
on both cases.

Qeyap=5 kW, Tp=-35°C, ATc5=6 K,
ATgr=5 K, ATep=7 K

—e-R134a/R404A —M-RIS2U/RI04A —b—np1 RA04A

N
\&

%N
~N

300 305 310

Tc (K)
Figure 3b: Effect of Tc on COPnax (Case 2)

315

varied between -40 °C and -20 °C. The
variations of Topr,cas,e values are depicted in
Figures 4a and 4b. In Case 1, relatively
higher Topr,case values are calculated for
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R134a/CO; than the other refrigerant pairs.

Similarly, in Case 2, relatively higher
TopT,cas,E values are observed for
Qryap=3 kW, T=40°C, ATc,s=6 K,
ATgus=5 K, ATgp=7 K
273 T | |
1ns —#R1342/CO, -IL_RlSEaICO; —a—NH,/CO,
271 _—*
269 / 74
g 267 /z /
é 265 - -
[_1
263 //
261 V’r

235 240

T ()

245 250

Figure 4a: Effect of Te on Topr,case (Case 1)

Effect of Tc on Topr,cas,E

The Topr,cas,e values are evaluated for variable
Tc values between 45 °C and 30 °C while Te
kept constant at -35 °C. Relatively higher
Toer,cas,e values  for R134a/CO, and

Qeag=5 kW, Tg= - 35°C, ATc4=6 K.,
ATgus=5 K. AT =T K

270

T(JI"I',C}\S E
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R134a/R404A system. The other refrigerant
pairs demonstrate similar behavior in both
cases.

Qpyap=3 kW, Tc=40°C, ATc,6 K,
ATgs=5 K, ATg»=T K
285

T T T
—*—R134a/R404A -ILR152a/'R4C 4A  —k—NH,/R404A

el

"
pra

I/
P
ZF

//
=

235

230 240 250

T (K)

245

Figure 4b: Effect of Te on the Topr,case (Case 2)
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Figure 5a: Effect of Tc on Tcase (Case 1).

Effect of Qevap on mass flow rate of LTC
and HTC refrigerants

Required mass flow rates of refrigerant pairs
for different refrigeration capacities are
demonstrated in Table 4. It is observed that
increasing the refrigeration capacities from 4
kW to 9 kW causes an increase in the mass
flow rates of cascade refrigerant pairs. It is
found that the mass flow rates of CO; are
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R134a/R404A systems are demonstrated in
Figures 5a and 5b. On the other hand,
systems with R152a/CO; and NH3/CO; pairs
share common T¢ values in each case.

T=40°C, Tp=-35°C, ATcas=6 K,
ATg=5 K, ATqw=7 K

T T 1
—+—R134a/R404A W-R152a/R404A #*NH;/R404A
> 3

/

7

/

_—1

305 310

Te (K)

315

Figure 5b: Effect of Tc on Tcas e (Case 2).

lower compared to the mass flow rates of
R404A. Additionally, for the chosen capacity
of 5 kW, the use of CO; requires the lowest
mass flow rate (0.022 kg/s) whereas using
R404A requires the highest mass flow rate
(0.038 kg/s) in LTC. The mass flow rates of
HTC refrigerants are calculated and the same
values are founded in two cases.
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Table 4: Required mass flow rates of refrigerant pairs for different refrigeration capacities.

Case 1 Case 2
Qevap R134a/CO: R152a/CO: NHs/CO> R134a/R404A  R152a/R404A NHs/R404A
(kW) (kg/s) (kg/s) (kg/s) (kg/s) (kg/s) (kg/s)

0.039/0.018 0.023/0.018 0.0050/0.018 0.039/0.030 0.023/0.030 0.0050/0.030
0.048/0.021 0.028/0.021 0.006/0.021 0.048/0.038 0.028/0.038 0.006/0.038
0.057/0.026 0.034/0.026 0.007/0.026 0.057/ 0.045 0.034/0.045 0.007/0.045
0.067/0.030 0.039/0.030 0.008/0.030 0.067/ 0.052 0.039/0.052 0.008/0.052
0.076/0.034 0.044/0.034 0.009/0.034 0.076/ 0.059 0.044/0.059 0.009/0.059
0.085/0.038 0.050/0.038 0.010/0.038 0.085/ 0.066 0.050/0.066 0.010/0.066

ocooNOU b

In Figure 6, it is observed that the use of R134a requires the highest mass flow rate whereas using
NHs requires the lowest mass flow rate, due to its high latent heat of vaporization as HTC
refrigerants. Mass flow rate values of R152a are between the values of R134a and NH3 systems for
the Qevap from 4 kW to 9 kW.

T=40°C, Tp=-35°C, ATc4s=6 K,
Te=40°C, Tg=-35°C, AT¢ =6 K, e T s Bleasmo By

0.10 ATgp=5 K. ATg=TK 0.10 T ATSL;B=5 k AT\SHF?K T T
0.09 —+—R1342/CO, | -m-RI520/CO,  —aNHJ/CO, 0,09 —+-R134a/CO2  —A—RI1342/R404A
0.08 0.08
0.07
0.07 A
~ 0.06 " 7 006 —
E 0.05 ,/ 3 0.05 /___-A/
= 0.04 = — _,.-—""".’— g 004 A __—
E 03 0.03 - ——
. e L
0.02 - 0.02
0.01 _ _ — 0.01
0.00 e - 0.00
3.5 45 55 65 75 85 95 35045 5565 75 85 95
QEvap (kW) QEvap (kW)
Figure 6: Mass flow rates of LTC and HTC refrigerants versus Qgyap.
TEWI comparison of the cascade calculation of each refrigerant charge is done
refrigerant pairs by using the estimation of g, x(240s). This
In order to calculate TEWI values for Cases 1 estimated value is used to size the liquid
and 2, model assumptions of the cascade refrigerant receiver in refrigeration systems.
system are determined. The Tg, Tc and ATcas The receiver’s volume is determined by the
values are taken as -35 °C, 40 °C and 6 K amount of charged refrigerant of the system
respectively. The refrigeration capacity is (13). In addition, the power consumption of
chosen as 5 kW. According to these compressors is only taken into account in
assumptions, mass flow rates of HTC order to calculate the system energy
refrigerants are calculated as 0.048 kg/s for consumption  (Table 4). The power
R134a, 0.028 for R152a and 0.006 kg/s for consumption of fans is not taken into
NHs. On the other hand, the mass flow rates account. The TEWI analysis assumptions are
of LTC refrigerants are founded as 0.022 kg/s summarized in Table 5.
for CO, and 0.038 kg/s for R404A. The
Table 5: TEWI analysis assumptions (11).
System
MRer* Lannual N o B** . GWPrer
P t t
arameter (kg) (%)  (years) (%) (kg.CO2/kWh) "(Fr’]j’;ae;‘r’)”
GWP, =1
GWPyys =0
ASSUMEd  iyeyx(2405) 12,5 15 0.7 B =065 6570 GWPpyz4q = 1370
values GW Pgy52q = 140
GW Pgaqaq = 3922
* Unal (13), **Horton (14)
The GWP values are relatively high for refrigerant pairs effectively. For comparison
alternative refrigerant pairs in Cases 1 and 2. between the Cases 1 and 2, the TEWI
Therefore, TEWI analysis plays an important numbers are calculated from Eq.(1) and

role in the selection of the system’s

104



Manguhan E et al. JOTCSB. 2019; 2(2): 97-108.

presented in Table 6. Moreover, calculated
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COPmax Values can be seen in Table 6.

Table 6. Comparison of TEWI and COPmax values for cascade system in Cases land 2

Case 1

Case 2

NH3/CO2 R152a/CO2

R134a/CO2

NH3/R404A R152a/R404A R134a/R404A

Refrigerant
charge
(kg)

1.44 5.04 6.72 5.04

11.52 5.04

1.44 9.12 6.72 9.12 11.52 9.12

Refrigerant
Leakage rate
(% /year)
Service life
(years)
Recycling
factor

0.125 0.125

15 15

0.7 0.7

0.125

15

0.7

0.125 0.125 0.125

15 15 15

0.7 0.7 0.7

GWP 140

1

1370

0 3922 140 3922 1370 3922

Direct CO»
refrigerant’s
emission
(kg CO»)

10.96 0 10.96 2,05

10.96 34,328

0 77,797 2,05 77,797 34,328 77,797

Direct CO:
emission
equivalent
(kg CO>)

10.96 2,057

34,338

77,797 79,843 112,124

Power
consumption
(kw)
Service life
(years)
Operation
(h/year)
CO2 emission
factor

2.80 2.92

15 15

6570 6570

0.65 0.65

3.06

15

6570

0.65

2.82 2.87 2.94

15 15 15

6570 6570 6570

0.65 0.65 0.65

Indirect CO:
emission
equivalent
(kg CO2)

179,361 187,048

196,016

180,642 183,845 183,205

TEWI
equivalent
CO:2 emission
(kg)

179,372 189,105

230,354

258,439 263,688 295,328

COPmax 1.78 1.72

1.63

1.77 1.74 1.70

The results of the TEWI analysis are
presented in Figure 7. A system with a
synthetic refrigerant pair emits considerably
higher amounts of greenhouse gases than a
system with natural refrigerant pairs during
their lifetime (7). Obviously, the direct
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(leakage) of high GWP synthetic refrigerants
is the reason for such an important
difference. Additionally, the indirect part of
TEWI might be improved with the low CO;
emission electricity production.
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Figure 7: TEWI values comparison of systems in Cases land 2

CONCLUSIONS

A theoretical model is proposed to analyze
and determine an energy efficient and
environment-friendly cascade system for
various refrigerant pairs. Two case studies
are proposed. Case 1 has R134a/COy,
R152a/C0O;, and NH3/CO; systems while Case
2 has R134a/R404A, R152a/R404A and
NH3/R404A systems. The model is used to
optimize the cascade evaporation
temperature at given Te and Tc values. After
the optimization, COPmax Vvalues are
calculated for all refrigerant pairs. While
these systems are parametrically analyzed,
the Tg, Tc and Qevap values are taken as -35
°C, 40 °C and 5 kW respectively.

From the results obtained, it is presented
that:

. For all the refrigerant pairs, increasing
the Te of LTC rises to COPmax values.
However, increasing the Tc of HTC
reduces to COPmax values for all studied
systems.

o For all refrigerant pairs, increasing Tg
and Tc rises the TOPT,CAS,E- The TOPT,CAS,E
values of R134a/CO; are higher than the

other refrigerants pairs in Case 1.
Similarly, relatively higher TOPT,CAS,E
values are also observed for

R134a/R404A system in Case 2.

. The mass flow rates of the system’s
refrigerant pairs have been examined in
terms of various refrigeration capacities
(from 4kW to 9 kW). In LTC, the use of
CO; requires the lowest mass flow rate
(0.022 kg/s), whereas using R404A
requires the highest mass flow rate
(0.038 kg/s). In HTC, it is also
determined that the mass flow rate of
NHs (0.006 kg/s) is lower to other
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refrigerants (R134a and R152a).
Therefore, it is concluded that the
necessary total refrigerant amount is

found less for natural ones.

. In Case 1, R134a/CO; pair is found to be
the worst option due to resulting in the
lowest COPmax (1.63) whereas the
NH3/CO; is found to be the best option
due to resulting in the highest COPmax
(1.78). In addition, in Case 2,
R134a/R404A is found to be the worst
option due to resulting in the lowest
COPmax (1.70) whereas the NH3/R404A is
found to be the best option due to
resulting in the highest COPmax (1.77).

. The TEWI results suggest that the
environmental impact caused by system
will decrease by having an efficient
system rather than one that employs a
refrigerant with a low GWP. According to
the TEWI values, R134a/CO, and
R134a/R404A systems have the highest
contribution to CO; emission equivalent
of indirect effect. These systems also
have the lowest COP values. On the
other hand, NH3/CO, and NH3/R404A
systems have the lowest contribution to
CO, emission equivalent of indirect
effect. In addition, the COPnqax values of

the systems are calculated as the
highest.

NOMENCLATURE

Abbreviations

COP  coefficient of performance (-)

GHG greenhouse gases

GWP global warming potential

EES Engineering Equation Solver

HP high pressure

LP low pressure

ODP  ozone depletion potential

TEWI total equivalent warming impact



Manguhan E et al. JOTCSB. 2019; 2(2): 97-108.

Greek Letters

a recycling factor (%)

B electricity regional conversion factor
(kg.CO2/kWh)

Latin Letters

specific enthalpy (kJ/kg)
refrigerant leakage rate (% /year)
refrigerant charge (kg)
mass flow rate (kg/s)
system lifetime (years)
heat transfer rate (kW)
specific entropy (kJ/kg.K)
temperature (°C or K)
temperature difference (K)
power (kW)

>DH0vo.z33r>

=B

Subscripts

C condensation

CAS cascade

Cond condenser

Comp compressor

E evaporation

EV expansion valve

Evap evaporator

HTC high temperature cycle
LTC low temperature cycle
max maximum

OPT optimum

Ref refrigerant

Sub subcooling

Sup superheating
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