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Abstract

In this study, hydrofluoroolefin R515B was used rather than hydrofluorocarbon R134a to perform energetic,
exergetic, environmental and enviroeconomic analyses on vapor-compression refrigeration systems with internal
heat exchangers. The exergy efficiency, exergy destruction, and coefficient of performance for cooling mode (COP)
were studied. EES (Engineering Equation Solver) program was employed for thermodynamic analysis. The impact
on the COP, exergy destruction, and exergy efficiency of the system was investigated at various evaporator and
condenser temperatures. Performance analysis shows that the COP of R515B refrigerant is like that of R134a. It has
been found that the exergetic efficiency of R515B was slightly lower (about 1.40%) than that of R134a. It has also
been found that at higher evaporation temperatures, the total exergy destruction increases. The most important
exergy destruction occurs in the compressor. The environmental and enviroeconomic indexes of R515B refrigerant
were like those of R134a. The results demonstrated that R515B may be a good alternative to R134a in the vapour-
compression refrigeration systems with internal heat exchangers.
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1. Introduction

Concrete alternatives to the burning of fossil fuels have
yet to be found. In the meantime, more and more
greenhouse gases are being emitted daily for generating
electricity and heat (industries, the transportation sector
etc.). An increase in the atmospheric concentrations of
greenhouse  gases  produces  several  undesirable
environmental problems. People widely use heating,
ventilation, air conditioning, and cooling systems (HVAC-
R) to provide their needs and comfort in their daily lives.
The energy consumed by HVAC-R is substantial. HYAC-R
systems negatively affect the environment due to their
energy consumption and refrigerant leaks. The refrigerant's
ozone depletion potential (ODP) and global warming
potential (GWP) used in HVAC-R are commonly used to
evaluate the effects of refrigerants on the environment.

R134a of the HFCs group is widely used in vapor-
compression systems owing to its perfect thermodynamic
properties. Nevertheless, the GWP rate of R134a is very
high. Therefore, R134a refrigerants are listed as controlled
greenhouse gases by the Kyoto protocol (1997). With the
Montreal protocol - Kigali amendment (2016), it was
decided to phase out the use of R134a refrigerant [1].
Developed as an alternative to HFCs, hydrofluoroolefins
(HFOs), also known as fourth-generation refrigerants, have
not been extensively studied in a variety of applications.
Manufacturers of refrigerants have been trying to develop
HFOs, a new generation of refrigerants that has a lower

*Corresponding Author

GWHP and can be used as an alternative to existing HFCs. It
is therefore important to find alternative refrigerants with a
lower GWP that can be used instead of R134a.

The choice of refrigerant for vapor-compression
refrigeration systems depends on some criteria such as
thermodynamic  properties, safety (flammability and
toxicity), cheapness, availability, zero ODP, and lower
global potential. The current alternative refrigerants fall in
two categories: (I) pure refrigerants and (1) refrigerant
mixtures. In general, mixed refrigerants are preferred as
alternative refrigerants due to theirs lower GWP rates. In
the selection of refrigerants, good thermophysical
properties, its safety (toxicity and flammability), economy,
environmental  protection, and cycle performance
parameters must be sought [2], [3].

Possible working fluid alternatives are given in Table 1.
GWP value and flammability of R1234yf and R1234ze(E)
are very low (A2L by ASHRAE). The non-flammable
mixtures of R450A and R513A show promising results, but
their GWP values are both about 550. Although the GWP
rates of R450A and R513A are quite low compared to
R134a, these rates are still high. The R515B refrigerant
with low GWP (299) is a mixture of R1234ze(E)/R-227ea
(91.1/8.9). It is also included in the non-flammable group
by the ASHRAE classification (Al). The use of R515B
instead of R134a in vapor compression systems hasn’t been
extensively studied yet. Therefore, R515B refrigerant is
used as an alternative to R134a in this study.
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Table 1. Main characteristics of some refrigerants that may be alternatives to R134a [4], [5]

Refrigerants Mass of Boiling  Critical Critical Security ODP GWP
molar Point Point Pressure Group ~
(kg/kmol) (°0) (°0) (MPa)
R134a 102 -26.10  101.06 4.06 Al 0 1300
R1234yf 114 —29.49 94.70 3.38 A2L 0 <1
R1234z¢e(E) 114 -18.97 109.36 3.64 A2L 0 <1
R516A 102 -29.40 96.80 3.62 A2L 0 131
R513A 108 -28.30 97.70 3.70 Al 0 573
R515B 117 -18.89 108.70 3.56 Al 0 299
R450A 108 -23.35  104.47 3.82 Al 0 547

* Security group:
(a) A: Low Toxicity, B: High Toxicity;

(b) 1: Not flammable, 2: low flammability, 3: highly flammable.

Over the years a pretty good number of articles have
been published in the literature on cooling systems that use
refrigerants as substitutes for R134a. Ahmed et al. (2012)
[6] studied the energetic and exergetic analyses of
household refrigerators usage of natural isobutane and
butane. They compared the performance of mixture of
butane and isobutane with that of R134a in a refrigeration
the system. They found that the COP of the mixture was
equal to that of R134a. They also compared exergy
efficiency of isobutane and R134a, and they stated that
butane has higher exergy efficiency. Wantha (2019) [7]
investigated the characteristics of the heat transfer of inner
tube heat exchanger theoretically and experimentally using
R1234yf and R134a refrigerants. He found that the
coefficient of heat transfer of R134a is higher than that of
R1234yf. The effectiveness of the interior heat exchanger
on the exergetic efficiency was also investigated in his
study. It was noted that the usage of an inner heat
exchanger in a cooling system increases the energy
efficiency of both refrigerants. Matu-Royo et al. (2021) [8]
have examined R1234ze(E) and R515B refrigerants with
lower GWP instead of R134a in the heat pump system.
They found that the energy and environmental performance
of R1234ze(E) and R515B are almost the same as that of
R134a and the lack of flammability of R515B is an
important advantage in terms of safety. Kumar (2018) [9]
examined the energetic and exergetic analyses of R134a,
R1234ze(E), R1234yf and its mixtures in the vapor-
compression system. It has been found that R134a
/R1234yf /|R1234ze(E) (%40/%22/%38) mixture showed
the best performance instead of R134a in his study.
Prabakaran et al. (2020) [10] studied the performance and
environmental analyses of mobile air conditioning systems
which using R1234yf as a substitute for R134a. Also,
compressor velocity on the energetic and exergetic
efficiency of the system was investigated. They found that
the R1234yf system has better COP and exergetic
efficiency according to the R134a system. Bellman-Flores
et al. (2017) [11] conducted energetic and exergetic study
of R1234yf as a direct substitute for R134a in household
refrigeration systems. They also noted that for both R134a
and R1234yf, the irreversibilities are most intensed in the
compressor. Jemaa et al. (2017) [12] have examined the
energetic and exergetic analyses of the use of R1234ze(E)
and R134a refrigerants in a vapor-compression cooling
system. The energetic and exergetic efficiency of R134a
and R1234ze are very similar. Saravanakumar and
Selladurai (2014) [1] used a mixture of refrigerant
R290/R600a as a substitute for R134a, and conducted an
exergy analysis of household refrigerators. In general, the
experimental household refrigeration  system  using
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R600a/R290 mixed refrigerant has better performance than
using R134a as the refrigerant. Yatagambaba et al. (2015 )
[13] performed exergetic analyses of R1234ze(E) and
R1234yf replace to R134a in a vapor-compression cooling
system which has a double evaporator. In their studies, the
effects of condenser and evaporator temperature on exergy
loss and system exergy efficiency were examined. Gil et al
(2018) [14] have investigated the exergetic analysis of the
use of refrigerants R450A and R134a in a cooling system.
In the study, they stated that under the same conditions,
R450A refrigerant gave better results than R134a. Shaik et
al. (2020) [15] examined the energetic and exergetic
analyses on R1234yf and R152a refrigerants instead of
R134a in a hausehold refrigerators. They have stated that
152a and R1234yf refrigerants may well replace R134a
refrigerants without any modification. Paula et al. (2020)
[16] performed energetic, exergetic and environmental
analyses of the use of R290, R1234yf and R744 refrigerants
instead of R134a refrigerant in a vapor-compression
cooling cycle. Mota-Babiloni et al. (2017) [17] provided
literature information to review some curious aspects
regarding the useage of new pure synthetic refrigerants and
hybrid synthetic refrigerants to replace HFCs, which have a
greater impact on the environment. Perez-Garcia et al.
(2017) [18] carried out the exergy analysis of MAC (mobile
air-conditioning) system that use inner heat exchangers
(IHX) and R134a instead of refrigerants. It was also found
that when R1234ze refrigerant is used, the operating
efficiency of the system is the highest. Gorzari et al. (2017)
[19] compared the performance of the R134a refrigerant
with that of the R1234yf refrigerant in a automobile
refrigeration system. Compared with R134a, the use of
R1234yf as an air-conditioning refrigerant can bring out a
higher exergy efficiency.

As can be seen from the studies in the literature, energy,
exergy, and optimization works relative to the use of
different refrigerants with lower GWP ratios than R134a in
systems operating with the vapor-compression cycles have
been carried out by a lot of researchers. Nevertheless, there
is a lack of studies on the examination of vapor-
compression systems using the new mixture refrigerant
R515B in the literature. As R134a is about to be phased out
in favor of R515B or any other suitable alternative.

This study aims to perform an energetic, exergetic,
environmental and enviroeconomic analyzes and
comparison of the use of R134a and R515B with an
internal heat exchanger in a refrigeration system.
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2. Analysis of Energy and Exergy

Figure 1 schematically shows the components of the
vapour compression refrigeration system (VCR) which has
an internal heat exchanger (IHX).
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Figure 1. The vapor-compression refrigeration system
diagram.

To effectively compare the application ranges of R515B
and R134a, the P-T (pressure-temperature) and P-h
(pressure-enthalpy) diagrams are given in Figure 2 and
Figure 3, respectively. The saturation temperatures
corresponding to the working pressures of the alternative
refrigerants should be the same as or close to the refrigerant
to be used instead. As seen in Figure 2, while the saturation
pressures of R134a and R515B at low temperatures are very
close, the saturation pressure of R134a at high temperatures
is slightly higher than R515B.
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Figure 2. P — T diagram of R134a and R515B

The refrigerating effect (evaporator inlet and outlet
enthalpy difference) affects the cooling capacity. The
refrigerating effect of R134a at a pressure of 200, 400, 600,
and 800 kPa is 206.02 kJ/kg, 191.61 kJ/kg, 180.89 kJ/kg,
and 171.81 kJ/kg, respectively. For the same pressure
values, the refrigerating effect of R515B is 179.77 kJ/Kkg,
166.63 kJ/kg, 156.73 kJ/kg, and 148.28 kJ/kg, respectively.
The refrigerating effect of R515B is lower about %15.50
than that of R134a.

A computational model of vapor-compression cooling
system with inner heat exchanger (IHX) has been
developed to perform the thermodynamics and
environmental analyses. The assumptions made to carry out
this study are listed in Table 2. The REFPROP 9.1 [20] was
used to obtain the refrigerant's properties.
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Figure 3. P-h diagram of R134a and R515B.

Table 2. Some acceptances for the analyses.

Parameter Value

Temperature of evaporator (Te) (-20 °C, 5 °C) at steps
of 5°C

Temperature of condenser (T.) 40°C and 45 °C

Temperature of superheating (ATsuperneat) 5°C

Temperature of subcooling (AT supcooling) 5°C

Temperature difference between condenser 10 °C

and heat sink (ATheatsink)

Temperature difference between evaporator 10 °C

and heat source (ATheat source)

Compressor isentropic efficiency (1isen) 0.70

26.11 cm®/rev
101.325 kPa and 25 °C

Compressor sweep volume
Dead-state pressure (Po) and temperature
(To)

The equations used in energy and exergy analyses are
reproduced from the law of preservation of mass and
energy. The compressor energy consumption can be
calculated by the following Egs. (1) — (5):

Wcomp =, (h, —hy) 1)
h, = h, + —(h;_s‘“l) @)

The cooling capacity is calculated as follows:

Qevap =, (hg — hs) (3)

The coefficient of performance for the cooling mode
(COP) is written as:

COP = Cooling capacity _ my (hg—hs) (4)

Compressor power consumption my (hp—hq)

The refrigerant mass flow rate (m, ) is be calculated by:

m, = Vs py RPM 2 (5)

Exergy analysis provides a quantitative measure of the
inefficiency of cooling systems and information about
exergy destruction. Assuming that the variation in the
potential energy and kinetic energy can be ignored, the
specific exergy is written as:

ex; = (h; —hg) — T, (s; — sp) (6)
at the ambient temperature (dead-state), To.

The total exergy balance equation of the compressor is
given by:
2(m ex)i, + V.vcomp = X(h exX)oye + Exdest,comp )
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El - EZ + V.vcomp - EXdest,comp =0 (8)

EXdest, comp — Ihr [ ( hl - hz ) - T0 (Sl - S2)] + V'vcomp
9)

Where E’xdest,mmp is the exergy destruction rate of the

compressor. The general exergy balance equation of the
condenser is given by Eq. (10).

Z(m eX)in = Z(m ex)out + E:.Xth,cond + Exdest,cond
(10)

Where Exycong IS the thermal exergy ratio of
condenser. Calculation of thermal exergy is carried out by
Equation (11).

To

Exth,cond = (1 - TH) Qcond (11)
. . T . .
E, —E; + (1 - ﬁ) Qcond — Exdest,cond =0 (12)
Exdest,cond = mr[(hz —h3) —To(sz — 53)] -
T .
( - T_O) Qcond (13)
H

Where ExXgestcona IS the exergy destruction of the
condenser. For the evaporator, the overall exergy balance
equation is written as:

Z(m ex)in + E.Xth,evap = Z(m ex)out + Exdest,evap
(14)

Where Exth,evap represents the thermal exergy of

evaporator. The thermal exergy is be calculated by Eq. (15)
as follows:

. T .
EXth,evap = (1 - T_E) Qevap (15)
. . T . .
Es —Eg + (1 - T_z) Qevap - EXdest,evap =0 (16)
Exdest,evap =, [ (hs —hg) =T, (s5 — 56)] +
T .
(1-5) Qevap (7)

Where EXdest,evap is the exergy destruction of the
evaporator. For the expansion valve the total exergy
balance equation is written as:

> (m ex), = ) (M ex) our + E.Xdest,exp (18)
E, —Es— EXdest,exp =0 (19)
EXdest,exp = rhr[TO (SS - 54—)] (20)

Where EXgestexp Shows off the expansion valve's
exergy destruction. Adding up the exergy destruction of
whole the components of the cooling system, the total
exergy destruction is as follows:

EXdest,total = EXdest,comp + E:Xdest,cond + E:Xdest,evap +

Exdest,exp (21)
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For the cooling system, the total exergetic efficiency (1ex)
can be calculated by Eq. (22).

_ Eout 1 _ E'Xdest,total =1— Exdest,total
Nex = B - E: -
in in

(22)

Wcomp

3. Environmental and Enviroeconomic Analyses

Environmental analysis gives the emission of a system
as “kgCO2/time” in a certain time period depending on the
energy consumption of a system. Here, the production
emission (kgCO2/kWh) of the electrical energy consumed
by the system is important. Environmental analysis can be
calculated by Eq. (23) [21], [22].
XC02 = EM Eintworking (23)

Xco, represents the greenhouse gas emission
(kgCOaftime) released for a certain period of time, the
emission value of the energy source option used in EM
electricity  generation  (kgCOz/kWh), the  energy
consumption of the Ej,system (kW) and the tworking in a
period of time (hour/time). It shows the operating time
(hour/time) of the system.

Carbon pricing is one of the effective methods used to
evaluate the greenhouse gas emissions caused by a system.
Enviroeconomic analysis is based on environmental
analysis (kgCO./time) and greenhouse gas emission price
($/kgC0O,). Enviroeconomic analysis can be calculated with
Eq. (24) [21], [22].
Cco, = Cco,Xco, (24)

Xco, Shows the environmental analysis result
(kgCO2/time), cco,the price of greenhouse gas emission
($/kgCO2) and Cco, the result of enviroeconomic analysis
($/time). In Table 3, some assumptions made for
environmental and enviroeconomic analyses are dedicated.

Table 3. Assumptions for environmental and
enviroeconomic analyses.

Description Value
Cooling capacity 5 kw
tworking 12 h/day
Cco, 0.0145 $/kgCO; [21], [22]
EM 0.523 kgCO./kWh [23]
4. Results and Discussions
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Figure 4. Evaporator temperature-dependent changing of
mass flow rate of R134a and R515B.
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VCR with an inner heat exchanger was used to evaluate
the performances of R134a and R515B. The comparison of
the mass flow rates of R134a and R515B is given in Figure
4. The mass flow rates of R134a and R515B increased as
the evaporator temperature increased: from 8.65 g/s to
21.79 g/s for R134a and from 7.21 g/s to 18.35 g/s for
R515B. The mass flow rate of R515B is lower than that of
R134a. It is due to the fact that R515B in the suction line
has a lower vapor density than R134a. For both refrigerants,
the mass flow rate is not affected by the condenser
temperature.

Using R134a and R515B refrigerants in the refrigeration
system, the effect of the temperature of the evaporator on
compressor energy consumption is presented in Figure 5.
While the condenser temperature is 40 °C, the compressor
power consumption of R134a varies from 538.42 W to
709.66 W, while the compressor power consumption of
R515B from 392.42 W to 529.84 W. While the condenser
temperature is 45 °C, the compressor power consumption of
R134a varies between 574.48 W and 797.69 W, while the
compressor power consumption of R515B varies between
41796 W and 594.63 W. The compressor specific
compression work and the mass flow rates of the
refrigerants affect the energy consumption of the
compressor. The specific compression work and mass flow
rate of R134a are higher compared to R515B. That's why as
seen in Figure 5, the compressor energy consumption of
R134a is higher than that of R515B. Because the mass flow
rates increases as the temperature of the evaporator rises,
the refrigeration system's power consumption rises.

----- R134a Tc =40 °C ~#-R515B Te = 40 °C

~0-R134a Te =45 °C -2+ R515B Te = 45 °C

1000 -
800 -
600 -

400 A

Compressor power
consumption (W)

200 -

25 20 45 10 5 0 5 10
Evaporator temperature (°C)

Figure 5. Evaporator temperature-dependent changing of

compressor power consumption of R134a and R515B.

The compressor capacity is greatly affected by the cooling
capacity. The cooling effect (the difference in enthalpy of
the refrigerant entering and leaving the evaporator) and the
mass flow rate of the refrigerant affect the cooling capacity.
Figure 6 gives the cooling capacity variation to different
evaporator temperatures for R134a and R515B at two
condenser temperatures (40°C and 45°C). R134a refrigerant
has a higher cooling capacity than R515B. Because both the
cooling effect and the refrigerant mass flow rate of R134a
are higher than that of R515B. When the condenser
temperature is 40 °C, the cooling capacity of R134a varies
from 1224.89 W to 3422.58 W, while the cooling capacity
of R515B varies from 879.21 W to 2554.31 W. When the
condenser temperature is 45 °C, the cooling capacity of
R134a varies from 1160.98 W to 3261.56 W, while the
cooling capacity of R515B varies from 828.28 W to
2424.76 W. It has been observed that the cooling capacity
of both refrigerants decreases when the condenser
temperature increases. Because when the condenser
temperature increases, the enthalpy of the refrigerant
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entering the evaporator increases, so that the cooling effect
decreases.

~®-RS515B Tc = 40 °C
~E-RS15B Te =45 °C
4000 -
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Cooling capacity (W)

0 T T T T T T 1
25 20 15 10 -5 0 5 10

Evaporator temperature (°C)

Figure 6. Evaporator temperature-dependent changing of
cooling capacity of R134a and R515B

Figure 7 shows the COP of R134a and R515B
refrigerants depending on the evaporator temperature at
condenser temperatures of 40°C and 45°C. While the
condenser temperature is 40 °C, the COP of R134a varies
from 2.27 to 4.82, while the COP of R515B from 2.24 to
4.82 W. While the condenser temperature is 45 °C, the COP
of R134a varies between 2.02 and 4.09, while the COP of
R515B varies between 1.98 and 4.08. It is found that the
COP obtained by using R515B refrigerant is nearly equal to
the COP obtained by using R134a. This is because although
the cooling capacity of R515B refrigerant is less than that
of R134a refrigerant, the compressor power consumption of
R515B refrigerant is lower than that of R134a refrigerant.
The COP value of both refrigerants decreases as the
temperature of the condenser rises.

ER134a Tc =40 °C
mOR134a Tc = 45 °C

ERS51SB Tc = 40 °C
EARS515B Tc = 45 °C
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S 3.00
[]
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20 15 10 5 0 5
Evaporator temperature (°C)

Figure 7. Column chart of COPs of R134a and R515B
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Figure 8. Evaporator temperature-dependent changing of
total exergy efficiency of R134a and R515B

The changing of the total exergy efficiencies of R134a
and R515B at different evaporator and condenser
temperatures is demonstrated in Figure 8. As the evaporator
temperature increases, the irreversibilities of the cooling
system compenents increase, and consequently the exergy
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efficiency of the cooling system decreases. The total exergy
efficiency of R134a refrigerant at low evaporator
temperature is slightly higher (about 1.40%) than that of
R515B refrigerant, the total exergy efficiency of R134a is
the same as that of R515B refrigerant at high evaporator
temperature.

* R134a Te =40 °C = R515B Te =40 °C
R134aTe=45°C 0 R515B Te =45 °C

=)
=
=

n
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=
=

25 20 A5 10 5 0 5 10
Evaporator temperature (°C)

Figure 9. Evaporator temperature-dependent change in

total exergy destructions of R134a and R515B

The change in total exergy destruction in case of using
refrigerants R134a and R515B in the refrigeration system at
different evaporator and condenser temperatures is shown
in Figure 9. At a condenser temperature of 40 °C, the total
exergy destruction of the refrigeration system using R134a
in the refrigeration system varies from 346.42 W to 522.73
W, while the total exergy destruction of the refrigeration
system using R515B in the refrigeration system varies from
254.51 W to 390.33 W. At a condenser temperature of 45
°C, the total exergy destruction of the refrigeration system
using R134a in the refrigeration system varies from 363.75
W to 552.77 W, while the total exergy destruction of the
refrigeration system using R515B in the refrigeration
system varies from 267.36 W to 412.49 W. When R134a is
used in the refrigeration system, the total exergy destruction
is about 26% higher than when R515B is used in the
refrigeration system. Also, the total exergy destruction of
the system increases due to the increase in irreversibilities,
as the condenser temperature increases.

Compressor
R134a: 143.62 W (26.67%)
R515B: 108.33 W (27.61%)

In the case where refrigerants R134a and R515B are
used in the refrigeration system, the exergy destruction of
all components is shown in Figure 10. As can be seen in
Figure 10, for both refrigerants the exergy destruction takes
place mainly in the compressor. For both refrigerants, the
component with the least exergy destruction at low
evaporator temperatures is the evaporator, while the
component with the least exergy destruction at high
evaporator temperatures is the expansion valve. As the
expansion valve is only affected by the entropy change
between the evaporator and condenser pressure, there is
generally lower exergy destruction in expansion valve. As
the evaporator temperature increases in the expansion
valve, the entropy production decreases. therefore, the
exergy destruction of the expansion valve is reduced. As the
evaporator temperature decreases, the exergy destruction of
the expansion valve increases. Therefore, at low evaporator
temperatures the minimum exergy destruction occurred in
evaporator.

The comparison of compressor exergy destruction in the
case of using R134a and R515B refrigerants in the cooling
system is shown in Figure 11. The exergy destruction of the
compressor for both refrigerant increase as the evaporator
temperature increases. This is because as the evaporator
temperature rises, the mass flow rate increases, and the
compressor uses higher exergy. It was seen that the
compressor exergy destruction of R515B refrigerant is
lower (about 24%) than that of R134a refrigerant. Due to
the thermal properties of R515B, the entropy generation in
the compressor during compression is lower than that of
R134a.

The comparison of the condenser exergy destruction of
the cooling system for R134a and R515B is presented in
Figure 12. It was explained above that the mass flow rates
of the refrigerants increase with increasing evaporator
temperature increases. Consequently, the exergy destruction
of the condenser also increases with increasingevaporator
temperature. When refrigerant R515B is used in the
refrigeration system, the exergy destruction of the
condenser is about 32.50% lower than that of R134a . This
is since the condenser entropy difference of R134a is higher
than that of R515B.

Condenser
R134a: 67.56 W (12.55%)
R515B: 43.43 W (11.07%)

Te=-20°C

Evaporator

R134a: 54 .54 W (10.13%) .
R515B:39.05 W (9.95%) Expansion valve

R134a: 80.71 W (14 99%)

R515B:63.70 W (16.23%)

Transiting exergy
R134a: 162.91 W (30.26%)
R515B:116.94 W (29.80%)

Condenser
R134a: 139.00 W (19.59%)
R515B: 99.22 W (18.73%)

>
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—_— Total exergy
Total exergy input —> destruction
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—
Compressor
R134a 194 89 W (27 46%)
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g Total exergy
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o
—
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Transiting exergy
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R515B: 88.65 W (16.73%)

Figure 10. Graphical representation of all components's the exergy destruction for the refrigerants R134a and R515B.
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Figure 11. Evaporator temperature-dependent changing of
compressor exergy destruction of R134a and R515B.

* R134a Tc=40°C = R515B Te =40 °C
R134a Te =45°C © R515B Te =45 °C
175

-
= un
L=
»

destruction (W)
—
U
n S
L ]
m >
o

Condenser exergy

[~ ]
=

25 20 15 10 5 0 5 10
Evaporator temperature (°C)
Figure 12. Evaporator temperature-dependent changing of
condenser exergy destruction of R134a and R515B.

The comparison of the expansion valve exergy
destruction of the cooling system for R134a and R515B is
presented in Figure 13. The exergy destruction in the
expansion valve decreases while the evaporator temperature
rises. Because as the evaporator temperature rises in the
expansion valve, the entropy production decreases.
Therefore, the exergy destruction of the expansion valve
reduces. It was found that the exergy destruction of the
expansion valve was lower (about 21.50%) for the
refrigerant R515B than for the refrigerant R134a. This is
because when R515B is used in the refrigeration system,
the entropy difference of the expansion valve and the mass
flow rate of the refrigerant are lower compared to R134a.
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Figure 13. Evaporator temperature-dependent changing of
expansion valve exergy destruction of R134a and R515B.

In Figure 14, comparing of the evaporator exergy
destruction of refrigerants is given. When the evaporator
temperature increases, the entropy generation in the
evaporator increases. Therefore, as the evaporator
temperature increases, the exergy destruction of the
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evaporator also increases. When using the refrigerant
R515B in the cooling system, the exergy destruction of the
evaporator is about 27% lower than with R134a. Because
both the mass flow rate and entropy production of R515B
are lower compared to R134a.
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Figure 14. Evaporator temperature-dependent changing of
evaporator exergy destruction of R134a and R515B.

The environmental analysis results of the refrigeration
system with the evaporator temperature is given in Figure
15. When the evaporator temperature for both refrigerants
increases, the COP value of the refrigeration system
increases and consequently the environmental analysis
results decrease. It can be seen that the results of the
environmental analysis of R134a and R515B are very close
in Figure 15. When the condenser temperature increases for
both refrigerants, the energy consumption of the
refrigeration system compressor increases. Therefore, the
environmental analysis results increase.
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Figure. 15. Evaporator temperature-dependent changing of
results obtained from environmental analysis.
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Figure. 16. Evaporator temperature-dependent changing of
results obtained from enviroeconomic analysis.

The results of the environmental economic analysis
depending on the evaporator and condenser temperatures
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are shown in Figure 16. As the evaporator temperature
increases, the energy efficiency of the refrigeration system
increases, and consequently, the energy consumption of the
refrigeration system compressor decreases. Therefore, the
results of the enviroeconomic analysis decrease as the
evaporator temperature increases. It is seen that results
obtained from the enviroeconomic analysis of R134a and
R515B are very close to each other. Moreover, as the
condenser temperature increases, the results of the
enviroeconomic analysis increase similarly to the results of
the environmental analysis, because the energy
consumption of the cooling system increases.

5. Conclusions

In this work, the analysis of the R515B with lower
GWP as replacements for R134a in a VCR system that has
an IHX was made. Based on the energy, exergy,
environmental and enviroeconomic analyses the main
results obtained from the study are given below:

e R515B has lower mass flow rate, compressor
energy consumption, and cooling capacity than
that of R134a.

e In the refrigerating system, the COP obtained by
using R515B refrigerant is nearly equal to the COP
obtained by using R134a.

e Most exergy destruction occurs in the compressor
of the refrigeration system.

e The compressor exergy destruction of the
refrigeration system using R515B refrigerant is
approximately 24% lower than that of R134a. The
expansion valve exergy destruction of the
refrigeration system using R515B refrigerant is
approximately 21.50 % lower than that of R134a.

e The condenser exergy destruction of the
refrigeration system using R515B is about 32.50%
lower than that of R134a.

e The exergy destruction of the evaporator of the
refrigeration system using R515B is nearly 27%
lower than that of R134a.

e Variation of evaporator and  condenser
temperatures greatly affects exergy destruction and
exergy efficiency.

e It is found that the total exergy efficiency of the
VCR system using R515B is slightly lower than
that of R134a (about 1.40%).

e The results of environmental and enviroeconomic
evaluation based on energy analysis showed that
R515B refrigerant was slightly higher than R134a
refrigerant.

Finally, R134a and R515B are slightly different in
energy, exergy performance, environmental and
enviroeconomic analysis. However, R515B has significant
advantages in terms of installation safety requirements (no
flammability (Al1)) refrigerant). As a result, it has been
shown that R515B can be a good alternative to R134a in
VCR systems with an internal heat exchanger.

Nomenclature

Weomp Compressor power consumption [kW]
m, Refrigerant mass flow rate [kg s?]
Qevap  Cooling capacity [kW]

Qen  Heating capacity [kW]

Nisen  COMpressor isentropic efficiency [-]
Nvol Compressor volumetric efficiency [-]
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h Enthalpy [kJ kg

s Entropy [k kg K]

P Density [kg m™]

T Temperature [°C or K]

P Pressure [kPa or bar]

COP  Coefficient of performance for cooling mode [-]
Ex Exergy [KW]

E Energy [KW]

MNex Exergy efficiency [-]

COPuxp Heat pump coefficient of performance [-]
tworking  Operation time (hour/time)
Xco,  Environmental analysis [kgCO; time™]

EM Electricity energy production emission value
[kgCO2 kWh]

Cco,  Environmentaleconomic analysis [kgCO, day™]

Cco, Greenhouse gas emission price [$ kgCO,?]

RPM  Revolutions per minute [Rev min']
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