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This paper deals with an exergy analysis of the impact of direct replacement (retrofit) of R12 with the
zeotropic mixture R413A on the performance of a domestic vapour-compression refrigeration system
originally designed to work with R12. Parameters and factors affecting the performance of both refriger-
ants are evaluated using an exergy analysis. In the literature, no experimental data for exergy efficiency
are reported, so far, for R413A. Twelve tests (six for each refrigerant), are carried out in a controlled envi-
ronment during the selected cooling process from evaporator outlet temperature from 15 °C to —10 °C.
The evaporator and condenser air-flows are modified to simulate different evaporator cooling loads
and condensers ventilation loads. The overall energy and exergy performance of the system working with
R413A is consistently better than that of R12.

© 2010 Elsevier Ltd. All rights reserved.

1. Introduction

The refrigerant chlorofluorocarbon (CFC) dichlorodifluorometh-
ane (CCIyF;), known from its ASHRAE classification as R12, is a
refrigerant that has been widely used in refrigeration systems
and air conditioning since its invention in the 1930s. However, be-
cause of its high ozone depleting potential (ODP) and global warm-
ing potential (GWP), it cannot be used since 1998. The issue of the
use of substances that deplete the ozone layer, such as R12, has led
to a search for environmentally-friendly alternatives. Some R12
refrigerant substitutes that meet this requirement are a key pro-
cess in this investigation.

1.1. Experimental studies with R12 substitutes in refrigerating systems

In response to the international protocol agreements, there has
been carried out worldwide a variety of studies which have re-
ported alternative substitutes for R12. The hydrofluorocarbon
(HFC) refrigerants, such as R134a with zero ODP, have emerged
as candidates for R12 substitution in refrigeration systems. But
even with its ODP equal to zero, R134a has a relatively high global
warming potential (1300 times that of CO;). Spauschus [1] dis-
cussed the compressor and refrigeration system requirements
and information gaps for R134a application as a R12 substitute.
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Havelsky [2] studied the influence of R12 working fluid replace-
ments such as R134a, R401A, R409A, R22 and R134a/R12 mixture
on energy efficiency and global warming by using parameters such
as the coefficient of performance (COP) and the total equivalent
warming impact (TEWI). It is shown that the use of R134a,
R401A and R409A refrigerants enables the increase of COP and re-
duces the value of TEWI in comparison with R12 application.

Other possibilities of R12 substitutes are hydrocarbon refriger-
ants (HC) which have favorable characteristics such as zero ODP
and very low GWP. Nevertheless, the main disadvantage is their
flammability [3] and their limitation in the charge quantity due
to safety regulations. Several experimental studies with HC mix-
tures have been developed, in particular, the propane/isobutane
mixtures. Richardson and Butterworth [4] conducted experiments
to investigate the performance of propane/isobutane mixtures in a
hermetic vapour-compression system. It is shown that propane
and propane/isobutane mixtures may be used in an unmodified
R12 system, giving better COP than R12 under the same operating
conditions. Camporese et al. [5] evaluated 16 refrigerant mixtures
as potential substitutes for R12 considering pure components R22,
R32, R125, R134a, R1434a, R290 and R270. They evaluated the influ-
ence of some of these components on the performance of refriger-
ating units and on the refrigerant miscibility with the lubricant
oils. Herbe and Lundqvist [6] studied the influence of levels of con-
taminants such as acid, moisture and residual mineral oil in con-
verted refrigeration systems. In this work, the authors presented
a database of results from laboratory analysis of oil samples from
converted systems using the retrofit practice.
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Nomenclature

CFC chlorofluorocarbon

cop coefficient of performance (W/W)
GWP global warming potential

HFC hydrofluorocarbon

HC hydrocarbon

h specific enthalpy (J/kg)

m mass-flow rate (kg/s)

oDP ozone depleting potential

p pressure (kPa)

Q heat transfer rate (W)

S entropic flow (W/K)

s specific entropy (J/kg K)

TEWI total equivalent warming impact
T temperature (K)

t time (s)

1% volume (m?)

w power (W)

Greeks

b exergy (J)

n efficiency

] flow exergy (J/kg)
Sub and superscripts

ex exergy

cv control volume

0 ambient properties
in inlet

out outlet

f control surface interactions
gen generated

comp compressor

evap evaporator

cond condenser

exp expansion device
des destroyed

sup supplied

In relation to the investigations developed for domestic refrig-
erators, [7] carried out experiments for evaluating the performance
parameters such as the evaporator capacity, the compressor power
consumption, the COP and the cooling rate characteristics of a
domestic refrigerator. They used different ratios of propane/isobu-
tane mixtures as possible alternative replacements to R12. It was
found that the hydrocarbon mixture with 50% propane/38.3% bu-
tane/11.7% isobutane was the most suitable alternative refrigerant
with the best performance among all others hydrocarbon mixtures
investigated. Jung et al. [8] evaluated the performance of a pro-
pane/isobutane (R290/R600a) mixture in domestic refrigerators
in the composition range of 0.2-0.6 mass fraction of R290, which
yielded an increase in the COP of up to 2.3% as compared to R12.
Lee and Su [9] carried out an experimental study on the perfor-
mance of a domestic vapour-compression refrigeration system
with isobutane (R600a) as the refrigerant. The coefficients of per-
formance of the system were between 0.8 and 4.5, which is compa-
rable with those of the system with R12 as the refrigerant.
Tashtoush et al. [10] tested new hydrocarbon/hydrofluorocarbon
refrigerant mixtures for the replacement of R12 in domestic refrig-
erators by comparing parameters and factors such as the COP, the
compressor power consumption, the volumetric efficiency, the
condenser duty and the compressor discharge pressure and tem-
perature to those of R12. The results showed that butane/pro-
pane/R134a mixtures provide performance characteristics very
close to those of R12. The COP of the hydrocarbon/hydrofluorocar-
bon refrigerant mixture evaluated at a 100 W evaporator duty is
5.4% less than that for R12 and 0.8% at a 350 W duty, and the vol-
umetric efficiency of the compressor was better than that when
using R12. Although HC mixtures may be able to replace the R12
in several applications, their disadvantages related to the flamma-
bility and solubility in oil remain unsolved.

In the context of commercial refrigeration equipments, compar-
ative studies of the behaviour of R134a and R12 have shown that
R134a has the worst performance when comparing with R290
and R401A at the same originally working conditions in a system
designed for R12. Halimic et al. [11] observed that R134a operates
at conditions similar to R12. With some improvements in devices
for expansion, it was even possible to further improve this perfor-
mance. Recently, Mani and Selladurai [12] carried out a study of
the vapour-compression refrigeration system performance with

the new R290/R600 a refrigerant mixture as drop-in replacement
compared with R12 and R134a. The experimental results showed
that the R290/R600a mixture had 19.9-50.1% higher refrigerating
capacity than R12 and 28.6-87.2% than R134a. The refrigerant
R134a showed slightly lower COP than R12.

Based on the above observations, it is shown that R134a was
considered to be the preferred HFC replacement working fluid in
refrigeration systems and air conditioning operating with R12,
but there are some limitations in the retrofit practice between
these two refrigerants. R134a is not miscible with mineral oil;
therefore it is necessary to use synthetic oil instead of mineral
oil. This type of synthetic oil is highly hygroscopic and expensive
and it is harmful to health as it causes irritation when in contact
with skin and mucous membranes. Furthermore, the inappropriate
use of synthetic oil in converted systems which were initially de-
signed for operate with mineral oil, have brought serious problems
in cooling systems that have resulted in the equipment damage by
internal failures in the compressor and other devices. Janssen and
Engels [13] referred to the problem of miscibility of the HFC refrig-
erant. This problem can be eliminated if we consider mixtures of
HFCs with hydrocarbons (HC). Sekhar and Lal [14] carried out
experimental investigations with R134a and HC blends as replace-
ments of R12 in low temperature systems. In order to study the oil
miscibility of the refrigerant mixture with mineral oil, they found
that the R134a/HC blend used exhibited better performance,
resulting in 5-15% less energy consumption than R12 in low tem-
perature systems.

Refrigerant R600a has been considered as a viable additive
because of its availability and favourable thermo physical proper-
ties. However, at the same operating pressure, R600a is evaporated
at a higher temperature than R134a. As it is the most volatile, the
vapour phase is enriched in that component and oil could not
return to the compressor as expected. This was the background
idea for including another component more volatile than R600a
and R134a to form the R413A mixture, namely R218
(Octafluoropropane).

The base composition of the zeotropic mixture R413A is 88% of
R134a, 9% of R218 and 3% of R600a. In this study, we consider the
direct retrofit of R413A in a R12 system, and evaluate the thermo-
dynamic behaviour of both fluids using an exergy analysis. Fig. 1
shows the variation of vapour pressure with respect to the
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Fig. 1. Vapour pressure variation of R12 and R413A with respect to saturation
temperature.

saturation temperature for both refrigerants. The evaporation and
condensation temperatures typical for the cooling system studied,
i.e. domestic refrigeration, are from —15 °C to 40 °C in an unmod-
ified R12 domestic refrigerating system.

1.2. Exergy analysis of refrigerants substitution in refrigerating
systems

In the open literature, there exist several works related to ther-
modynamic analysis, which deal with different well-known ther-
modynamic efficiencies used to characterize refrigerating
systems. Usually, the attention focuses on the coefficient of perfor-
mance (COP = Qeyap/Weomp), the volumetric efficiency, the com-
pressor power consumption and the evaporator duty. In this
paper, compared to other existing works, we adopt a different ap-
proach for comparing the performance of new refrigerant mixtures
with R12 at the same working conditions in a converted system. A
comparative exergy analysis based on experimental tests was
developed for the R413A as drop-in substitute for R12 in domestic
refrigerators.

There are few articles in the open literature that deal with
exergy analysis of refrigerant substitutions. Aprea and Greco
[15] performed an exergy analysis of R407C as substitute of R22
in an experimental vapour-compression air-conditioning system.
They presented their results related to the secondarily fluids
(water and air). They did not consider the exergy supplied to
the evaporator fan, neither the condenser water pump and
condenser heater and also there are no remarks in relation of
refrigerant charge savings. The results obtained allowed for
remarking that the overall exergy performance of the plant work-
ing with R22 is consistently better than when working with
R407C and the compressor contribution to the overall exergy
destruction is the most important.

The analysis carried out in this article follows an exergy ap-
proach in order to evaluate the thermodynamic performance of
R413A in an unmodified R12 domestic refrigerating system. These
results cannot be obtained by a traditional energy analysis, because
this leads to an incomplete thermodynamic analysis. For this par-
ticular reason, this article includes an exergy analysis based on
experimental data, which demonstrates the complementarity be-
tween the classical thermodynamic approach based on the first
law and the exergy approach (second law) for the evaluation of a
refrigeration system.

2. Experimental setup and procedure
2.1. Description of the experimental apparatus

The domestic refrigerator used in the present work was a refrig-
erating test bench unit originally designed to work with R12. Fig. 2
shows the schematic diagram of the experimental setup. The main
loop of the system under investigation was composed of four basic
components, i.e., a compressor, an evaporator, a condenser and a
thermostatic valve as expansion device. The test bench has the
ability to control the velocity of the evaporator and condenser fans.
The compressor was an hermetic type reciprocating compressor
with 330 W nominal input power at 115 V (60 Hz) and a displace-
ment volume of 10.09 cm®. The evaporator cooling capacity was
between 2.5 and 3 kW and the temperature range was from
—10°C to 15 °C. The refrigerant charge was 0.49 kg (R12). The unit
also had other devices such as filters, liquid flow indicators, a liquid
receiver, a suction accumulator and the compressor protection de-
vices. The refrigerant mass flow was measured by a coriolis type
flow meter with +0.15% of accuracy. The power consumed by the
compressor was measured using a power meter with 0.01 kW h
of accuracy. The temperature was measured by using thermocou-
ples with an accuracy of +0.1 °C. The inlet mass flow at evaporator
and condenser fans was measured with a thermo-anemometer
with an accuracy of +0.1 m/s. Aiming to compare the domestic
refrigerator performance under the same environmental condi-
tions, the tests were carried out in a calorimetric chamber with
controlled temperature environment.

2.2. Experimental procedure

Twelve tests (six for each refrigerant) have been carried out in a
controlled environment (calorimetric chamber) with an environ-
ment temperature of 18 °C and evaporator and condenser air-flows
discharge conditions as shown in Table 1.

The pressure of refrigerant in the condenser and the evaporator,
the temperatures in the refrigeration loop and the compressor
power consumption data for each of the 12 tests, were recorded
with a period of 10 s per measurement in the dynamic cooling pro-
cess from 15 °C to —10 °C as measured as the outlet of the evapo-
rator. The experiment was started with R12 to set up the base
reference for comparison with R413A. The thermodynamic proper-
ties of the refrigerants were obtained from the NIST thermody-
namic properties of refrigerants and refrigerant mixtures
database [16].

3. Exergy analysis

With the experimental data obtained from the tests using both
R12 and R413A, we proceed to analyze the system by the evalua-
tion of exergy loss of the domestic refrigerator in order to obtain

Table 1
Test conditions at Ty 18 °C.

Percentage of max. fan velocity at Percentage of max. fan velocity

condenser at evaporator
0% 100% 0% 100%
0% Test Test Test Test
1 4 7 10
50% Test Test Test Test
2 5 8 11
100% Test Test Test Test
3 6 9 12
Refrigerant R12 R413A
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Fig. 2. The experimental apparatus.

a quantitative measurement of the process inefficiency. It can be
recalled that the exergy of the working fluid in a control volume
represents the maximum work that can provide this fluid through
a reversible process until it reaches the thermodynamic equilib-
rium with the environment. Under the assumption that the change
of kinetic and potential energy is negligible, exergy is:

A =h—Tos (1)

For Eq. (1), the enthalpy and the entropy are considered as equal
to O in the equilibrium state with the environment. Furthermore,
the exergy can be expressed as the sum of all contributions of rate
exergy with respect to time during the time that lasts the test.

X:/t:;’c(t)dt

The exergy balance general expression in a control volume con-
sidered is:

(4, B (o
=Y il + ToSie ®)

where dy/dt is the exergy variation with respect to the time in the
control volume, Ty is the ambient temperature, T; is the control sur-
face temperature, Q; and W; corresponds to the heat and work
interactions between the system boundaries and its surrounding,
VY is the flow (or stream) exergy and Sgen is the entropy generation
due to the irreversibilities.

(2)

dVey
— Do dt

) + Zml//in

When the compression is non-adiabatic in the compressor, it
transfers heat to the environment, making it difficult to directly
calculate the entropy generated. In that sense, through a steady-
flow exergy balance in the compressor, we can calculate the exergy
destroyed in the compressor by the following expression:

. To\ - . . .
(Tosgen)mmp = (1 Tf) Qcomp - Wcomp + l//comp.in - l//comp.out (4)
where mep and Wcomp are the heat rate transferred by the com-
pressor to the environment and the compressor power supplied
respectively. In this case, the heat transfer rate Qcomp was obtained
using an energy balance on the compressor.

Similar expressions can be written for the other components of
the system such as the evaporator, condenser and expansion de-
vice. The total exergy flow destroyed in the system can be ex-
pressed as follow:

Xdes = (Tosgen)comp + (Tosgeﬂ)evap + (TOSgEH)cond + (TOSgen)eXp (5)

where

(Tosgen)evap = (l T:) Qevap + Wevap + l//evap,in - l;0evap‘out (6)

. T . . . .
(Tosgen)cond = (1 - T_(:> Qcond + Wcond + l//cond.in - l//cond‘out (7)

(ToSgen)exp = (8)

where We\,a\p and Wonq in Egs. (6) and (7), corresponds to the power
supplied to fans in the evaporator and condenser, respectively.

lpexp Jin — ',bexp out
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These values come from the experimental measurements of the
power supplied to the compressor, condenser fan and evaporator
fan. Then, the exergy supplied was obtained by an exergy balance
in the compressor, evaporator and condenser (Eq. (3)). The exergy
efficiency (or second law efficiency) of the system is given by:

j{des
=1-2= 9
oo =152 ©)

where js,, corresponds to the exergy supplied to the system.

4. Results

Fig. 3 shows the results of the power consumed by the compres-
sor for each test run in the system with refrigerant R12. It is con-
sidered only the cooling process of the refrigerant temperature at
the outlet of the evaporator from 15 °C to —10 °C. The shortest time
in which the system achieved the target temperature of —10 °C
was 107 s for test 3, on the contrary, test 4 failed to reach its target
because of the condenser high pressure which activated the pres-
sure switch and safety shut down of the compressor. Finally, the
test for which the system took the longest time to achieve its target
temperature was test 5, which needed 296 s. As a matter of fact,
test 3 was done considering 100% condenser fan velocity, which
permitted a proper heat transfer between the refrigerant and the
environment in the condenser. On the other hand, considering 0%
evaporator fan velocity, it can be emulated a situation of no cooling
load, which permits decrease rapidly the refrigerant temperature
at the evaporator outlet and the system can quickly reach the tem-
perature target. In the case of test 4, with the evaporator and con-
denser fans working at 100% and 0% respectively, the cooling
capacity required demands higher pressure levels in the condenser.
These values increase until exceeding the limit prescribed for these
tests, which was 1448 kPa. Finally, test 6, with both evaporator and
condenser fans working at 100%, the system took longer time to
reach the target temperature.

Similarly, Fig. 4 shows the values of power consumption of the
compressor, but in the case where the working fluid is R413A. The
shortest time for which the system achieved the target tempera-
ture of —10 °C was 134 s for test 9. The longest time was achieved
by test 12 with 430 s . The system was unable to reach the objec-
tive in tests 7, 8, 10 and 11, because the compressor shut down by
the action of the high pressure switch. From these results it can be
remarked that the number of tests not completed with R413A is
higher than when working with R12, which makes the R413A a less
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Fig. 3. Compressor power consumption working with R12 in the cooling process.

versatile refrigerant than R12 and also highly dependent on an
adequate air-flow in the condenser.

Only tests 1, 2, 3, 5, 6,9 and 12 could reach the target temper-
ature of —10 °C. In this sense, only those seven runs were consid-
ered for the comparison by exergy analysis. Regarding the values
of exergy, with Eq. (4) we obtained the values of the exergy de-
stroyed in the compressor during the cooling process for tests de-
scribed above. The average values of mass-flow rate in the tests
were from 0.0135 kg/s to 0.0133 kg/s. It should be mentioned that
tests 3 and 9 and also tests 6 and 12 were carried out at the same
conditions. The only difference is the type of refrigerant. With the
purpose of comparing the system performance with both refriger-
ants, tests 3 and 9 were selected.

Fig. 5 shows the values of exergy supplied to the system. Inte-
grating the values of exergy supplied for each test with respect
to time, were obtained 0.0133 kW h for test 3 and 0.021 kW h for
test 9. The cooling process with R413A (test 9) was the one that re-
quired more energy. Fig. 6 shows the exergy destroyed in the sys-
tem due to irreversibilities. Respect to the exergy destroyed values,
integrating this values for each test with respect to time, were ob-
tained 0.01 kW h for test 3 and 0.0144 kW h for test 9. Comparing
this values, at the cooling process with R413A (test 9) was the one
that destroyed more exergy to carry out the process. This is directly
attributed to the duration of the tests.
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Fig. 4. Compressor power consumption working with R413A in the cooling process.
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Fig. 5. Exergy rate supplied to the system in the cooling process.
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To characterize energy efficiency of this domestic refrigeration
system, the value of the system COP was used. The values of COP
were obtained integrating with respect to time, the evaporator
duty heat transfer (W) and the compressor power consumption
(W). The values of COP obtained from an energy analysis to the sys-
tem are 3.53 for test 3 (R12) and 3.72 for test 9 (R413A). It can be
observed that while the values of energy consumption are higher
in test 9, the efficiency ratio of the amount of cooling provided
by the evaporator to the energy consumed by the compressor in
test 9 is higher than in test 3.

The values of exergy efficiency for tests 3 and 9 have been ob-
tained by applying an exergy analysis to the system. Fig. 7 reports
the exergy efficiency performance of the entire system. The overall
exergy performance of R413A is better than of R12. This can be
attributed to two causes: the first one is that when working with
R413A, the system requires less power supply than working with
R12, which is reflected in the values of supplied exergy for, with re-
spect to test 3. The second one is that the exergy destruction values
in test 9 are lower than those for test 3. The values of exergy de-
stroyed in the evaporator for test 3 are up to 56.6% higher than
the values obtained in test 9. The same was observed at the con-
denser, where exergy destroyed in test 3 reached up to 32.0% high-
er than the values obtained in test 9.
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Fig. 7. Comparison of the system exergy efficiencies in the cooling process.
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Fig. 8. Comparison of the hourly system operation cycle using R12 and R413A.

With the aim of knowing the system’s annual performance, the
terms of exergy destroyed and supplied for both refrigerants were
summarized in a given period of time equivalent to one year. For
this, it was considered the cooling process from 15 °C to —10 °C
and the heating process from —10 °C to the initial temperature.
For test 3, average values of 97 s and 940 s were measured for
the cooling and heating process respectively. Respect to R413A,
the average time recorded was 128 s and 1037 s. Fig. 8 shows the
system operation cycle during 1 h. It can be seen that when the
time arrives to 3600 s, the R12 system has performed 4 times the
cooling process, while the R413A system only 3 times. Further-
more, when the time arrives to 24 h, the system working with
R12 has run 84 times the cooling process, while working with
R413A system has done 72. If this behaviour is extrapolated to a
year, it can be obtained that the system working with R12 con-
sumes 406 KW h per year, while the same working with R413A
consumes 551 kW h per year. Under the same conditions, the exer-
gy destroyed by the system working with R12 is around 302 kW h/
year whereas that working with R413A destroys 380 kW h/year of
exergy. If we primarily analyze these quantities, it can be con-
cluded that R413A consumes more energy and destroys more exer-
gy, nevertheless this comparison must be made using the values of
exergy efficiency (Eq. (9)): 25.6% for the system working with R12
and 31.1% for that working with R413A. The conclusions are thus
different and yield a better overall performance of the system
working with R413A.

In addition, for the system using R12, the refrigerant charge was
0.49 kg while using R413A, the refrigerant charge was 0.46 kg. In
summary, this corresponds to a save of 5% of refrigerant mass in
the system. Refrigerant charge reduction being an important issue
presently, this aspect has a real positive environmental impact.

5. Conclusions

An exergy analysis was conducted for a single evaporator
domestic refrigerator between the evaporation and condensation
temperatures range from —15°C to 40°C by using R12 and
R413A refrigerants. Based on both experimental study and exergy
analysis on the performance of R12 retrofit with R413A in domestic
refrigerator, the following conclusions are drawn:

(1) Test 9 (R413A) had the shortest time in which the system
achieved the target temperature of —10°C when working
with 0% of maximum fan velocity at evaporator and 100%
of maximum fan velocity at the condenser. The system
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was unable to reach their goal in four tests working with
R413A which is higher than when working with R12, making
the R413A a less versatile refrigerant than R12 and also
highly dependent on an adequate ventilation air-flow in
the condenser.

(2) The rate of exergy supplied to the compressor in the cooling
process for R413A is always lower than that for R12, requir-
ing less power supplied and improving its exergy perfor-
mance. Regarding the exergy destroyed in the system due
to the irreversibilities, for tests 3 and 6 we remark that the
exergy destroyed performance through the cooling process
was affected by the action of the evaporator electro-fan,
which increases the heat transfer and also the exergy
destroyed becoming less availability to produce useful work
in the compressor.

(3) The average values of the system exergy efficiency for test 3
and 9 are 0.25 and 0.31 respectively. Those values show that
the overall exergy performance of R413A is better than
working with R12. It can be concluded that the system
working with R413A requires less power consumption and
it produces less irreversibilities. It also improves its overall
performance.

Thus, it can be concluded that R413A could be an ozone
friendly, exergy efficient and safe viable alternative to R12 for
domestic and small commercial refrigeration systems with the
main advantage that it can be replaced directly without the need
to replace or modify any system component.
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