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In this study, the energy performance of eco-friendly refrigerants
(R152a and R600a) was investigated theoretically as alternative to
R134a in refrigeration system. The results showed that the vapour
pressure and specific volume of R152a are very close to those of
R134a. R152a emerged as the most energy efficient with average Pow-
er Per Ton of Refrigeration (PPTR) of 10.6% less than that of R134a.
R152a also exhibited higher Volumetric Refrigerating Capacity (VRC)
and Coefficient of Performance (COP) than both R600a and R134a. The
average COPs obtained for R152a and R600a were 13.4% higher and
5.9% lower than that of R134a, respectively. Generally, R152a per-
formed better as R134a substitute in that it has the lowest PPTR, high-
est thermal conductivity, refrigerating effect, VRC and COP.
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1. Introduction

The use of chlorofluorocarbons (CFCs) has increased rapidly since their selection in
the 1930s because of their many remarkable properties such as thermal and chem-
ical stability, non—toxicity, non—flammable, good material compatibility and appro-
priate thermodynamic characteristics. They have played an important role in many
fields of modern life, especially in the refrigeration and freezer industries. Nowa-
days, it is well known that chlorine atoms liberated from CFCs act as catalysts in
ozone depleting reactions and contribute to the greenhouse effect. The stable
structure of these chemical enables them to attack the ozone layer. The inventors
of these refrigerants could not have envisaged the damaging effects of the refrig-
erants on the ozone layer. They purposefully pursued refrigerants with the out-
standing stability that was imposed as one of the essential requirements of the
ideal refrigerant they were called upon to invent [1, 2].
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Therefore, many actions have been performed to reduce the production and
consumption of CFCs by different countries and international organizations. In
1987, the Montreal Protocol, an international environmental agreement, estab-
lished requirements for the worldwide phase out of ozone depleting CFCs. The use
and production of CFCs have been phased out in developed and developing coun-
tries since January 1996 and 2010, respectively [3, 4]. Initial alternative to CFCs
included some hydro-chlorofluorocarbons (HCFCs), but they will also be phased out
internationally by year 2020 and 2030 in developed and developing nations respec-
tively, because their ozone depletion potentials (ODPs) and global warming poten-
tials (GWPs) are in relative high levels though less than those of CFCs [5-7].

Refrigeration and air-conditioning industries have been forced to find alterna-
tive chemicals to CFCs and HCFCs. Hydro-fluorocarbon (HFC) refrigerants have
been discovered as the prominent replacement refrigerants in refrigeration and air-
conditioning systems [8, 9]. The thermophysical properties of HFC refrigerants are
very similar to those of CFCs, and they are stable, non-toxic and ozone safe refrig-
erant. Therefore, R134a a HFC refrigerant was recommended by the American
Household Appliances Manufacturers as a potential replacement for R12 in domes-
tic refrigeration [10]. However, while the ODP of R134a is approximately zero, its
GWP of 1300 is relatively high (Table 1).

International concern over relatively high GWP of R134a has instigated some Eu-
ropean countries to remove R134a from refrigerator/freezers and abandon it as re-
placement refrigerant in domestic refrigerator. For this purpose, the production and
use of R134a may be terminated in the near future [13-15]. Therefore, other re-
placements will be needed that are thermodynamically attractive as R134a. The
European Union (EU) has taken the course of proceeding down the legislative path
in order to try to address probable future consequences of global warming. On
January 31, 2006, the EU Parliament passed legislation banning the installation of
R134a systems in all new vehicle types from January 1, 2011, and in all vehicles
from January 1, 2017 (vehicles with R134a systems already fitted will continue to
be able to be refilled with R134a). Under the legislation, the replacement refriger-
ants must have a GWP of less than 150 [16].

R152a has zero ODP and a low GWP of 120, which is less than one-tenth of
that of R134a. Also, R152a has very good thermodynamic and transport properties
that are very close to R134a, and is currently being considered as a possible alter-
native for R134a in domestic refrigeration system [17]. Many natural refrigerants
have been investigated as alternative refrigerants to R134a. Among these alterna-
tives, hydrocarbon and their mixtures are recognized as strong alternative refriger-
ants for the existing small and large capacity refrigeration systems [18]. Hydrocar-
bons have many advantages including environmental friendliness, chemical stabil-
ity and low refrigerant charge. They are compatible with common materials found
in refrigeration and air-conditioning systems and are soluble in conventional min-
eral oils [19]. R600a, a hydrocarbon refrigerant also has both zero ODP and very
low GWP (Table 1).
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Table 1. Environmental effects of some common refrigerants [11, 12]
Compositional ~ Refrigerants Ozone depletion  Global warming po-

group potential (ODP) tential (GWP)
(100 years’ horizon)
CFCs R11 1 3800
R12 1 8100
R113 0.8 4800
R114 1 9000
R115 0.6 9000
HCFCs R22 0.055 1500
R123 0.02 90
R124 0.022 470
R141b 0.11 630
R142b 0.065 2000
HFCs R23 0 11700
R32 0 650
R125 0 2800
R134a 0 1300
R143a 0 3800
R152a 0 120
Natural Refriger- R290 0 3
ants R600a 0 3
R1270 0 3
R717 0 <1
R718 0 0
R744 0 1

Flammability of R152a and R600a is the most important concern regarding
their adoption as alternative refrigerants. It should be remembered that millions of
tonnes of hydrocarbons are used safely every year throughout the world for cook-
ing, heating, powering vehicles and as aerosol propellants. In these industries,
procedures and standards have been developed and adopted to ensure the safe
use of the product. The same approach is also been followed by the refrigeration
industry. Several applications have been developed in handling the flammability
and safety problems such as using enhanced compact heat exchangers, optimizing
system designs, reducing the charge of systems and establishing rules and regula-
tions for the safety precautions [20, 21]. Therefore, in this study, thermal conduc-
tivity and energy performance of environment-friendly R152a and R600a were in-
vestigated theoretically as alternative to R134a in a standard vapour compression
refrigeration system.
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2. Materials and Methods
2.1 Vapour compression refrigeration system

The standard vapour compression refrigeration system, as shown in Figure 1,
is made up of four major components: condenser, evaporator, compressor and
expansion device. In the evaporator, the liquid refrigerant vaporizes by absorbing
latent heat from the material being cooled, and the resulting low pressure vapour
refrigerant then passes from the evaporator to the compressor. Compressor is the
heart of refrigeration system. It pumps and circulates refrigerant through the sys-
tem, and supplies the necessary force to keep the system running. It increases the
refrigerant pressure and hence the temperature, to allow heat rejection at a higher
temperature in the condenser.

p 4
Condensation
Pc1 <
Expansion
p. L Compression
e
Evaporation [ 1

Figure 1: vapour compression refrigeration cycle on p-h diagram
2.2 Computational Analysis

The pressure, volume and temperature (PvT) in an equilibrium state are the
most fundamental of a working fluid’s thermal properties that are needed for the
prediction of a refrigerant system’s performance. Other properties may be derived
from a PvT correlation utilizing specific heat. There exists a numerous of equa-
tions-of-state, which have been classified into families. These equations have been
used to develop the most commonly used refrigerant database software known as
REFPROP 9.0 [22]. It was developed and is maintained by the National Institute of
Standards and Technology and is currently in its ninth edition. It uses several
equations-of-state to correlate 33 single component refrigerants and 29 predefined
mixtures, along with the ability to construct virtually any desired mixture of up to
five components [23]. This software was used in this work to compute the proper-
ties of investigated refrigerants.
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2.3 Data Reduction

The data reduction of the theoretical results are analysed with the equations
stated below. Considering the cycle on p-h diagram in Figure 1, the heat absorbed
by the refrigerant in the evaporator or refrigerating effect (Qevap, kKJ/kg) is calcu-
lated as:

Qevap = (hy = hy) (1)
where, h; = specific enthalpy of refrigerant at the outlet of evaporator (kJ/kg); and
h,; = specific enthalpy of refrigerant at the inlet of evaporator (kJ/kg). The com-
pressor energy input (Wemp, kJ/Kg) is obtained as:

Wcomp = (hy - hy) (2)
where, h, = specific enthalpy of refrigerant at the outlet of compressor (kJ/kg).
The flow of refrigerant in the throttling valve from point 3 to point 4 is at constant
enthalpy (isenthalpy). Therefore,

h; = hy (3)
where, h; = specific enthalpy of refrigerant at the outlet of condenser (kJ/kg).
The Coefficient of Performance (COP) is the refrigerating effect produced per unit
of energy required; therefore, COP is obtained as the ratio of Eq. (1) to Eq. (2):

cop = e (4)
comp
Power Per Ton of Refrigeration (PPTR) is obtained as:
3.5W,
PPTR="—™ (5)
evap
The volumetric refrigerating capacity ( VRC, kJ/m?) is calculated as follows:
VRC = p;. Qevap (6)

where, p; = density of the refrigerant at the exit of evaporator (kg/m?).
3. Results and Discussion

For any refrigerant to be suitable as substitute for another, it must have simi-
lar vapour pressure and specific volume. Figure 2 shows the variation of saturated
vapour pressure and temperature for R134a R152a and R600a. The figure revealed
that the saturated vapour pressure curve for R152a is very close to the vapour
pressure curve of R134a. This indicates that R152a can exhibit similar properties
and could be used as substitute for R134a. The saturated vapour pressure curve
for R600a is significantly lower than that of R134a by 34.3% of the average value,
while the average value of R152a is higher by 8.9%.
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Figure 2. Saturation pressure and temperature curves

Figure 3 shows the variation of specific volume of vapour refrigerant with sat-
uration temperature for R134a and its two potential alternative refrigerants. Spe-
cific volume increases as saturation temperature reduces. R152a exhibited very
close specific volume and temperature characteristic with R134a, which shows that
it can use the same compressor size with R134a. Again, the curve of R600a is sig-
nificantly higher than that of R134a, which shows that it cannot perfectly work with
R134a compressor.
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Figure 3. Specific volume of refrigerant vapour versus saturation temperature
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Figure 4 shows the variation of thermal conductivity of liquid refrigerant with
saturation temperature for R134a and its two potential alternative refrigerants.
Thermal conductivity reduces as saturation temperature increases. Increase in sat-
uration temperature will reduce the refrigerant viscosity and thereby reduce its
thermal conductivity. The two alternative refrigerants (R152a and R600a) exhibited
higher thermal conductivity than R134a. The highest thermal conductivity was ob-
tained using R152a. The average values obtained using R152a and R600a were
17.7 and 6.3% higher than that of R134a, respectively.

The refrigerating effects of R134a and its two potential alternative refrigerants
at varying evaporating temperature for condensing temperature of 40°C are shown
in Figure 5. As shown in the figure, refrigerating effect increases as the evaporat-
ing temperature increases for all the investigating refrigerants. This is due to the
increase in latent heat value of the refrigerant. A very high latent heat value is de-
sirable since the mass flow rate per unit of capacity is less. When the latent value
is high, the efficiency and capacity of the compressor are greatly increased. This
decreases the power consumption and also reduces the compressor displacement
requirements that permit the use of smaller and more compact equipment. It is
clearly shown in Figure 5 that R152a and R600a exhibited higher refrigerating ef-
fect than R134a. Therefore, very low mass of refrigerant will be required for the
same capacity and compressor size. The highest refrigerating effect (average value
of 244.7 kJ/kg) was obtained using R152a compare with 136.1 kJ/kg of R134a at
condensing temperature of 40°C. R600a has average value of 228.6 kJ/kg at the

same condensing temperature.
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Figure 4. Variation of thermal conductivity with saturation temperature
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Figure 5. Variation of refrigerating effect with evaporating temperature at con-
densing temperature of 40°C.

Figure 6. shows the variation of the compressor energy input with evaporating
temperature for R134a and its two alternative refrigerants at condensing tempera-
ture of 40°C. The figure shows that the compression energy input decreases as the
evaporating temperature increases. This is due to the fact that when the tempera-
ture of the evaporator increases the suction temperature also increases. At high
suction temperature, the vaporizing pressure is high and therefore the density of
suction vapour entering the compressor is high. Hence the mass of refrigerant cir-
culated through the compressor per unit time increases with the increases in suc-
tion temperature for a given piston displacement. The increase in the mass of re-
frigerant circulated decreases the work of compression. The two alternative refrig-
erants exhibited higher compressor energy input than R134a (Fig. 6), but they
equally exhibited very high refrigerating effect (Fig. 5), which is a form of compen-
sation for their high compressor work input. The compressor work input of R152a
is lower than that of R600a.
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Figure 6. Variation of compressor energy input with evaporating temperature at
condensing temperature of 40°C.

The coefficient of performance (COP) of a refrigeration cycle reflects the cycle
performance and is the major criterion for selecting a new refrigerant as a substi-
tute. The COPs for R134a, R152a and R600a refrigerants at varying evaporator
temperature for condensing temperature of 40°C are shown in Figure 7. Similar
trends were observed in the curve profiles for all the investigated refrigerants. COP
increases with increase in evaporator temperature. As clearly shown in the figure,
R600a has the lowest COP among investigated refrigerants, while R152a has the
highest COP. The average COPs obtained for R152a and R600a were 13.4% higher

and 5.4% lower than that of R134a, respectively.
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Figure 7. Coefficient of performance (COP) versus evaporating temperature at
condensing temperature of 40°C.

362




The influence of evaporating temperature on the power consumption per ton
of refrigeration at condensing temperature of 40°C for R134a and the two investi-
gated alternative refrigerants is shown in Figure 8. As shown in the figure, the
power per ton of refrigeration refrigerating reduces as the evaporating tempera-
ture increases for all the investigating refrigerants. In this result, R152a has
emerged as the most energy efficient refrigerant among all the investigated refrig-
erants being the one that exhibited the lowest power consumption per ton of re-
frigeration with the average value of 10.6% less than that of R134a. The average
value obtained for R600a is 3.5% higher than that of R134a, respectively.

Figure 9 shows the influence of evaporating temperature on the volumetric
refrigerating capacity (VRC) at condensing temperature of 40°C for R134a and the
two alternative refrigerants. As shown in the figure, VRC increases as the evapora-
tor temperature increases for all the investigating refrigerants. This is due to the
increase in the volume of refrigerant vapour at the exit of the evaporator. A high
cooling capacity can be obtained from a high volumetric capacity refrigerant for
given swept volume in the compressor. R152a exhibited high VRC with average
value of 5.0% higher than that of R134a, while the average VRC obtained for
R600a is significantly lower by 50.5%.
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Figure 8. Influence of evaporating temperature on the power per ton of refrigera-
tion at condensing temperature of 40°C

363



4000 -

—e—R134a

—a—R152a
3000 4 —a—RE00a
2000

-
(=]
o
o
"

Volumetric refrigerating capacity (kJ/m?)

-30 -20 -10 0 10
Evaporator temperature (°C)

Figure 9. Influence of evaporator temperature on the volumetric refrigerating ca-

pacity at condensing temperature of 40°C

4. Conclusions

In this study, the thermal conductivity and energy performance of environ-

mentally friendly refrigerants (R152a and R600a) were investigated theoretically as
alternative to R134a in a vapour compression refrigeration system at varying evap-
orating temperature and condensing temperature of 40°C. The following conclu-
sions can be drawn from the analysis and discussion of the results:

(i)

(if)

(iii)

(iv)

The saturated vapour pressure and temperature characteristic profile of R152a
is very close to the vapour pressure curve of R134a, therefore, R152a will
work perfectly as R134a substitute. The saturated vapour pressure curve for
R600a is significantly lower than that of R134a.

R152a refrigerant exhibited very close suction specific volume and tempera-
ture characteristic with R134a, which shows that both refrigerants can use the
same compressor size. Again, the curve of R600a is significantly higher than
that of R134a.

The thermal conductivity and refrigerating effect of the two alternative refrig-
erants are higher than those of R134a. The highest values of these two pa-
rameters were obtained using R152a. The average thermal conductivities of
R152a and R600a were 17.7 and 6.3% higher than that of R134a, respec-
tively.

R152a exhibited lower compressor energy input than R600a, but R134a has
the lowest values. Both R152a and R600a exhibited significantly high refriger-
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ating effect, which is a form of compensation for their high compressor energy
input.

(v) R600a has the lowest COP among investigated refrigerants, while R152a has
the highest COP. The average COPs obtained for R152a and R600a were
13.4% higher and 5.4% lower than that of R134a, respectively.

(vi) R152a emerged as the most energy efficient refrigerant among all the investi-
gated refrigerants with average Power Per Ton of Refrigeration (PPTR) of
10.6% less than that of R134a.

(vii) The highest Volumetric Refrigerating Capacity (VRC) was obtained using
R152a in the system with average value of 5.0% higher than that of R134a.
Generally, R152a performed better than R600a as R134a substitute in that it

has approximately the same saturated pressure and specific volume with R134a,

while higher deviations were obtained for R600a. Also, R152a has the lowest PPTR,
highest thermal conductivity, refrigerating effect, VRC and COP.
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