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This article presents an experimental investigation of substituting R134a with R436A
(a mixture of R290 and R600a with a mass ratio of 56/44) in a 238 L single evaporator
domestic refrigerator without any modification in refrigeration cycle. The refrigerator’s
compressor was charged with different amount of R436A, and in addition to refrigerator’s
power consumption during operation, the temperatures in different sections of the refrig-
erator were measured. Results showed that in comparison to the base refrigerator working
with R134a, the ON time ratio and the energy consumption per day were reduced by 13%
and 5.3%, respectively. Although the original R134a charge for this refrigerator was 105 g,
the optimum charge for R436A was reduced to 55 g that exhibits 48% reduction in refrig-
erant charge. Also replacing R134a charge with R436A raised the energy efficiency index of
the refrigerator from label ‘‘E’’ to label ‘‘D’’ according to Iranian National Standard No.
4853-2.

� 2012 Elsevier Ltd. All rights reserved.
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1. Introduction

Domestic refrigerators use R12 and R134a as refriger-
ants due to these gases excellent thermodynamic proper-
ties. According to Montreal and Kyoto protocols, R12
should have been phased out by 2010 and the consump-
tion of R134a must be reduced. The reason for R12 phase
out is its ODP effect, and for R134a reduction is its high
GWP effect. From the environmental, ecological and health
point of view, it is urgent to find some better substitute for
HFC refrigerants [1]. Domestic refrigerators and freezers
are identified as major energy consuming domestic appli-
ances in every household [2]. Many researchers have
reported that hydrocarbon mixtures were found to be
environment friendly alternative refrigerants. The proper-
ties of some refrigerants used in domestic refrigerators
and freezers are shown in Table 1, and their thermody-
namic properties are shown in Table 2. The latent heat of
. All rights reserved.
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1.
ipour).
hydrocarbons is much higher than that of R134a, therefore
the amount of refrigerant charge can be reduced. An exper-
imental investigation was conducted by Mohanraj et al. [3]
on a hydrocarbon mixture consisting of propane and
iso-butane with a ratio of 45.2:54.8 by weight as a replace-
ment for R134a in a domestic refrigerator with a volume of
200 L. The results showed that this hydrocarbon mixture
leads to a reduction in the compressor’s energy consump-
tion, pull down time1 and ON time ratio2 by 11.1%, 11.6%
and 13.2%, respectively. This mixture of hydrocarbon was of-
fered as the best substitute for R134a. The weight of the
R134a charge in the refrigerator was 110 g while the opti-
mum weight of the hydrocarbon mixtures was 60 g [4].
Another investigation was carried out with a mixture of pro-
pane and iso-butane with a ratio of 50:50 by weight in a
household refrigerator with a volume of 440 L that works
The time required to reduce the air temperature inside the refrigerator
from ambient condition to the desired freezer and cabin air temperatures is
called Pull-down time.

2 ON time ratio is the operating time of the compressor in one cycle
divided into the total cycle time.
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Table 1
Properties of some refrigerants.

Refrigerant Chemical
formula

Liquid density (kg/m3) at
20 �C

Molecular
weight

Explosive limits in air (% by
volume)

Safety
group

ODP GWP

R12 CCl2F2 1328.9 120.9 Nonflammable A1 1 10,900
R134a CH2FCF3 1225.3 102.0 Nonflammable A1 0 1430
R290 C3H8 500.1 44.0 2.3–7.3 A3 0 <20
R600a iC4H10 556.9 58.1 1.8–8.4 A3 0 <20
R436A C3H8 + iC4H10 525.0 49.33 3.7–9.5 A3 0 <20

Table 2
Thermodynamic properties of consumed refrigerants in this work.

Refrigerant
number

Normal
boiling point
(�C)

Critical
temperature
(�C)

Critical
pressure
(MPa)

DHv
(kJ/kg)

R134a �26 101.1 4.06 216.87
R290 �42 96.7 4.25 423.33
R600a �12 134.7 3.64 364.25
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with 140 g of R134a. The results showed that this hydrocar-
bon mixture reduced the energy consumption by 4.4% and
the weight of the refrigerant used was reduced by 40% com-
pared to that of the R134a. By using a hydrocarbon mixture
as a refrigerant, the changes in refrigerator temperature oc-
cur faster and the working time of the compressor (ON time
ratio) is less than that of using R134a [5].

The results of using hydrocarbons R290, R600 and
R600a in a domestic refrigerator showed that the R290
could not be used as a refrigerant replacement due to its
high operating pressure in comparison with R134a.
Although R600 and R600a represent many desirable char-
acteristics such as in operating pressure, mass flow rate,
discharge temperature and coefficient of performance
(COP), the compressor should be changed [6]. Experiments
conducted on pure butane as a refrigerant in a domestic
refrigerator designed for R134a at 25 �C and 28 �C ambient
temperatures showed that their energy consumption are
the same and the inlet temperature of the evaporator for
hydrocarbon is lower than that of the R134a; Therefore,
it is better to use hydrocarbon for low temperature appli-
cations. The weight of the R134a used was 140 g, while
the weight of the required hydrocarbon was 70 g. The re-
sults showed that using the pure butane as a refrigerant
is possible without any change in the refrigerator compo-
nents [7]. In spite of the flammability of hydrocarbons,
some companies especially in Europe and Asia use hydro-
carbons as refrigerants [8]. Using propane and butane mix-
ture (LPG) achieves lower freezer and refrigerator
temperatures than using R134a [9]. When hydrocarbon
and R134a are compared the energy consumption, mass
flow rate and refrigerant mass are reduced for hydrocar-
bons [9,10]. R600a has been used extensively in residential
refrigerators outside the US, especially in Europe; however,
it is highly flammable [11]. The results of using R152a in
the domestic refrigerator was constantly better than those
of R134a and R32, which shows that R152a can be used as
replacement for R134a in domestic refrigerators. The com-
pressor consumes 4.0% and 3.2% less energy when R152a
was used than when R134a and R32 were used in the sys-
tem, respectively [12].
Mohanraj et al. [13] recently have reviewed the develop-
ments on new refrigerant mixtures for vapor compression-
based systems. They stated that hydrocarbon refrigerants
are identified as a long-term alternative to phase out the
existing halogenated refrigerants in the vapor compres-
sion-based systems. Also, hydrocarbon mixtures and R152a
are found to be better substitutes for R12 and R134a in
domestic refrigeration sector based on the results regarding
the performance of refrigerator [14]. In addition to their use
in refrigerators, hydrocarbons will continue to be used as
refrigerants in small heat pump and refrigeration system
[15]. A survey conducted by Jose et al. [16] proves certain
hydrocarbons have excellent characteristics as refrigerants
from a thermodynamic point of view. They have excellent
environmental characteristics, good miscibility with
mineral oils and acceptable compatibility with common
materials employed in refrigeration equipment. Also,
hydrocarbon as a refrigerant may be used in small systems
like refrigerators and small freezers (with hydrocarbon
charge amount less than 150 g) by incorporating a few spe-
cial safety measures.

A mixture of 60% R290 with 40% of both the R600 and
R600a is the best recommended substitute for R134a in
all environmental conditions [17,18]. The process of inves-
tigating the use of hydrocarbons in domestic refrigerators
and freezers by many researchers goes back to the 1990s
[19–22].

The present article investigates the effect of using dif-
ferent charges R436A as a refrigerant in a domestic refrig-
erator with a total useful volume of 238 L on pull down
time, power consumption, ON time ratio, optimum charge,
energy label and variations of some temperatures. The en-
ergy efficiency index computing method according to Ira-
nian standards and the effect of using R436A on annual
energy consumption in Iran are discussed in this work.
2. Materials and methods

The test object was a 238 L domestic refrigerator that
was originally designed for 105 g R134a. The optimum
R436A charge was determined experimentally. The most
important specifications of this refrigerator are summa-
rized in Table 3. The R436A was purchased from the Par-
sian Refrigeration Development Co., Iran, and the R134a
was purchased from the T. S Enterprise CO., China.

The refrigerator was set in a test room in the manufac-
turer’s site, under the ambient conditions (32 �C ambient
temperature and 50% relative humidity) simulated through
automated devices such as a heater, cooler and humidifier.
Temperatures in the 16 arbitrary points of the refrigerator



Table 3
Technical specifications of domestic refrigerator test unit.

Freezer volume 60 L
Fresh food volume 178 L
Current rating 0.8 A
Voltage 220–240 V
Frequency 50 Hz
No. of doors 2
Refrigerant type R134a
Defrost system Auto defrost
Charged mass 105 g
Capillary tube length 270 cm
Capillary tube Inner diameter 0.78 mm
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were monitored and recorded continuously. The consumed
voltage and the current, the ambient temperature and the
relative humidity were recorded continuously for a cycle
through a data acquisition system as well. Analyzing these
data, the power consumption, working time, and ON time
ratio of the compressor were calculated. The starting con-
ditions were the same for all experiments.

Fig. 1 provides a schematic diagram of the top-mounted
freezer model and measurement system used in the exper-
imental setup. The power consumption, ambient condition
and temperature of sensors showed with Baset-pazhuh�

software on a computer.
After the temperature sensors were installed, the free-

zer chamber was loaded according to ISO 8561 to record
temperatures. The temperatures at the inlet and outlet of
the evaporator, refrigerator cabin, freezer chamber, com-
pressor, condenser and dryer were recorded.

The accuracy of the existing sensors in the test room
were as follows: temperature, ±0.1 �C; voltage stabilizer,
±0.1 V; weighing balance, ±0.1 g; relative humidity, ±0.1%
and ambient temperature ±0.1 �C. The ambient relative
humidity range was 50 ± 3% and the ambient temperature
range was 32 ± 0.5 �C.

All experiments were carried out in accordance with
ISO 8561. The energy efficiency index was calculated
according to Iranian standards. The method for measuring
household refrigerators, freezers and refrigerator–freezers
energy consumption is described as follows [23]:
Fig. 1. Schematic diagram o
The value of the energy efficiency index (I) was ob-
tained by the following equation:

I ¼ EC

ESC
� 100 ð1Þ

where EC and ESC are annual unit energy consumption and
annual standard energy consumption, respectively, both
are expressed as kWh/yr. In this research EC are obtained
from test result at 32 �C in all climatic regions, and ESC

was calculated using the following equation [23]:

ESC ¼ M � Vadj þ N ð2Þ

Vadj ¼
Xn

i¼1

32� Tc

32� Tf
� Vc � Fc ð3Þ

where Tc is the temperature of each compartment in �C; Tf

is the temperature of fresh food compartment in �C; Vc is
the useful volume of each compartment in liter; n is the
number of compartments; Fc is a constant coefficient in
that its value for no-frost compartments is 1.2 and for
other compartments its value is 1; N and M are constant
assigned values that as 328 for N and 0.732 for M for a
domestic refrigerator–freezer with the coldest compart-
ment temperature of less than �18 �C. These coefficients
vary in various types of domestic refrigerators and freez-
ers. The energy efficiency of the domestic refrigerator
and freezer is rated in terms of a set of energy labels from
A to G, A being the most energy efficient, and G the least
efficient. The energy label helps consumer compare be-
tween models and choose the most energy efficient
domestic refrigerator and freezer. These labels are given
by Table 4 with corresponding energy efficiency index
according to Iranian National Standard (No: 4853-2).

3. Results and discussion

In this section the performance of the studied refrigera-
tor for different charge amount of R436A is presented and
compared with that of the base refrigerator. The carried
out comparison is based on the pull-down time, energy
consumption, ON time ratio, freezer temperature setting
f experimental setup.
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Table 4
Domestic refrigerator energy label according to energy index.

Energy efficiency index Energy label

I < 55 A
55 6 I < 75 B
75 6 I < 90 C
90 6 I < 100 D
100 6 I < 110 E
110 6 I < 125 F
125 6 I < 140 G
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Fig. 2. Pull-down time vs. cabin air temperature at 32 �C ambient
temperature.
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Fig. 3. Pull-down time vs. freezer air temperature at 32 �C ambient
temperature.
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Fig. 4. Comparisons of energy consumption level per day R134a and
R436A for �20 �C thermostat setting.
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effect, evaporator inlet temperature, qualitative effect of
charge, energy efficiency index, annual energy saving esti-
mation, power consumption between 2 defrosts, uncer-
tainty and total equivalent warming impact.

3.1. Pull-down time

The time required to reduce the air temperature inside
the refrigerator from ambient conditions to the desired
freezer and cabin air temperatures is called the pull-down
time [3]. The pull-down time tests were carried out at a
32 �C ambient temperature for four refrigerant charges:
(a) 105 g R134a (b) 32 g R436A, (c) 40 g R436A, and (d)
55 g R436A. The required pull-down time for reaching
the �18 �C freezer air temperature in 3 star (���) freezer
model and the +5 �C cabin air temperatures are expressed
in Figs. 2 and 3, respectively. It was observed that with 32 g
of R436A the desired cabin air temperature of 5 �C and
freezer air temperature of �18 �C could not be achieved.
The same behavior was observed for 40 g R436A; therefore,
32 and 40 g of R436A cannot be considered as a replace-
ment for 105 g R134a. For charges lower than optimum
R436A charge, refrigerator and freezer temperature
changes is high. So, to reach the desired temperature in
both freezer and refrigerator, a minimum refrigerant
charge amount is necessary and 32 g is very lower than
the minimum required refrigerant charge.

3.2. Energy consumption

Fig. 4 shows energy consumption of different amounts
of R436A and 105 g of R134a refrigerants in a 24 h test at
32 �C ambient temperature and 50% relative humidity.
According to this figure, the minimum energy consump-
tion is 1.541 kWh/day for refrigerator that is working with
55 g R436A refrigerant. Thus 55 g is the optimum charge
amount of R436A through which the cabin temperature
of 5 �C and freezer temperature of �18 �C can be achieved
with minimum energy consumption. If the energy con-
sumption for the optimum charge amount of 55 g R436A
is compared with that of the refrigerator with 105 g
R134a (1.628 kWh/day), 5.34% reduction in energy con-
sumption is obtained. If the charge amount of the R436A
in the compressor is less or more than the optimum
charge, 55 g, the energy consumption increases for the
same test conditions in all cases.

3.3. ON time ratio

The comparison of different amounts of R436A and
105 g of R134a during the ON time ratio of the compressor
during one ON/OFF cycle is shown in Fig. 5. Here the results
indicate that using 55 g of R436A instead of 105 g of R134a
achieves a minimum ON time ratio; therefore, it is better to
use R436A as a refrigerant. For lower than optimum charge
amount, the ON time ratio will decrease with an increase
in R436A charge. On the other hand, for charges more than
optimum charge amount condenser and capillary tube
capacities are not sufficient, thus, the condenser is not able
to desorb heat properly. Consequently, evaporator temper-
ature does not reach the designed temperature. So, the ON
time ratio is increased.
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3.4. The freezer temperature setting effect

Experiments were carried out for two different settings
of freezer air temperatures, namely �18.7 �C and �22.2 �C
with 50, 55 g R436A. Here, the refrigerator cabin tempera-
ture setting was constant. The experiments were con-
ducted at 32 �C ambient temperature with a 50% relative
humidity. The results are summarized in Table 5. Here
we observed that using 55 g of R436A yields a better
parameter in comparison with 50 g of R436A and we con-
sider this amount of charge to be the best charge amount
for our purpose.
3.5. Evaporator inlet temperature

The comparison of inlet evaporator temperature for a
refrigerator with two different charge amounts (a refriger-
ator with 55 g R436A charge amount and the same refrig-
erator with 105 g R134a charge amount) at pull down time
is shown in Fig. 6. Experiments were carried out at 32 �C
ambient temperature and 50% relative humidity. The
results show that the inlet evaporator temperature of the
R436A is 3.5 �C colder than that of the R134a; therefore,
in order to achieve lower freezer air temperature, it is
better to use R436A as a refrigerant. Using 55 g of R436A
reduces the pull down time by 13.7% in comparison with
using R134a.
3.6. The qualitative effect of charge

Experimental investigations show that the best freezer
air temperature, refrigerator air temperature, ON time
Table 5
Comparison of the results for 2 setting of freezer for R436A.

Freezer air temperature (�C) �22.2
Weight (g) 50
Maximum discharge temperature (�C) 76
Condenser temperature (�C) 43.2
Average suction temperature (�C) 31.1
Cabinet air temperature (�C) 5
ON time (min) 64
Off time (min) 53
ON time ratio (%) 54.3
Energy consumption (kWh/day) 1.897
ratio, energy consumption, etc. can be obtained when
55 g of R436A is charged in the refrigeration cycle. If the
amount of refrigerant charge to refrigeration cycle is more
than its optimum charge amount, 55 g, the power con-
sumption, ON time ratio, condenser temperature and
refrigerator and freezer air temperatures increase while
the temperatures of suction, discharge, inlet and outlet of
the evaporator decrease. If the charge amount of refriger-
ant is less than its optimum value, the power consumption,
evaporator inlet temperature, discharge temperature and
condenser temperature decrease while the evaporator out-
let temperature, freezer and refrigerator air temperatures
and ON time ratio of the compressor increase. Here the
suction temperature remains almost constant. All of the
changes occurred at the same ambient temperature and
relative humidity for the fixed refrigerator and freezer set-
ting. The discharge temperature will get increase with
increase in refrigerant quantity but this is true just for low-
er than optimum charge amount. On the other hand, as it is
shown in Fig. 7, the compressor suction temperature is
reduced for charges more than optimum charge amount
and as a result, compressor discharge temperature is
slightly reduced. These temperature variations are shown
in Figs. 7 and 8.

3.7. Energy efficiency index

According to the obtained results, I and ESC are calcu-
lated by using Eqs. (1) and (2) for 105 g of R134a and
55 g of R436A. The results are shown in Table 6. According
to Table 6, the energy label for the 105 g charge of R134a is
E and that for 55 g of R436A is D.
�22.2 �18.7 �18.7
55 50 55
76 74.4 72
44.3 45 45
27.3 32.4 29
5 4 4.1
54 44 42
53 57 58
50.5 43.1 41.5
1.798 1.631 1.541
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Table 6
Summary of results for comparing the energy label for two different
refrigerants.

Parameter 105 g R134a 55 g R436A

Vadj 344.55 342.55
EC 594.22 542.465
ESC 580.215 578.748
I 102.41 97.18
Energy label E D

Table 7
Measured quantities and their uncertainties.

Quantity Range Uncertainty

Temperature �40 to 80 �C ±0.1 �C
Power consumption 0–3000 W ±1.56%
Pull down time – ±1 min
ON time ratio 1–100% ±0.1%
Annual energy consumption 0–1200 kWh/yr ±0.001 kWh/yr
Refrigerator temperature setting 1–8 �C ±0.1 �C
Freezer temperature setting �15 to �25 �C ±0.1 �C
Refrigerant mass charge 0–20 Kg ±0.1 g
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3.8. Annual energy saving estimation

Domestic commercial statistics indicate that about
1,300,000 refrigerator and freezer units are produced in
Iran annually with R134a as their refrigerant. If the average
energy consumption of each unit is 2 kWh/day, then its an-
nual energy consumption will be 670 kWh. Electricity con-
sumption in the produced refrigerators in Iran is 871 GW
annually. If the R436A were substituted for R134a as refrig-
erants, the energy consumption would be reduced by
about 5.3%, that is, an annual saving of about 46 GW. With
this change, a large amount of the greenhouse gases pro-
duced by power plants would be reduced. Moreover the
greenhouse effect of hydrocarbons is much lower than that
of the R134a. Economically speaking, the hydrocarbon
price in Iran is more feasible than the R134a price.
3.9. Power consumption between 2 defrosts

Power consumption of 55 g R436A and 105 g R134a at
32 �C ambient temperature and 50% relative humidity is
shown at Fig. 9. The figure shows that although power con-
sumption of refrigerator with R436A refrigerant is higher
than that with R134a refrigerant, its ON time ratio is lower
than R134a. So, when we use R436A refrigerant, time dura-
tion between 2 defrosts is higher than that with R134a
refrigerant.

3.10. Uncertainty

The testing of domestic refrigerator and freezer with
using R134a and R436A involved the measurement of tem-
peratures and power consumption. Measured quantities
with their uncertainties are listed in Table 7. According
to this table the error margin of power consumption is
1.7%, that is lower than 5.34% energy consumption de-
creases in case of used 55 g R436A as refrigerant in domes-
tic refrigerator and freezer.



Table 8
Total equivalent warming impact (TEWI) for a case study refrigerator/
freezer.

Refrigerant R134a R436A

GWP 1430 10
Refrigerant mass (kg) 0.105 0.055
Leakage rate per year (% yr�1) 0.066 0.066
CO2 emission rate (kg CO2/kWh) 0.47 0.47
Lifetime (yr) 15 15
Energy consumption (kWh) 594.22 542.465
Direct effect 148.45 0.54
Indirect effect 4189.25 3824.34
TEWI 4337.7 3824.88
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3.11. Total equivalent warming impact

The total equivalent warming impact (TEWI) of a sys-
tem is the sum of direct refrigerant emissions expressed
in terms of CO2 equivalents, and indirect emissions of
CO2 from the system’s energy use over its service life
[24]. Table 8 shows TEWI of the case study refrigerator/
freezer produced in Iran. The results showed that TEWI
of R436A is 11.8% less than R134a [25].

4. Conclusion

Hydrocarbons with a zero ODP, and a GWP lower than
R134a were injected into the compressor of a domestic
refrigerator that was originally designed for R134a, with-
out any mechanical alteration in the refrigerator. The
power consumption, temperatures sensed at 16 points in
the test unit and other important parameters were mea-
sured for both refrigerants.

The results show that in comparison with R134a, the
charge amount of R436A is reduced by 48%; the ON time
ratio is reduced by 13%; the energy consumption is re-
duced by 5.3% in 24 h; the evaporator inlet temperature
is reduced by 3.5 �C; and the energy efficiency index is
raised from E to D. The results also showed that TEWI of
R436A is 11.8% less than R134a.

According to our results and known environmental ef-
fects, R436A appears to be a suitable replacement for
R134a as far as this study is concerned.
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