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Inadequate refrigerant charges can affect the vapor compression refrigeration systems’ thermal
and energy performance. To delve deeper into the subject, this study experimentally evaluated
the performance of a domestic refrigerator operating at different refrigerant charges. Some of
them simulate refrigerant leaks (70 and 80 g), and some others simulate an excess (100 and
110 g). Through a statistical analysis (Tukey test and control graphs), the temperature data
with the greatest impact were analyzed, including the temperatures in the suction and in the
compressor casing, the temperatures in the middle position and outlet of the condenser and
evaporator, as well as the temperatures in the freezer. The operation of the refrigerator was af-
fected to a greater extent when it worked with an overcharge of 110 g; here, the discharge pres-
sure and the run time increased by 1.3 bar and 21%, respectively, compared to the conditions
of the refrigerator operating with the reference charge (86 g). In addition, the excess charge
also caused an increase in energy consumption of 0.56 kWh/day and a decrease in EER of 0.5
regarding the reference charge. Finally, the increase in energy consumption was projected to
$0.03 USD per day with respect to the reference cost.
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INTRODUCTION consumption in the residential sector [1, 2]. This energy
consumption is taken into consideration under normal

Over the course of years, the domestic refrigerator has i . ] ]
operating conditions, but like any household appliance, the

been maintained as one of the most widely used household

appliances for food preservation, preventing the growth of refrigerator can present problems in the functioning of its

microorganisms that damage food and affect human health.
In 2020 in Mexico, approximately 31 million refrigerators
were in use, which accounted for around 29% of the energy
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components, due to either electrical or mechanical aspects.
In addition, problems can also occur due to microleaks or
improper refrigerant gas charges, which could affect the
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thermal and energy performance of a refrigeration sys-
tem [3, 4]. Thus, timely detection of improper operation
in vapor compression refrigeration systems could help
improve system performance as well as minimize unwanted
environmental effects [5].

The evaluation of the amount of refrigerant in vapor
compression systems is one of the main areas of study due
to the effect it has on the energy performance of the system
[6, 7], as well as the thermal performance according to the
application of the refrigeration system. In this sense, in lit-
erature, there are experimental and theoretical works that
allow for determining the causes for which refrigerant leaks
occur. Li et al. [8] concluded, for instance, that refrigerant
leaks are caused by prolonged operation of the refrigera-
tion system, either by continuous vibrations in the pipeline
or by corrosion inside the pipeline causing different types
of cracks and holes. In most cases, the refrigerant leak is
located at the joints of the valves and pipeline, at the elbows
of the heat exchanger coils, and in the high-pressure liquid
line [9]. On the other hand, a refrigerant overcharge can
occur when the refrigeration system is charged with more
refrigerant than those recommended by the manufacturer
as a result of maintenance [10] or even due to a lack of cali-
bration in the process and assembly line.

Du et al. [11] investigated a refrigeration system work-
ing with inadequate refrigerant charges (overcharge and
leak), and some of their results showed that refrigerant
overcharging caused a decrease in the normalized coeffi-
cient of performance, COP. On the other hand, when there
was a 20% refrigerant leak, it was observed that the tem-
perature at the condenser outlet presented the greatest vari-
ation. Grace et al. [12] studied the performance of a vapor
compression system when the R404A refrigerant charge
varied from its design value (25% below and 25% above).
The results showed that the COP did not present significant
changes when the refrigerant charge was within a range of
+ 25% of the design value. On the other hand, the COP
decreased by 45% when the charge was below 25% and
decreased by 13% for a refrigerant charge greater than 25%.
In addition, the refrigerant overcharge caused the discharge
pressure to increase significantly; otherwise, it happens
with the suction pressure, where there were no signifi-
cant changes for the different levels of refrigerant charge.
Deymi-Dashtebayaz et al. [13] found that by optimizing
the refrigerant charge, it was possible to save 785 GWh of
energy consumption per year in the residential sector. The
above when evaluating the effect of the charge of R22 from
540 g to 840 g in a split type of air conditioner.

On the other hand, Kim and Kim [14] studied the cool-
ing capacity of a refrigeration system working with different
refrigerant charges. The authors concluded that the sub-
cooling gradually decreased as the refrigerant overcharge
condition increased due to the accumulation of refrigerant
at the outlet of the condenser. Lee and Chang [15] pro-
posed a method in which the amount of refrigerant and the
detection of refrigerant leaks can be predicted based on the

starting characteristics of the air conditioner. Besides that,
artificial intelligence has also been used to detect refriger-
ant leaks in real time. For example, Tassou and Grace [16]
used neural networks for refrigerant leak detection; one
neural network was used to predict the compressor dis-
charge pressure and the other to predict the temperature of
the refrigerant in the evaporator. With this, the system had
the ability to detect small refrigerant leaks when the charge
dropped below 33% of the nominal refrigerant charge. Yang
et al. [17] used 35 fault identification rules for refrigerant
leaks, considering a maximum leak of 30% of the rated
charge. The results showed an accuracy of 91% in fault
identification through these rules. Boeng and Melo [18]
experimentally studied the thermodynamic behavior of a
domestic refrigerator (factory refrigerant charge of 47 g) for
refrigerant charges of 36.7 g and 64.7 g. Among the results,
the authors concluded that as more refrigerant is added,
it accumulates in the heat exchangers, increasing conden-
sation and evaporation pressures, ultimately causing an
increase in energy consumption of up to 30%. Gugulothu
[19] evaluated the refrigeration effect by means of a design
of experiments, varying three parameters, including refrig-
erant charge (86 g, 96 g, and 106 g). The results showed that
when the refrigerator works with a refrigerant charge of 96
g, it shows a lower energy consumption and a better COP.

As mentioned above, the variation of refrigerant charge
in refrigeration systems based on vapor compression affects
to some extent the energy and thermal performance of the
system. Thus, the objective of this work is to evaluate the
thermal and energy performance of a domestic refrigera-
tor experimentally when it works with inadequate refriger-
ant charges, that is, charges below and above the optimum
charge (86 g of R516A) [20], simulating leaks and excess
refrigerant. As a novelty, the use of control graphs is pro-
posed to better map and understand thermal behavior
(refrigerant side and internal compartments) of the refrig-
erator under the operation of different refrigerant charges,
the application of a statistical analysis is proposed. The
foregoing with the purpose to evaluate the energy perfor-
mance of the refrigerator according to those parameters
that present greater thermal variation. Among the main
results discussed are the EER, energy consumption, com-
pressor power, and cost of energy consumption due to
charge variation.

EXPERIMENTAL METHODOLOGY

The experimental system used to carry out this study
consists of a domestic refrigerator, a data acquisition sys-
tem, and an energy analyzer. The domestic refrigerator is
from the Mabe brand with a volumetric capacity of 0.51 m?
it uses R516A as alow GWP alternative refrigerant and has
a 280 W resistive element for automatic defrosting. It also
has two fans, one attached to the condenser (forced convec-
tion heat dissipation) and another internal attached to the
evaporator, which moves the flow of cold air inside the food
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Table 1. Measurement uncertainty in sensors

Sensors Measurement Precision
sensitivity

Type K thermocouples 42 pv/°C +0.7°C

Pressure transducers 0a13.78 bar <£0.5 % span

Fluke 438-1I +3%

compartments. The compressor motor is 0.74 kW with a
fixed speed, Embraco model EM3Y50HLP and a working
voltage of 127 V at a 60 Hz frequency.

Experimental System Instrumentation

The refrigerator was instrumented to obtain the
changes in thermal and energetic performance for the dif-
ferent charges of refrigerant R516A. Type K thermocouples
were used for temperature measurement; these thermo-
couples were connected to a temperature module NI-9213
(operating temperature range of -40 °C to +70 °C). For the
measurement of working pressures, suction pressure, and
discharge pressure, two pressure transducers were used,
which were connected to the NI-9207 module. Both the
temperature and pressure sensors were connected to a NI
cRIO-9030 chassis model and a computer with drivers and
LabView SignalExpress. Power consumption was measured
using a Fluke 438-II power quality analyzer. Table 1 shows
the sensitivity and precision of the measurement made by
the sensors used.

Figure 1 shows schematically the detail of the instru-
mentation of the different components of the refrigerator
(condenser, evaporator, and compressor) as well as the

internal compartments (freezer and fresh food compart-

ment). The measurement points and the location of the

temperature and pressure sensors are shown in blue, as
shown in the following figure. For the condenser and evap-
orator, the refrigerant temperature was measured at points
such as the inlet, in the middle position, and at the outlet
with respect to the length of the heat exchanger. For the
compressor, the temperature and pressure at the suction
and discharge, as well as the casing, were measured. The air
temperature inside the internal compartments of the refrig-
erator was also measured, with three measurement points
determined within each compartment. Copper masses
were used for the temperature measurements in the com-
partments, as specified by NOM-015-ENER-2018.

The experimental tests were carried out under the fol-
lowing operating conditions:

« Without food charge in the compartments and behind
closed doors.

o Testing started when the freezer and the fresh food
compartment were at the same ambient temperature.

o All the tests were carried out in a space where the ambi-
ent temperature was 32 °C = 1.5 °C and the relative
humidity of 40 + 5%.

o The thermostat level was set to position 3 (the middle
position as shipped from the factory).

« Data was recorded every 10 seconds for all temperature,
pressure, and energy measurements.

o 7 test hours were defined for each refrigerant charge in
stable thermal conditions.

o A replication was performed for each of the tests for
data reliability purposes, thus obtaining an average for
the parameters analyzed.
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Figure 1. Schematic instrumentation of the experimental refrigerator.
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Figure 2. Schematic process of refrigerant charge.

Case Study

Figure 2 shows schematically the vacuum and refrig-
erant charging process, which involves a digital manifold
gauge, an analytical balance, and a vacuum pump. In this
case, the refrigerator works with the azeotropic mixture
R516A. A vacuum process was carried out for each refrig-
erant charge using a 0.37 kW vacuum pump (rotation
speed of 2800 rpm, voltage of 110 v, and frequency of 60
Hz). A testo 550 brand digital manometer is used, which
is connected to the compressor service line, to the vacuum
pump, and to the refrigerant tank, which is located on a dig-
ital scale, to observe and record the refrigerant charge that
enters the refrigerator.

Initially, the refrigerator was evaluated with an optimum
charge of 86 g for the refrigerant R516A, as established in
the experimental work of Belman-Flores et al. [20], where
the optimal charge was determined by the lowest energy
consumption. Based on this charge, two refrigerant charges
were proposed below (simulating a refrigerant leak) and
two charges above (simulating an excess of refrigerant).

Table 2. Evaluated R516A refrigerant charges

Conditions evaluated Charge [g]
Optimum charge (reference) 86
Simulating a refrigerant leak 70

80
Simulating an overcharge 100

110

precision balance

Refrigerant overcharging may occur during maintenance,
where the service technician may charge the system with
more refrigerant than recommended by the manufacturer
[10]. The different charges proposed in this work are pre-
sented in Table 2.

RESULTS AND DISCUSSION

This section presents the thermal behavior and energy
performance of the domestic refrigerator under different
refrigerant charge conditions. First, all the temperature
measurements are evaluated using the Tukey method to
focus the statistical analysis on those temperature points
that present greater variability for the different refrigerant
charges. Thus, the measured points that represent signif-
icant variations with respect to the performance of the
reference refrigerator (86 g optimum charge) are identi-
fied. According to this first study, a statistical analysis is
proposed using control charts, which show the impact of
the variation in the refrigerant charge on the operation of
the refrigerator. The operation is also projected on a P-h
diagram, and power consumption and energy efficiency
performance (EER), are discussed. Finally, an energy cost
analysis is shown for the different refrigerant charges.

Data Analysis Using the Normal Distribution and the
Tukey Method

The measurements of the 15 temperature points (Fig.
1) are initially analyzed for the optimum charge since
these data represent the normal behavior of the refrig-
erator; thus, they are used for checking if they follow a
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Table 3. Statistics of the temperature data for the reference
charge (86 g)

Measuring Mean (°C) Standard P
point deviation o

Toompsuc 32.39 0.84 0.64
Teomp,cas 62.10 3.10 0.19
Teomp,dis 69.40 8.36 033
Teond,in 50.92 6.11 0.45
Teond.mid 39.93 2.24 0.45
Tcond,out 38.94 2.14 0.61
Tevapin -21.52 2.08 0.46
TeVaP,mid -22.59 2.07 0.36
Tevapvom -21.89 2.06 0.27
Tez -22.45 1.00 0.06
Tz -21.51 0.62 0.98
Trys -20.70 0.69 0.16
Trg 3.30 0.29 0.10
Trps 2.13 0.30 0.09
Tyes 1.90 0.24 0.20

normal distribution. For this, the hypothesis method was
used, which defines that if the P-value is less than the sig-
nificance level (a=0.05), the data does not follow a normal
distribution. Table 3 shows that the P-value for all the mea-
sured data is greater than the significance level; therefore,
the data obtained for the optimum charge follow a normal
distribution.

All the temperature measurements for the different
refrigerant charges were analyzed in order to evaluate the
variability of the data and conclude which are most affected
by the different refrigerant charges. Using the Tukey test,
we can compare the difference between the mean and a
critical value [21]. Equation (1) was used to find the calcu-
lated Tukey value ().

Ty = Qu(k,N —k) (1)

Where, Q, (k, N - k) is the standardized range and its
distribution obtained from the table [22], #, is the amount
of data in each sample, N is the total number of elements
comprising all the samples, and k is the number of groups
of the samples being compared. MSg is the value of the
mean square of the error obtained by the equation (2).

SSE>
N -k

MSg = ( (2)

SSg is the sum of squares of the error, equation (3).

SSg = SSr = SSerar G

SS;is the sum of total squares, and SS,,,, is the sum of
squares between treatments, and they are obtained by the
equations (4) and (5).

a n
SSr = Z Z(yu -3)’ (4)

i=1 j=1

SStrar = nZ(yL - }7)2 (5)
i=1

Where, y is the experimentally measured value, ¥ is the
average of the measured values.

A significant difference occurs when the discrepancy
between means is greater than the calculated Tukey value.
In this case, the means of the distinct refrigerant charges
were compared (u70, u80, u100 and u110) with regard to
the mean of the optimum charge (u86). Table 4 shows the
differences in the averages of each refrigerant charge con-
cerning the average of the reference charge. Additionally,
the calculated Tukey value is presented, where the numbers
shown in red are the data that represent a significant dif-
ference. For example, the value of 4.49 corresponds to the
suction temperature; it exceeds the calculated Tukey value
of 1.46, which indicates that the refrigerant temperature in
the compressor suction is affected when the system works
with a refrigerant overcharge (110 g). On the contrary, the
discharge temperature did not present values that exceeded
the calculated Tukey value; consequently, the discharge

Table 4. Tukey test for refrigerant charge variation and dis-
crepancy analysis

Measuring Calculated Average difference R516A (u86)

point Tukey
T, u70 w80  ul00 ull1o

Tc(,mp,suc 1.46 0.22 0.66 1.32 4.49
Teomp,cas 3.09 0.37 0.17 4.27 7.34
Tcomp,dis 8.27 0.22 1.45 5.71 3.17
Teondin 5.64 1.03 0.49 1.84 2.66
Toond,mid 2.32 0.48 0.21 1.14 4.43
Teond,out 2.26 0.34 0.22 0.36 4.08
TeVap,in 1.82 0.84 0.43 0.98 1.04
Tevap,mid 1.82 0.96 0.28 0.45 3.85
Tevap,out 1.48 3.98 1.92 1.32 3.21
Tz, 1.05 133 004 033 423
Tiz, 0.70 119 001 058 391
Trz3 0.54 141 021 082  3.83
Trg, 0.72 018 012 070 024
Tpps 0.90 0.10 0.8 084 005
Trrs 0.29 0.15 0.02 0.11 0.07
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temperature in the compressor is discarded for a more
detailed analysis. This behavior is similar to the findings
by Li et al. [23], where the suction temperature presented
greater sensitivity to excess refrigerant charge than the dis-
charge temperature. Thus, the Tukey test initially allows for
focusing the evaluation of the temperatures measured on
the points that are really affected by the variation of refrig-
erant charge.

Thermal Analysis for Refrigerant Charge Variation

The effect of the variation of the refrigerant charge in a
domestic refrigerator with respect to the optimal charge is
presented in a visual and detailed way through individual
control charts. According to the Tukey test, the tempera-
tures that showed the greatest effect between the different
refrigerant charges are in the compressor suction, compres-
sor casing, middle position, and outlet of the condenser and
evaporator, along with the three freezer measurements.

The methodology and equations to estimate the control
limits and the mean for the individual control charts are
the same as those presented in the work of Pardo-Cely et al.
[24]. Figure 3 shows the temperatures around the compres-
sor, suction, and casing by means of control graphs for the

reference charge (optimal) and the other charges that sim-
ulate a refrigerant leak or overcharge. The figure also shows
the upper and lower control limits (blue dotted lines), which
were estimated to have three standard deviations. The red
line is obtained from the mean of the reference data (opti-
mum charge); each black point represents the average tem-
perature measured every hour during 7 hours in a stable
state, where for each test with its corresponding replicate an
overall of 14 points were obtained. The orange points rep-
resent the temperature value that exceeds the control limits,
indicating improper operation of the domestic refrigerator.

Figure 3 shows that the temperature measured within
the compressor casing tends to move away from the central
value and approach the lower control limit when there is an
excess refrigerant charge compared to the optimum charge.
However, none of the points surpass the lower control limit,
which indicates that an excess of refrigerant does not affect
the temperature in the compressor casing. This is conve-
nient since high temperatures around the compressor affect
the stability of the lubricants and internal components of
the compressor [25]. On the other hand, the temperatures
measured in the suction of the compressor present lower
points outside the control limits for a refrigerant charge of

80 UCL=75.9
&)
<
3
~
LCL=48.4
40
36 UCL=35.8
&)
< 33
£ 10|
5 30
LCL=29.1
27
24 70g 80 g 86 g 100 g 110 g

14 28 42

number of observations

Figure 3. Suction and compressor casing temperature.

56 70
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100 g, moving away from the reference average by approx-
imately 2.1 °C. For the 110 g charge, several points outside
the range indicate inadequate compressor performance for
the suction temperature, which deviated from the mean
temperature by approximately 4.5 °C. This behavior reflects
the fact that an overcharge of refrigerant in the refrigerator
represents a reduction in the suction temperature. This is
due to the fact that the refrigerant does not evaporate suf-
ficiently in the evaporator causing it to flow through the
suction line towards the compressor in the liquid phase.
According to the Tukey test, the refrigerant tempera-
ture measured both in the condenser in the middle posi-
tion and at the outlet presented a significant difference,
therefore, a more detailed analysis was carried out using the
control chart. The thermal behavior of these positions is
presented in Figure 4, which shows that for the refrigerant
charge of 110 g, there is a notable difference with respect
to the reference temperature for the middle position and at
the condenser outlet of approximately 4 °C. This increase
in temperature is because the refrigerant accumulates in
the condenser and therefore decreases the capacity of heat
dissipation to the environment in the condenser; the same
behavior is presented in the work of Bellanco et al. [10].

°O

However, this behavior does not definitively represent a
malfunction because the increase in temperatures is not
outside the control limits.

The excess refrigerant leads to its accumulation in the
evaporator causing an increase in the average temperature
of the refrigerant in the middle position and outlet of the
evaporator as shown in Figure 5. The charge of 110 g causes
an increase of 3 °C in the refrigerant temperature in these
positions with respect to the 86 g charge. It can also be seen
that for a low refrigerant charge (70 g), the temperature at
the evaporator outlet moves away from the reference aver-
age; this refrigerant charge is insufficient for the correct
operation of the evaporator. In conclusion, the analysis
through the control charts does not indicate an inadequate
operation in the evaporator as such since the data remains
within the established control limits.

Maintaining the proper temperatures in the internal
compartments is ultimately the purpose of a domestic
refrigerator. For example, according to the food safety
guide, it is recommended that temperatures be less than
4.4 °C in the food compartment and below -17.8 °C in
the freezer [26]. Figure 6 presents the temperatures mea-
sured inside the freezer compartment for the different

cond,mid

T

O

cond,out

T

14 28 42

number of observations

56

70

Figure 4. Temperature in the middle position and at the condenser outlet.
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refrigerant charges. Through a quick inspection of the fig-
ure, it is observed that, for a refrigerant charge of 70 g,
the temperature in the freezer shows points that slightly
deviate from the reference mean. This condition occurs
because the space where the thermocouple is located rep-
resents the hottest point for the refrigerator under study.
For an excess charge (110 g), the average temperature
presents a discrepancy concerning the reference average
of approximately Ty, ,=3.9 °C, Ty,,=4.0 °C y Ty, ,=4.1
°C, evidencing an increase in the temperature inside the
freezer, exceeding the upper control limits, which could
affect the proper preservation of food.

P-h Diagram

The use of the P-h diagram allows to easily observe the
difference between a normal operation and an inadequate
one of the refrigeration system [23]. Thus, in Figure 7 the
refrigeration cycle is presented in a P-h diagram simulating
the leak and excess refrigerant. The figure shows that for
refrigerant charges (80 and 100 g) very close to the refer-
ence charge, the P-h diagram shows minimal variation in
thermodynamic properties. On the contrary, the refriger-
ant excess (110 g) causes a discharge pressure increase of

. .
AL had ?.;-.3“.:

approximately 1.3 bar, because when the refrigerant charge
increases, it is stored in the condenser, causing a significant
increase in pressure.

Energy Consumption

Figure 8 shows the ON/OFF operation cycle of the
refrigerator during the thermal stabilization period for the
different refrigerant charges. From the figure, the compres-
sor start-up time increases for the different charges eval-
uated with respect to the start-up time with the optimum
charge, presenting a longer time for the 110 g refrigerant
charge, around 37.4 minutes, followed by 13.4 minutes for
the 70 g charge, 6.7 minutes for the 80 g charge, and finally
approximately 2.1 minutes for the 100 g. On the other
hand, the compressor shutdown time in the cycle is approx-
imately 23.5 minutes for the different refrigerant charges.
Additionally, the run time for the reference charge is 64%,
and the charges near the reference charge do not present a
significant variation; the opposite is the case for the 70 g
charge, where the run time is 67%, and 78% for the 110 g
charge. Therefore, these last two refrigerant charges lead to
higher energy consumption.

2/ TRIaYAY
tee ,

P — — — e — L .
-12 .
o -17
<
3 22
&
3
= 27
LCL=-31.2.
3 — = = — -
70g = 80g 86g 100 g 110 g
14 28 42 56 70

number of observations

Figure 5. Temperature in the middle position and at the outlet of the evaporator.



J Ther Eng, Vol. 10, No. 6, pp. 1453—-1464, November, 2024

1461

o _
~ X=-224
5
[—|
o X=-21.5
L
E_
=~ LCL=-24.3
-28
-16 ¢ ’_.__.‘_g.‘;! ”
. UCL=-18.6 ¥ ¢
T T = — =
~ 20T TNt 000 Pee ae _
& RS AP MENTEIUSTA AT A AT b4 X=-20.7
L - Fe g FR Y .f 0‘ 0‘- . ’
24 LCL=228 -
)8 T0g 80g 86g 100 g 110g
14 28 42 56 70

number of observations

Figure 6. Temperatures inside the freezer.
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Figure 7. P-h diagram for refrigerant charge variations.

Another parameter of interest in showing the effect
of the refrigerant charge variation is the energy efficiency
ratio (EER), of the refrigeration system, which is obtained
through equation (6).

cooling capacit
EER = g cap y

total power (©)

Thus, Figure 9 shows the energy consumption and EER
for 24 hours of refrigerator operation under the different
refrigerant charges. A quick inspection shows that the ref-
erence charge (86 g) has the lowest energy consumption
and the highest energy efficiency. The opposite is true for
the charge of 110 g where the greatest increase in energy is
evident, around 0.56 kWh/day, and an EER of 1.3 less than
the optimum charge. 70 g of charge shows an EER decrease
of 0.7 and an energy increase of 0.15 kWh/day concerning
the optimum charge. As for the 80 g and 100 g charges, they
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Figure 9. Energy consumption and EER for the different
refrigerant charges.

remain very close to the energy consumption of the opti-
mal charge, increasing by approximately 0.04 kWh/day. In
summary, the domestic refrigerator is affected in a greater
proportion, energetically speaking, when the system works
with an excess of refrigerant as well as when there is a
decrease in charge.

The results obtained in this study are for a particular
design of domestic refrigerator that operates with an alter-
native refrigerant. However, it would be expected that the
results (trends) shown in this work would be similar to
other refrigerator designs evaluated but in a different order
of magnitude, logically due to the same thermophysical
properties of the refrigerant and the different designs of
components of the vapor compression cycle.

Figure 10. Cost of energy in USD per kilowatt-hour per
day.

Finally, it is the user who assumes the cost of energy
when the domestic refrigerator works with a certain
amount of inadequate refrigerant charge; for this reason,
Figure 10 presents a projection of the daily cost of energy
consumption for the different refrigerant charges evaluated
in this work. There is an energy cost increase of $0.03 USD
per day over the baseline cost (86g optimal charge) for the
110g charge. This energy cost would increase in homes
because the refrigerator in real operating conditions works
with a charge of food; therefore, the compressor would
work more to maintain proper thermal conditions in both
compartments.

In Mexico, approximately 31 million refrigerators are in
operation; if most of them had an excess of refrigerant, the
cost of energy would increase by approximately $930,000
USD per day.
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In this section, it has been shown graphically and simply
that a refrigerant overcharge causes a considerable increase
in temperature in the freezer, so this could affect the ideal
conditions for food preservation. Because of this, the com-
pressor stays on longer, causing a considerable increase in
energy consumption, consequently, the user is ultimately
the one who assumes the increase in energy cost. Therefore,
the results of this study show the energy performance of the
refrigerator, which could serve as a guide for an adequate
charge of refrigerant, especially in maintenance conditions.

CONCLUSION

In this work, the impact on the operation of a domes-
tic refrigerator when working with inadequate refrigerant
charges was estimated through statistical analysis. Different
refrigerant charges were evaluated experimentally; the
charges of 70 g and 80 g represented a refrigerant leak, and
the charges of 100 g and 110 g represented an excess of
refrigerant. According to the results, the charge conditions
(leakage or overcharge) near the optimal charge (86 g) did
not present significant changes in the general functioning
of the domestic refrigerator.

On the other hand, the negative effects were presented
for the charges of 70 g and 110 g. The 70 g charge gener-
ated an increase in the temperature in the freezer for the
door position of 2.2 °C; the run time increased by 0.5%,
causing an increase in energy consumption of 0.15 kWh/
day; and the EER decreased by 0.7 with respect to the opti-
mal charge. The refrigerant overcharge of 110 g presented
a greater effect on the suction temperature, moving away
from the reference temperature by 4.5 °C, and the tem-
peratures measured in the freezer moved away from the
reference temperature by approximately 4 °C; the discharge
pressure increased by 1.3 bar; and the run time increased
by 21% regarding the run time of the reference charge.
Consequently, these behaviors caused an increase in energy
consumption of 0.56 kWh/day and a decrease in EER of
1.3 concerning the optimal charge. Finally, this increase in
energy consumption caused an increase in the energy cost
of $0.03 USD per day with respect to the reference cost.

NOMENCLATURE

EER Energy Efficiency Ratio

GWP Global Warning Potential
h enthalpy [k]J/kg]

P pressure [bar]

T temperature [°C]

Abbreviations and subscripts

cas casing
comp compressor
cond condenser
dis discharge
evap evaporator

1463
FF fresh food compartment
FZ freezer
in inlet
LCL lower control limit
mid middle
out output
suc suction
UCL upper control limit
X center line (mean of data)
1,2,3 thermocouple location
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