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Abstract

This paper presents the electrical demand patterns and examines the parameters that influence
energy consumption for three monitored refrigerators in thermally comfortable low-energy
houses for a 12 month period. Although these refrigerators account for around 13% of the
monitored total electricity consumption of these houses, due to their continuous operation, they
do not significantly contribute to peak demand. The result demonstrates that the indoor
temperature considerably influences the electrical demand of refrigerators as this affects their
processing load, as do the conditions of where the refrigerator is used, along with other factors.
The analysis of monitored minute by minute electrical demand and indoor temperature provides
empirical evidence for the revision of AS/NZS (4474.1:2007) standard for refrigerators.

1. Introduction

Refrigerators and freezers (hereafter referred to as “refrigerators”) have become necessary
appliances in the home and they are considered to be one of home appliances with the highest
energy consumption due to their continuous operation and frequent use (DEWHA 2008;
Energy_Consult 2004). It is reported that the ownership of refrigerators has increased and their
energy contribution on the total electrical consumption within residential houses is also
considerable (ABS 2011). According to studies, the electrical consumption of refrigerators
account for over 12% of total energy usage (7.2 TWh in 2008) in Australia (Lane & Harrington
2010). In addition, the number of refrigerators per household has also increased; it is estimated
that 35% of Australian households owned more than two refrigerators in 2011 (ABS 2011).

Due to their high electrical demand, refrigerators are considered one of the main home appliances
to target for improving energy efficiency and are widely subjected to regulations and programs
around the world such as energy labelling and Minimum Energy Performance Standards (MEPS).
The ‘Energy Rating Label’ initiative in Australia has certificated over 4800 refrigerators and it is
estimated that the estimated annual energy savings for all refrigeration appliances due to the
government energy strategies such as energy rating labels and minimum energy performance
standards will be considerable, which maximizes the energy efficiency of home appliances (Lane
& Harrington 2010).

Refrigerators operate by keeping their internal compartments at low temperatures despite the
thermal gain which takes place by continuous heat gain form external ambient air. As such the
cooling air and general operation of the refrigerator is affected by the ambient air temperature. In
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addition, previous studies have shown that energy consumption of household refrigerators
depends on other factors such as processing load (the number of door openings and compartment
load), specific compartment temperature setting and the level of compartment insulation
(Harrington 2009; Khan et al. 2013). Among these, the indoor temperature and processing load
are considered the crucial determinants of electrical demand of refrigerators and these are the
main issues addressed in the draft new IEC (International Electro-technical Commission) and
AS/NZS (Standards Australia and Standards New Zealand) test standard for refrigerators.

This study investigates the electrical contribution of refrigerators to the total electrical demand
and the peak demand of three monitored refrigerators that are operated in low-energy houses for a
calendar year. It also provides empirical evidence for the effect of indoor temperature and
processing load on the electrical demand of refrigerators by providing typical usage patterns of
refrigerators in high resolution (one minute interval data).

2. Methodology

The Lochiel Park Green Village, located 8 km north-east of the Adelaide CBD, was launched in
2009. The village has 103 low-energy dwellings designed with strict urban design guidelines to
achieve the development target of 66% energy demand and 74% greenhouse gas emission
reductions (Lochiel Park, Campbelltown, Urban Design Guidelines 2009). Various energy
efficiency technologies are applied to meet this challenge, such as high levels of thermal
insulation, efficient heating and cooling appliances and the use of solar PV systems and gas-
boosted solar water heaters. The energy usage of all dwellings has been comprehensively
monitored using intelligent meters and sensors, and a programmable logic controller (PLC). The
data is collected at one minute intervals and is displayed to the residents via an in-home display
which allows them to interact with their energy usage. The data is also delivered to a central
sever by Ethernet and fibre optic cables; the monthly data is stored in site-specific CSV files
which are retrieved by remote desktop connection. Among the 103 dwellings, the electricity
consumption of refrigerators in three houses is also individually monitored together with their
corresponding indoor air temperature and relative humidity. The monitored data is then arranged
into daily and hourly data sets to be analysed using MATLAB (ver. R2013a). Local weather data
is downloaded from the Bureau of Meteorology (BOM) and is correlated to the monitored data.
More details of Lochiel Park Green Village can be found in research articles about the village
(Berry et al. 2014; Saman et al. 2011).

3. Result and discussion

3.1.  Contribution of refrigerators

The monitored electricity consumption of the refrigerators from three houses demonstrates that
refrigerators account for about 10.1~13.7 % of total electricity as shown in Table 1, which is in
line with the Australian average of 12% (Lane & Harrington 2010). While the electrical demand
of heating and cooling (H/C) appliances has dropped to around 20 % of the total consumption in
low-energy houses (Lee, Whaley & Saman 2014). Subsequently, the proportion of the total
electrical energy consumption by non-H/C appliances has increased and it is higher than that
found in conventional houses. Considering the refrigerators being monitored in this study, house
L26ST has two identical refrigerators located in their kitchen and both units are monitored from
the same power circuit. House L23SS has two refrigerators, i.e. one in the kitchen and one in the
studio, as well as a freezer in garage; however, only the kitchen refrigerator is monitored.
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Therefore, the contribution of all refrigerators in a typical household, including those not being

monitored, exceeds that shown in Table 1.
Table 1. The contribution of refrigerators

Total electrical Capacity of Electrical Contribution of
House ID | consumption of refrigerator (L) consumption of refrigerator (%)
household (kwh) refrigerator (KWh)
L620F 4321.3 440 427.8 10.1
884 1117.1
L.26ST 813L.7 (442/unit) (558.5/unit) 137
L23SS 6264.8 520 512 12.2

Figure 1 depicts the daily and average minute by minute electrical demand of the refrigerator in
house L620F, together with the corresponding household electrical demand during 2013. The
daily electrical demand of these refrigerators shows a fairly constant usage pattern over the year,
despite a fluctuating daily total electrical demand. As the daily variation in refrigerator energy
consumption is small, refrigerators can be considered as base electrical loads. This is also
highlighted in Figure 1, which shows the daily average minute by minute electrical demand and
derﬂonstrates higher energy use during morning and evening periods.
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Figure 1. Annual and daily average electrical demand by a refrigerator

3.2.  Impact of indoor temperature

The thermal gain of a refrigerator is caused by continuous heat gain by conduction through
insulation and door openings. The compressor used in a refrigerator also consumes more
electricity at higher temperatures (Bansal 2003). For this reason the electrical demand by
refrigerators is sensitive to the indoor temperature surrounding the refrigerator.

Figure 2 illustrates the daily variation of electricity consumption by the refrigerator in house
L620F, together with the corresponding monitored average daily indoor and maximum outdoor
temperatures. The daily refrigerator demand gradually decreases until July (winter) and then
increases until December (summer), following the average daily indoor temperature pattern. The
refrigerator consumes more electricity during the summer months as the higher indoor
temperature causes higher thermal gain in the refrigerator compartments. This pattern is similar
in the two other houses within the Lochiel Park development for the same monitoring period.
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Figure 2. Annual electrical demand pattern of the refrigerator in house L620OF

Figure 3 depicts the daily average minute by minute electrical demand of the refrigerators in
houses L620F and L26ST, along with the corresponding indoor temperatures. As the daily
electrical load varies with indoor temperature, the overall usage pattern of electrical demand is
also following the indoor temperature. The indoor temperature rises sharply in house L26DT
between 6:00 and 8:00 am, as does the electrical demand of this refrigerator. The indoor
temperature continues to rise after small drop while the electrical demand of the refrigerator
slightly decreases and gradually increases. A similar pattern is also seen between 18:00 and 19:00,
which is likely to be caused by more frequent door openings and compartment loading, rather
than just a rise in indoor temperature. House L26ST has 4 residents with two adult and two
children, who regularly attend full-time work and school, respectively. Since their refrigerator use
pattern is concentrated in the morning and evening, the processing load seems to contribute this
morning and evening peak of electrical demand. In contrast, house L620F has two residents, one
of whom is retired and hence has more opportunity to access the refrigerator throughout the entire

day. The processing load is further discussed in section 3.3.
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Figure 3. Daily electrical demand pattern of refrigerators during a year

Figures 4 shows the daily refrigerator electrical energy consumption as a function of average
monitored indoor air temperature in the vicinity of the refrigerator. Each of these plots show a
strong correlation between the data and a linear trend line based on the average monitored indoor
air temperature; the correlation coefficients are 0.89, 0.85 and 0.94. Figure 4 (d) summarises each
of the linear trend lines and shows that modest changes in indoor temperature have surprisingly
large impacts on refrigerator energy use, e.g. the daily electrical demand varied from 1.25 to 2.6
kWh while the temperature increased only 12°C (from 18 to 30°C). Figure 4(d) also shows that
each refrigerator has a different sensitivity to temperature, which could be caused by various
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parameters, however it seems more likely to be linked to the refrigerator capacity. Refrigerator
L620F, which has the smallest capacity, shows a gentle gradient whilst that of the house L23SS,
which has the largest capacity, has the steepest gradient; this is somewhat expected due to the

increased air exchange required.
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Figure 4. Daily electrical demand vs. monitored indoor temperature profiles

The above results clearly demonstrate the relationship between average daily temperature and
refrigerator demand, however, the minute by minute data must be examined to determine the
refrigerator operating cycle (e.g. defrosting operation, recovery and stability period). Figure 5
shows the electrical demand pattern of the refrigerator in house L620F, corresponding to the
days of maximum and minimum electrical consumption in the 12 month monitoring period. The
maximum daily demand for the year is 1.74 kWh on 18" Feb. 2013, whilst the minimum demand
is 0.83 kWh on 17" Jun. 2013; the latter is less than half the maximum daily consumption. Note
that the power level recorded varies in increments of either 60W, based on a limitation of the
wattmeters used, which records 1,000 pulses per kWh.

Figure 5 shows that the peak power consumption corresponds to the defrosting operation; where
the compressor turns off whilst an electric heater (installed on the evaporator) is activated to
remove the frost / ice. Figure 5 (a) shows the maximum daily energy consumption, which
coincides with the highest average daily indoor temperature (29.3°C). On this day, the
refrigerator shows two defrosting cycles, and many instantaneous power measurements of 120W,
with few at 60W. In contrast, Figure 5 (b), which corresponds to the minimum daily consumption,
shows one defrosting cycle and many power measurements of 60W, and very few at 120W. It is
also observed that the power consumption and duration of the recovery period, which directly
follows a defrosting cycle, increases with indoor air temperature.

In addition, Figure 5 also shows that the maximum electricity demand of the refrigerator occurs
between 16:00 and about 22:30, which is regarded as the period when most residents are at home.
As such it is expected that the refrigerator is used more during this period through frequent door
opening.
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Figure 5. Monitored demand usage pattern for the refrigerator in house L620F

3.3.  Processing load and usage behaviour of residents

The processing load also determines the electrical consumption of refrigerators, which is closely
related to user behaviour; activities such as door opening (both the number and duration) and
compartment loading contribute to this. As such, the processing load is difficult to determine
from the monitored power consumption data. The processing load is estimated for the three
monitored refrigerators, based on indoor temperature and by observing energy usage patterns
throughout the day, as summarised in Table 2. Note that it is assumed that the refrigerator door is
not opened at midnight or in the early hours of the morning, and that the processing loads are
highest during the morning and evenings.

Table 2: Comparison of time-based energy consumption sensitivity to temperature

House ID | Time slot EIectricaI_demand(Wh) R? Sensitivity to indoor
<Regression equation> (%) | temperature (°C)
Midnight ~ 01:00~05:00 | 7.78+ 1.74 x temp. 199 | 1.74
L620F Morning 06:00~10:00 | 1.25 +2.16x temp. 26.1 | 2.16
Evening 18:00~22:00 | -21.2+ 3.19x temp. 324 | 3.19
Midnight ~ 01:00~05:00 | -12.34 + 3.19 x temp. 46.5 | 3.19
L26ST Morning 06:00~10:00 | -13.42 + 3.38 x temp. 28.6 | 3.38
Evening 18:00~22:00 | -44.59 + 4.76 x temp. 26.0 | 4.76
Midnight ~ 01:00~05:00 | -41.70 + 4.36 x temp. 73.0 | 4.36
L23SS Morning 06:00~10:00 | -75.89 + 6.13 x temp. 68.8 | 6.13
Evening 18:00~22:00 | -155.6 +9.73 x temp. 65.8 | 9.73

The average electrical demands of several 4 hour periods, i.e. at about midnight, morning and
evening, are compared with the average indoor temperatures for the same time periods, over the
12 month monitoring period. This data is used to predict a linear relationship between energy
demand and the average temperature for each time period; the corresponding R? values
(coefficient of determination, which indicates how well the predicted and actual data fits) are also
shown. Note that in some cases low R? values are calculated in certain time slots due to a high
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variation of energy usage, i.e. on some days this includes the defrost and recovery cycles, whilst
on other days it does not. It was also seen that the refrigerator with the lowest capacity was more
influenced by the defrosting and recovery operation, which generally reduced the R? values.
Figure 6 shows the variation of the electrical demand against indoor temperature for each of the
three refrigerators, for three daily time periods. The results show that the evening has the highest
sensitivity to temperature, whilst midnight has the lowest. This backs up to some extent the lack
of processing load during the late night hours. However, the sensitivity of evening temperatures
cannot be the only factor affecting the processing load as this is around 2°C higher (on average)
than that at midnight and during the morning. Therefore, it is more reasonable to compare the
processing loads of the midnight and morning periods as they experience similar average indoor
temperatures. It is hence assumed that the data shown for midnight shows the least effect of
external conditions, whilst the morning demand includes the processing load.
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Figure 6. Comparison of temperature sensitivities for various time periods

As expected, the processing loads increase with indoor air temperature, however, the rate at
which they increase does vary with the refrigerator characteristics. For example, the estimated
daily electricity consumption of the refrigerator (L620F) at 16 °C at midnight is 846 Wh and
858W in the morning, and its difference is 12 Wh (4%) per day. However, it is 1522Wh at
midnight and 1686 Wh in the morning at 32 °C with 164 Wh (10.8%) difference.

4. Conclusion

This study investigates the electrical usage of refrigerators in three monitored low energy houses.
The major findings are summarised as follows:

o Refrigerators do not significantly contribute to the electrical peak demand of a household,
whilst they do consume about 13% of a house’s total electrical energy. This is because
they are permanently connected to mains power and are continuously consuming
electricity, with a small variation of power consumption based on user behaviour, unlike
other electrical appliances.

e The indoor temperature is a critical factor for determining the electrical demand of
refrigerators and it also affects the frequency of defrosting and recovery cycles, and their
processing load.

e Although the electrical demand of a refrigerator is sensitive to the indoor temperature, this
varies based on other factors including capacity and efficiency. Therefore, the application
of dual ambient temperature (32°C and 16°C) proposed in new IEC standard seem to be
more reflective of the actual usage condition of refrigerators and enables better estimation
for annual electricity consumption of refrigerators.

e The electricity consumed by the processing load is also slightly different for each ambient
air temperature. The energy value proposed in the draft AS/NZS4474.2-2013 includes the
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energy increase based on compartment capacity but it applies the same processing load
regardless of indoor temperature. However, the electricity consumption for processing
loads at 32°C and 16°C are different because the effect of processing load is different in
each temperature. Therefore, different weightings of electrical demand for processing
load should be considered for better estimation.
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