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Abstract

There is little concrete understanding of the energy consumption of refrigerating appliances
during normal use or the main influences on their energy consumption. To date, no widely
accepted method to disaggregate measured energy consumption measured in the home into
its key components has been demonstrated. This paper examines the main external factors
that impact on the energy consumption of existing refrigerating appliances in the home and
how they respond to changing conditions, namely: room air temperature, defrosting
behaviour and user interactions. Analysis of field data from 235 homes in Australia
demonstrates that room air temperature is by far the largest factor accounting for typically
around 75% of total energy consumption. Where present, energy used for defrosting is
relatively small at around 10%, but this does vary by household and the type of defrost
controller. User interactions typically account for 15% of total energy consumed by main
household refrigerating appliances, but this varies from a few percent to as much as 45% in
large households. The method set out in this paper provides a basis for more in depth analysis
and a better understanding of energy consumption of household refrigerators in different
regions.

Keywords: Household refrigeration « User interactions « Defrosting energy « Room air
temperature response

Acknowledgements:

The cooperation and assistance of the 290 participating households for this research is
gratefully acknowledged. The authors gratefully acknowledge the supply of field
measurements for 39 appliances by Sustainability Victoria for the purpose of research and
development work at the University of Melbourne. This research has been conducted within
the Department of Infrastructure Engineering at the University of Melbourne, Australia and
part of this research is included in the PhD thesis of Lloyd Harrington at the University of
Melbourne, which has been supported by the Australian Government Research Training
Program Scholarship.

Conflict of interest: The authors declare that they have no conflict of interest.

Data availability: The datasets collected and analysed are available from the corresponding
author on reasonable request.



1 Introduction

Household refrigeration appliances are now commonplace in developed countries and their
penetration is rapidly increasing in developing countries (McNeil et al. 2008; Rao and Ummel
2017). Australia, which is by no means exceptional, currently has an ownership of household
refrigerators of about 1.4 per household. Separate freezers account for a further 0.4 appliances
per household (Australian Bureau of Statistics 2014). Historically, these appliances accounted
for some 12% of residential electricity consumption in Australia (Energy Efficient Strategies
2008). By any measure this is a significant end use of electricity. Globally, some 150 million
new household refrigerating appliances are produced every year (Euromonitor International
Ltd 2017; GfK Marketing 2017). It is estimated that there were nearly 1.6 billion household
products installed world-wide in 2014 and they were estimated to consume some 1,100 TWh of
electricity a year (Klinckenberg Consultants 2009). This is equivalent to around 4.5% of global
electricity consumption in 2014 (International Energy Agency 2016). This is consistent with
data that estimates that these types of appliances in all sectors are estimated to consume as
much as 6% of global electricity (Negrdao and Hermes 20m1).

It is therefore somewhat surprising how little is known and published about
refrigerator energy consumption during normal use in the home, or the key drivers that
impact on energy consumption. While there have been many end use metering campaigns
over the years to measure energy of household refrigerators in the field, this data has generally
provided little insight into and understanding of the main factors that affect the energy
consumption of refrigerators during use.

A number of early authors have examined the energy consumption of refrigerators in
test laboratories and many of these have established that room air temperature is a key driver
of the energy consumption (Alissi et al. 1988; Goodson and Bullard 1994; Grimes et al. 1977;
Masjuki et al. 2000; Meier and Heinemeier 1988). This has been confirmed in more recent
studies, which all generally conclude that room air temperature in which the appliance
operates is the most important factor that impacts on energy consumption in conditions of
normal use (Anjana et al. 2015; Bjork and Palm 2006; Geppert and Stamminger 2013; Hermes
and Melo 2009; Hermes et al. 2009; Saidur et al. 2002; Saidur et al. 2006; Saidur et al. 2008).
Many of these authors also examined the impact of user interactions such as door openings.
While laboratory measurements of the energy response to changes in room air temperature
are of great interest, this is of limited value unless there is good information on the
temperature profiles in homes and there is a good understanding on how each appliance
responds to these changes in room air temperature. Research in Europe (Geppert and
Stamminger 2010) illustrated that there is a diverse range of room air temperatures in which
refrigerators operate as well as a wide range of habits and practices, temperature control
selection, proximity to heat sources, how full the refrigerator is during use and the thawing
and cooling hot food in the refrigerator (Geppert and Stamminger 2009). Given the diversity
of user habits and practices in normal use, laboratory actions devised to simulate usage in the
home will not necessarily be able to cover the full range of conditions across all households.
Analysis by Geppert (2011) in Europe found that as many as 50 different laboratory tests may
be necessary to fully represent the full range of user interactions in homes based on current
approaches.

Several previous studies have looked at the relationship between energy use in the
home and compared this to energy measured under test conditions (Greenblatt et al. 2012;
Meier 1995; Meier and Heinemeier 1988; Meier and Jansky 1991; Sidler et al. 2000;
Zimmermann 2009; Zimmermann et al. 2012; Moretti 2000). While many of these studies have
found that, on average, laboratory conditions appear to result in a measured energy
consumption that was similar to that measured in homes, the underlying data shows
substantial variations from household to household without any underlying explanation as to
the key drivers of the observed variability. A review paper by the Market Transformation



Programme (2007) looked at a range of studies that compared in-home measurements with
energy values measured in test laboratories with a view to making test procedures more
representative. It noted that several studies found that room air temperature has a strong
impact and freezer control setting is also important. The review paper also looked at
laboratory studies where the energy impact of door openings was quantified and concluded
that the impact was only small (a few percent). But none of the studies examined measured
additional cooling energy for food and drinks during normal use and it also noted the
divergent defrost behaviour between the test laboratory and in the home.

Only a limited number of papers have attempted to analyse energy consumption data
measured in the field to establish those factors that influence energy consumption. An early
paper (Gage 1995) recorded information on door openings and kitchen temperature and found
that both of these factors appeared to influence energy consumption. However, the sample
was small - only nine households - but the methodology used was promising. Saidur et al.
(2006) used segmentation analysis of 30 households to estimate the impact of more frequent
door openings on energy consumption, compartment control settings and exposure to a heat
source. The paper concluded that each of these factors was significant, but there were
limitations on the quantification of these impacts due to the binary nature of the variables
reported and the analysis approach. A later paper (Saidur et al. 2008) covered 104 refrigerators
and used a similar approach but looked at door openings, exposure to heat sources and
appliance size. While the paper also found each of these parameters had a significant impact
on the measured energy consumption, quantification of the influence of these factors was
limited by the binary nature of the input variables (small or large volume, exposure or not to a
heat source). Other limitations were that the study was conducted in Malaysia and it appeared
that all houses were very warm most of the time, items that were classified as heat sources
were quite variable (oven, rice cooker, microwave, kettle, etc.) and self-reporting was used to
quantify door openings. There could be significant self-bias in reporting some behavioural
aspects, like door openings, which may be viewed as pro-environmental (Brenner and
DeLamater 2014; Steg and Vlek 2009; Whitmarsh 2009).

The advent of moderate cost and accurate energy and temperature data loggers means
that it is now easier than ever to collect energy data for refrigerators in the home. However,
analysis of this data is notoriously complex and field data collected in homes has been very
difficult to interpret. Houses in Australia exhibit significant seasonal changes in indoor
temperatures over the year and significant diurnal changes are common (Harrington et al.
2015), although the range and variability of indoor temperatures will be regionally specific.
Seasonal changes will be less important in countries where central heating and cooling is
prevalent, but room air temperature still plays an important role. A second factor is that user
interactions induce significant additional energy consumption in refrigerating appliances.
While this interaction does appear to have some broad pattern in terms of seasonality in most
houses, in general terms, user interactions are highly variable from day-to-day. While door
openings do appear to make up an important part of user-induced energy consumption,
cooling of food and drink also makes up a substantial part of this element. A third factor
making raw data difficult to interpret is that many modern household refrigeration appliances
have an automatic defrost system, and therefore defrost and recovery events are interspersed
throughout the data.

2 Background - operational basics of refrigerators

In its simplest manifestation, a refrigerator or freezer is an insulated box to which is attached a
heat pump. Almost all household refrigerating appliances use a heat pump that uses the
vapour-compression cycle, as other cooling technologies are poorly developed or very
inefficient (Bansal et al. 2011). The heat pump consists of a compressor, a condenser, an
expansion control system (typically capillary tubes for household style refrigerators (Dubba



and Kumar 2017), but may be a valve) and an evaporator, all connected in a loop and filled
with an appropriate charge of refrigerant. The heat pump collects energy from inside the
refrigerator and rejects it to the room space using the vapour compression cycle (or Carnot
refrigeration cycle). Under steady state conditions, the heat gain through the walls and door
seals of the appliances is balanced by the heat extracted and rejected by the refrigeration
system to the room.

The majority of refrigerators globally still use a single speed compressor, which
effectively has two states: compressor “on” or “off”. In steady state operation, these appliances
usually exhibit a consistent compressor cycle duration and percentage run-time. As the room
air temperature increases, the percentage run-time increases to compensate for the additional
heat gain. Inverter driven systems are common in Japan and are increasing in popularity in
different regions. Inverter systems also cycle “on” and “off” under some operating conditions
but may also step between different power levels in order to maintain compartment
temperatures.

The new International Electrotechnical Commission (IEC) test method (IEC62552-3
2015) includes energy tests at ambient temperatures of 16 °C and 32 °C, which allows different
regions to weight each energy consumption value in a way that provides a better estimate of
the likely energy consumption under conditions of normal use in different regions. As this
standard is implemented in more countries, the operating efficiency of inverter-driven systems
at lower ambient temperatures, which are common in many regions, should be recognised and
their prevalence is likely to increase, particularly where the energy consumption value at 16 °C
is more heavily weighted in the assessment of product efficiency.

Refrigerators have a temperature control system (previously simple thermostats, but
now more commonly electronic controls) that maintains internal compartment temperatures
within a relatively narrow range. Most appliances allow the user to adjust the compartment
temperature within defined limits. Appliances with good temperature control capability can
maintain fairly constant compartment temperatures even when the surrounding room air
temperature varies substantially. For products with poor control, the compartment
temperatures may drift from the set point when there is a significant change in room air
temperature, which may prompt the user to adjust controls.

Refrigerating appliances may have a number of other features and functions. Fans and
small heaters are common and their energy consumption is included in the overall measured
value of energy consumption. Depending on how they are configured, the operation of heaters
may impact on the overall system efficiency. Some heaters vary their energy consumption
depending on ambient conditions and, in some cases, the level of user interaction.

3 Method

3.1  Overview

This paper provides a fresh and new approach to the analysis of refrigerator energy data
measured in homes. It documents a method that can be readily adopted by analysts to split
the measured energy into three key components: temperature-driven energy consumption,
defrosting energy consumption and user-induced energy consumption. Information on defrost
frequency is also derived. The method is generic and can be applied to high quality energy and
temperature data collected from houses in any region. The approach builds on knowledge and
information on how refrigerators work and how they are typically tested in a laboratory.
However, there are several new and innovative data analysis steps that have been especially
developed to handle data measured in the home. The advantage of this approach is that it
quantifies each of the elements separately. This will allow more complex investigations on the
influence room air temperature and household demographics on defrost performance (defrost
energy and defrost interval) and the user-induced energy consumption. Analysing field data in
this manner provides a means of quantifying user impacts directly, which is much more



accurate than assessing a range of arbitrary user actions simulated in a test laboratory. The
results of applying this method to 235 refrigerating appliances measured in houses around
Australia provides a much deeper insight into the range of normal use and how each of these
elements impacts on the energy consumption for each individual appliance.

Many aspects of refrigerator design can influence its energy consumption such as
insulation thickness and its effectiveness, compressor efficiency and controls. While
conditions of use and user interactions vary a lot by household, it is important to remember
that once a refrigerator has been constructed and installed in a home, its energy attributes,
such as its response to ambient temperature, its defrosting control algorithm and the
efficiency with which it removes user heat loads, is largely fixed. The method documented
allows the energy consumption of different appliances in the same home to be compared in an
objective manner and also allows the energy consumption of the same appliance in different
homes to be estimated. This is an important step forward for policy analysts as they look at
improving test methods to better reflect normal use in test procedures.

For this project, high quality energy consumption and room air temperature data were
collected from 250 appliances in homes covering five very different climatic zones on the east
coast of Australia, from Melbourne to Cairns. Households were primarily recruited through
snowball recruitment as well as through media, electricity utilities and product suppliers.
Portable programmable data loggers were used to record average power data each minute
during the monitoring period. For some sites, data was collected at 2 min intervals, which
provided equivalent resolution of compressor cycles. Data loggers used an internal battery to
maintain the correct time if there was a power outage. Ambient air temperature in the room
was recorded using battery-powered programmable temperature data loggers. The
manufacturer specifications (OmegaWatt 2008) for the power and temperature measuring
instruments were:

. energy meter: active power from 2 W to 3000 W +1%

. temperature meter: -20 °C to +105 °C *o0.5 °C.

After analysis of the data, it was found that 15 appliances included in the original
analysis had serious problems or were faulty, so these were removed from the overall data set.
This left a total of 235 units. The age of appliances was broadly representative of the installed
stock of appliances in Australia and ranged from new to over 30 years old. A later section sets
out the results from analysing the field data by processed it using the method set out in this
section.

3.2 Considerations during the collection of field data

In practical terms, it is not possible to collect data at 1 s intervals for a period of months or
years where data is stored internally, as most data loggers have limited storage memory
capacity. Continuous or periodic data upload options are now more available through a range
of telemetry systems, which usually eliminates data storage limitations. Most refrigerator test
procedures require a sampling interval of 1 min or less so this data interval is also sufficient for
field measurements. For field measurements where data is stored in the logger, a practical
conflict exists between a longer interval, that will increase the time before the memory is full,
against a shorter interval, that allows better definition of individual compressor cycles.
Experience with a large number of appliances has shown that intervals of 1 min or 2 min allow
individual compressor cycles and other events, such as defrost heaters, to be clearly and
accurately discerned and provides a reasonable monitoring period before data download from
loggers is required. Ideally, data collected during each interval should be average power or
energy-based measurements with an equivalent resolution of 0.01 Wh or better.

Room air temperature is a critical determinant of the energy consumption of
refrigeration appliances. Surprisingly, many field studies do not appear to collect room air
temperature data, so this makes in-depth analysis of that field data almost impossible.
Academic literature and experience with the analysis of field data in Australia have shown that



room air temperature is by far the most important influence of refrigerator energy
consumption in the home. Temperature sensors need to be placed in a position that provides
a representative measure of the room air temperature that the appliance will experience. Care
is required to avoid radiant heat sources (cooking appliances, heaters, the refrigerator itself,
sunlight) and sinks (windows, air conditioning equipment).

3.3 Separation of data into compressor cycles

Due to the cycling of compressors, the short term power and energy consumption of an
operating refrigerator is continually varying. Refrigerator test procedures have traditionally
broken energy data up into compressor cycles as this provides a much clearer indication of the
average work being undertaken by the refrigeration system over time. Each compressor cycle
is examined individually in order to calculate its average power". For products with a regular
pattern of compressor cycles, the average power per compressor cycle remains quite stable in a
test room with a constant temperature.

The length of compressor cycles on typical refrigerating appliances varies from around
20 min to as long as 100 min under steady state operating conditions, depending on the
product design and configuration. Typical compressor power when “on” ranges from 8o W to
more than 300 W, depending on the size and age of the appliance. Newer appliances tend to
have much lower power input because the efficiency of compressors has increased markedly
over the past 20 years.

In order to break data into compressor cycles for this project, an extensive period of
the raw data was examined for each appliance to ascertain the typical power of the compressor
and also auxiliaries such as the defrost heater (if present). Using average power for the data
logged before and after each compressor start, the start time for each compressor cycle was
interpolated. A similar calculation was also undertaken to determine the compressor stop
time. The start and stop time in each compressor cycle is used to calculate the average input
power when the compressor is “on” and “off” within each compressor cycle. This process was
automated through the selection of thresholds between compressor “on” and “off” and
between defrost heater “on” and “off” for each individual appliance. Software was written to
calculate the following parameters for each compressor cycle:

e compressor start date and time interpolated to the second,

e average cycle power (W),

e average “on” power (W) and average “off” power (W),

e cycle length (mins) and % time “on” and % time “off”,

e energy (Wh),

¢ type of cycle (normal compressor, defrost heater, or cycle adjacent to the defrost
heater),

e room air temperature (typically this is recorded on a separate device on a separate time
interval so data needs to be merged and averaged for each compressor cycle).

Given that most sites were measured for at least six months and had data collected at 1
min intervals, this represents a formidable amount of data to process (typically over 200,000
records per site). The software developed allowed each site to be fully processed into
compressor cycles in less than one minute. Having reliable and fast software to analyse
compressor cycles is a key component of the analysis process.

Defrost heater operation can usually be readily identified as the average “on” power is
significantly different to the compressor power (usually higher). Some Asian products have a
defrost heater power that is similar to the compressor power. In these cases, manual
separation of the data was necessary, noting that this is very laborious where months of 1 min

! By convention, compressor cycles are usually defined from compressor “on” until the subsequent compressor
“on”. Defrost heater cycles are normally defined from the defrost heater “on” until the subsequent compressor
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data is involved. Cycles that included a power supply outage were readily identified by an
abnormally low percentage run-time and very long compressor “off” time for the measured
room air temperature. The compressor “on” time for the cycle following a power outage was
usually much longer than normal to recover back to steady state conditions. During analysis,
cycles with a power outage and the following recovery cycle were excluded as they do not give
an accurate impression of normal use. Once the data was processed in this fashion, it was
ready for more detailed analysis and disaggregation.

3.4 Refrigeration appliance response to room air temperature

While it is well-known and understood that the room air temperature will have a significant
impact on the energy consumption of a refrigerating appliance, there is surprisingly little data
in the public domain on this topic. A range of authors have examined the temperature
response of a handful of refrigerator models in the test laboratory setting (Alissi et al. 1988;
Anjana et al. 2015; Geppert and Stamminger 2013; Grimes et al. 1977; Koa and Kelly 1996;
Saidur et al. 2002) but these authors have not established any generalised response in energy
to changes in room air temperature. One of the major issues is that, until recently, most
regional test procedures have only tested energy consumption at a single ambient temperature
so data across different temperatures have not been routinely collected. As different
refrigerating appliance types and configurations respond to changes in room air temperature
differently, comparison of energy consumption is generally only valid at the temperature in
which the measurement was made. To illustrate this, the change in steady state power with
changes in ambient temperature for some typical appliances as measured in a test laboratory
are illustrated in Fig. 1. A comprehensive assessment of changes in energy consumption for
household refrigerating appliances in response to changes in room air temperature for a range
of different refrigerating appliances is given in Harrington et al. (2018b).
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Fig. 1: Changes in average power with changes in room air temperature - typical products
(Source: Laboratory data from Australian Consumers' Association (2012) and author analysis.
In the case where an appliance cycles, the steady state power is the average power over a
number of whole compressor cycles.)



The heat gain through the walls of a refrigerator (including all sides exposed to
ambient air and door seals) is a function of the insulation effectiveness (thermal transmittance
or U value), surface area and the overall temperature difference between the internal
compartment temperature and the room air temperature surrounding the refrigerator. The
heat gain into each compartment is therefore a linear function of temperature difference
between the compartment and the room (assuming constant thermal transmittance), which
means that the total appliance heat load is a linear function of room air temperature because
compartment temperatures are quite constant. However, the coefficient of performance
(COP) of the whole refrigeration system is also affected by the condensing temperature (which
is dictated by the room air temperature), so the efficiency of the refrigeration system declines
as the room air temperature increases (Harrington et al. 2018b). This explains why the steady
state power increases at a rate that is faster than linear when the room air temperature
increases and why the steady state power as a function of temperature appears to be a gentle
curve. This simplified description has been included to explain the underlying factors that
drive refrigerator energy consumption. Reality is more complex as there are often heaters,
electronics and other auxiliaries that can affect both energy consumption and heat gain and
many of these will not be a function of room air temperature. A more detailed mathematical
model of heat gain into a refrigerating appliance is given by Gupta et al. (2007).

Information on the power response to changes in ambient temperature is not readily
available and this type of data is somewhat unique to every model. Fortunately, the method
proposed to analyse field data generates a unique curve of room air temperature versus
average power where there is sufficient data (typically four to six weeks of data is a minimum
to obtain robust results). With the raw data split into individual compressor cycles, it is then
possible to undertake detailed analysis. The first step is to undertake an X-Y plot of room air
temperature versus average cycle power for the whole monitoring period. When plotted as a
scatter chart, the average power per cycle appears as a cloud. Usually there are three (or four)
distinct clouds of data:

1. Upper Cloud - defrost heater operation (constant across temperatures),
2. Intermediate Cloud 1 - compressor cycles immediately before a defrost - this is
generally close to the compressor “on” power as there is only a short “off” time, if any

(fairly constant across temperatures),

3. Intermediate Cloud 2 - recovery periods after a defrost (increases with warmer room
air temperature),
4. Lower Cloud - normal usage with some or no user interaction (increases with warmer
room air temperature).
Clouds 1, 2 and 3 only appear in refrigerating appliances with an automatic defrost system. An
example of a monitored refrigerator in an Australian home over one year is depicted in Fig. 2.
Note that only average power for each cycle is plotted - the length of the compressor cycle or
heater cycle for each point would be required to calculate the associated energy.
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The lower cloud has a relatively sharp lower edge. It is thus possible to manually adjust a curve
to just touch the bottom edge of the lower steady state cloud as an approximation of the
steady state power of the appliance with no user interaction as a function of ambient
temperature, shown as the Lower Boundary in Fig. 3.
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Fig. 3: Manual adjustment of a curve to the lower boundary of compressor cycle average power

(excludes defrost and recovery)



This critical step allows the underlying energy consumption of each appliance to be estimated
quite accurately across a range of room air temperatures. Most data points lie well above the
Lower Boundary. The difference between each data point and the Lower Boundary is the
energy induced in the refrigerator by user interactions. This is examined in more detail in a
later section.

The Lower Boundary of the steady state curve may not be distinct for a number of
reasons. Firstly, products that use an ambient compensation heater that is automatically
activated by ambient temperature or compressor run-time may appear to have variable
average power consumption at a specific ambient temperature. It is possible to detect when
such a heater is “on” or “off” by examining the power when the compressor is “off”. This allows
a more sophisticated analysis to be undertaken where two separate curves are generated: one
when the heater is “on” and one when the heater is “off”. If this were the case, Fig. 3 would
have two Lower Boundary curves. These heaters will be “on” most of the time at low room air
temperatures (<20 °C) and “off” most of the time for warmer room air temperatures. A similar
effect would be caused by ambient controlled anti-condensation heaters, but these tend to be
on more and operate at higher powers in higher room air temperatures.

Another factor that can make the Lower Boundary appear indistinct is where
appliances have a sequence of long and short compressor cycles. This typically occurs in
products with electronic controls where they can fully modulate the cooling into each
compartment. For example, some products at low room air temperatures cool the freezer on
every compressor cycle and the fresh food only on every second compressor cycle. This
appears as a short compressor cycle (without fresh food cooling) followed by a long cycle (with
fresh food and freezer cooling) with lower and higher power respectively than would be
expected for an appliance that exhibited even length cycles at that temperature.

The Lower Boundary curve and individual compressor cycles in Fig. 3 are then replotted in
sequence through the monitoring period with time on the X axis as shown in Fig. 4. This
allows a closer examination of the data from day-to-day.
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Fig. 4: Example of actual data versus modelled (no user interactions) data for a selected
appliance over three weeks (Source: Field data collected and analysed by the authors, unit ID
RFo17s, Brisbane, Queensland. Note data in the figure excludes defrost and recovery events.)



The solid line is the measured power consumption for each compressor cycle while the
dashed line is the manually fitted Lower Boundary for the specific appliance, similar to that
shown in Fig. 3. This dashed line, called Lower Boundary in the legend, represents likely
average power of the appliance with no user interactions for a given room air temperature.
The data shown excludes defrost and recovery events.

Conceptually, the solid line should never fall below the dashed line, as this represents
the minimum power that the appliance is expected to use at the ambient temperature that
was measured during each compressor cycle. The dashed line and solid line should coincide
from time to time where the appliance fully recovers from user interactions and reverts back
to steady state operation. This often occurs overnight, but some larger user loads (like a large
load of newly purchased food and drink) can take up to 16 hours to fully cool, so on some days
the solid line may always lie above the dashed line for extended periods, particularly in
warmer months.

If the Lower Boundary curve is correct, the dashed line should nestle into the shape of
the solid line over a period of days or weeks. If there are extended periods where the solid line
falls below the dashed line or where there is a significant ongoing gap where the solid line sits
well above the dashed line, then this suggests that the user may have changed the temperature
control setting in the appliance. In this analysis the Lower Boundary curve was adjusted up or
down by a few watts to compensate for different user control settings throughout the
monitoring period. This adjustment was usually small and an estimate of the impact is
somewhat visual in nature. This process effectively creates a family of lower boundaries, one
for each control setting that applies to a specific subset of the monitoring period. The Lower
Boundary for the appliance (dashed line) is required so that energy associated with user
interactions can be separated from temperature driven energy consumption.

It is evident from Fig. 4 that the Lower Boundary for a given room air temperature will
explain the majority of the energy consumption of the appliance. This average power
characteristic is dictated by the appliance design and construction and is driven by room air
temperature.

3.5 Defrost and recovery energy

Many years of experience with the new IEC standard, including intensive development work
for the IEC and the Australasian round robin of refrigerating appliances to the new IEC test
method in 2014 that covered two appliances in six laboratories (Harrington 2015), has enabled
the defrosting behaviour of appliances to be well understood and characterised using just a
handful of key parameters. In a laboratory setting, with no user interaction, the IEC test
method calculates the additional energy associated with a defrost and recovery event with
great accuracy (IEC62552-3 2015).

The overall approach is to measure the energy consumed during defrost and recovery
(including steady state power on either side of the defrost heater) and to estimate the
additional energy of the defrost event after deducting the steady state power (energy) that
would have occurred during the period when the defrost and recovery occurred. In general
terms, the incremental defrost and recovery energy (known as AEy) is a very stable value in
the laboratory setting (stable temperature, no user interaction). Extensive investigations on
more than 100 appliances and many thousands of defrosts in the laboratory have shown that
this value is largely unaffected by room air temperature or control setting, so is effectively a
key appliance characteristic. Analysis during the Australasian round robin has revealed that
the additional energy associated with defrost and recovery can be approximated as the defrost
heater energy plus a “fixed energy defrost adder” (in Wh). The fixed energy defrost adder will
vary by model and can also be considered as a characteristic of the appliance.

Detailed analysis has shown that most of the energy associated with a defrost and
recovery event is relatively fixed as the energy associated with melting of frost, the heating of
the evaporator metal and the refrigerant (all heater energy) and the subsequent cooling of the



evaporator, the heater element and refrigerant (additional compressor energy) does not
change much with room air temperature or control setting (Harrington et al. 2018a). However,
using field data presents many problems, because typically there is processing of heat loads
from user interactions and the ambient temperature is constantly changing. These effects are
usually mixed into most defrost and recovery events, making an analysis of defrost energy
based on the IEC approach impossible. However, the energy associated with the defrost heater
alone can be accurately measured in the field and this provides a key piece of data. The
approach used for this project involves the following steps for each defrost and recovery event:

1. identify the defrost heater operation and determine the defrost heater energy
consumption.

2. add the total measured energy associated with the compressor cycle before the defrost
heater (pre-cool), the defrost heater operation and the compressor cycle after the
defrost heater (recovery cycle).

3. subtract the expected steady state power that the appliance would have used at the
room air temperature during the defrost and recovery (Lower Boundary power) times
the length of the three associated cycles (pre-cool, defrost heater, recovery) to give
total net energy for the defrost and recovery event.

4. subtract the defrost heater energy to give net residual energy in Wh for the defrost and
recovery event.

5. perform these calculations for all available defrost and recovery events.

6. review the net residual energy for each defrost and recovery event to determine a
typical minimum value for all defrost and recovery events.

7. subtract the typical minimum value for net residual energy from all defrost and
recovery events.

8. all remaining energy for each defrost and recovery event is then allocated to user-
related processing load during that period.

When the net residual energy is plotted for each defrost (Step 6), it usually becomes clear that
there is a minimum value that regularly occurs for the appliance - an example is shown in Fig.
5. In this example it is evident that the minimum value is about 40 Wh for this particular
appliance. This minimum value represents defrost and recovery events that had little or no
user load processing present. The observed minimum energy for net residual energy is an
estimate of the fixed energy defrost adder for the appliance, which is effectively the additional
cooling energy to return the evaporator, refrigerant and other components back to their
operating temperature when there is no user processing load (Harrington et al. 2018a). The
fixed energy defrost adder plus the defrost heater energy is a good estimate of the additional
energy associated with defrost and recovery for each defrost - this value is fairly comparable to
the IEC value for AEy.

Review of the data analysed for this paper reveals that the average energy for a defrost heater
is around 95 Wh (this depends on the evaporator size) with the smallest average value
measured at 50 Wh and the largest average value at 150 Wh. Most appliances have a fixed
energy defrost adder value in the range 15 Wh to 60 Wh on top of the defrost heater energy -
older and poorly performing appliances can be as high as 100 Wh, although values of more
than 50 Wh are not very common. Appliances with only unfrozen compartments tend to have
a fixed energy defrost adder close to zero where an active defrost and recovery cycle is present.
This means a typical incremental defrost and recovery energy AE for refrigerator-freezers
measured in this study is 130 Wh (range from 70 Wh to 240 Wh). A detailed comparison of
defrosting energy in the laboratory and in the field is given in Harrington et al. (2018a).

This approach allows the additional energy associated with each defrost to be approximated
from field data for each appliance. The incremental defrost and recovery energy is an



important parameter that is characteristic of each refrigerator. While the incremental defrost
and recovery energy for each defrost is fairly constant, the variation in total defrost energy
during use is largely determined by frequency of defrosting. As room air temperatures and
user interactions increase, the defrost interval will shorten. An example of variations in defrost
interval over a year is illustrated in Fig. 6.
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Fig. 5: Net residual energy for all defrost and recovery events for a measured appliance over
nine months (Source: Field data collected and analysed by the authors, unit ID RFo175,
Brisbane, Queensland.)
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3.6 User interactions

User-driven energy consumption has two separate components. The first and most obvious
user impact is from interactions such as door openings and the insertion of food and drinks.
Additional humidity from ambient air ingress during door openings and also from respiration
of fruit and vegetables, as well as uncovered liquids, increases the water vapour in the
compartment air. This presents as a latent heat load, as water vapour is condensed and
sometimes turns into frost on the evaporator. Sensible and latent heat loads require the
appliance to undertake additional cooling over and above steady state conditions that result
from heat gain alone.

The second element of user-driven energy consumption is defrosting. When there is
no user interaction with the appliance, it will defrost from time to time in any case. This
defines the base defrosting energy. With heavier use or during warmer temperatures, the
appliance will defrost more frequently. The total defrosting energy observed can then be split
into base defrosting energy and user-driven defrosting energy, which is the total defrost
energy minus the base energy. Base and user defrost energy have not been separately
quantified in this paper. There is often some time delay between when user interactions occur
and the occurrence of the next defrost.

The total user-driven energy consumption is calculated for each compressor cycle as
the difference between measured energy consumption and the estimated steady state power of
the appliance at the given ambient temperature (Lower Boundary) as discussed in the previous
section. It is important to remember that this approach only allocates a share of total energy
to each component - the total energy consumption will always be as measured.

Investigation of laboratory research data suggests that even moderately sized loads in
the refrigerator (say a few litres of warm water) could require as long as 6 to 10 hours to reach
the compartment temperature (Sustainability Victoria 2017; Harrington 2015). Therefore, it is
not surprising that some apparent residential user load was present in the field data in the
early hours of the morning on many days.

The method set out in this paper quantifies the additional energy induced by user
interactions for a particular appliance in a particular household over a particular period. User
loads make up a significant additional component of heat load that the refrigeration system
has to remove during normal use. However, the user load estimated using this approach is an
estimate of the additional energy induced in the specific appliance by the specific user sensible
and latent heat loads encountered during the measurement period, rather than an estimate of
the sensible and latent heat loads themselves. Sensible and latent heat loads are of interest
because they can be related back to climate, room air temperature, appliance size and number
of householders. In order to estimate sensible and latent heat loads in a house, it is necessary
to have some means of estimating the refrigeration system COP, which is a measure of how
efficiently internal heat is extracted. This parameter is defined as an IEC test in IEC62552-3
Annex G and is called the load processing efficiency. However, this adds considerable
complexity to the analysis. An assessment of the relative COP of each appliance has not been
made for this paper, but is an area where further research is warranted.

4 Results and discussion

The data collected for 235 refrigerating appliances has been processed using the
method described in the previous section. This section discusses the results of this analysis.
4.1 Share of energy by component
The total daily energy consumption, split into temperature-driven energy, defrost energy and
user-induced energy, is illustrated in Fig. 7. There are some qualifications that must be made
regarding this data. The data was collected over a period of about four years in different cities,
so it is not possible to directly compare appliances over a common period. However, detailed
information on indoor and outdoor temperature was collected, so this provides sufficient data



for a deeper investigation. Household sizes also varied from one to as many as 10 people in a
few cases. The length of monitoring varies from as little as six weeks to over one year, so the
daily average value will be impacted to some extent by the time of year and length of
monitoring. Most sites were monitored for a period that covered winter and summer and this
data showed, as expected, the total energy consumption of refrigerators and freezers is
somewhat seasonal. The data also spans climates from Cairns in northern Australia to
Melbourne and Gippsland in the south. Fig. 8 illustrates the measured average room air
temperature adjacent to each refrigerator during the monitoring period to provide some
relative indicator of the influence of room air temperature on energy consumption.

4000

M Energy - user induced

3500 M Energy - defrost

| W Energy - temperature driven

w
o
o
o

2500

2000

Daily energy consumption Wh d!

=
o
o
o

1500 “

N “ V H “
0
SO IN ANOOWOUMONST IO ANO O MONS 0
AN AN NFT DD ONNOOOODOIOTO A ANNMS
HHHHHHﬂﬂHHHHHHNNNNN
Unit

Fig. 7: Average daily energy consumption 235 appliances disaggregated into components
(Source: Field data collected and analysed by the authors. Units sorted by total measured daily

energy.)

There are several interesting observations that can be made from Fig. 7 and Fig. 8. The first
and most striking feature is that the ratio of the lowest to the highest energy consumption is a
factor of 10, which is quite remarkable. The shape of this distribution is very similar to the data
collected in Sweden for 400 households in 2008 (Zimmermann 2009) and for 405 refrigerators
and freezers in the UK (Zimmermann et al. 2012). The difference in energy consumption will,
to some extent, be influenced by climate, season and room air temperature. However, the data
in Fig. 8, when examined in conjunction with Fig. 7, shows that the difference in average room
air temperature during monitoring for these houses, while significant, only explains part of the
variation in energy. The majority of the difference in energy between houses appears to be due
to the energy consumption characteristics of each refrigerator, which is determined by the
product design and construction. This is unsurprising as typically more than 75% of the total
energy consumption can be explained by room air temperature alone. To illustrate the
importance of the underlying energy performance of each refrigerator, the average power
consumption for all units at a room air temperature of 22 °C is shown in Fig. 9. This is based
on the temperature-power curve (Lower Boundary) developed for each appliance from field
data and excludes defrosting and usage. This data also shows a ratio of about 10 from lowest to




highest energy, although the ranking is slightly different as the climate and usage varies for
each appliance. Further analysis of the data revealed that the share of energy by component is
as set out in Table 1.
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Fig. 8: Average room air temperature at each site during the monitoring period for 235
appliances (Source: Field data collected and analysed by the authors. Same unit numbering as

Fig. 7.)
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Table 1:
Share of daily energy consumption disaggregated into components for 235 appliances by
climate

Temperature Defrost User Total E Defrost Room
Region related related related Whd"  Interval Temperature Count
% (SD) % (SD) % (SD) (SD) h (SD) °C (SD)
Gippsland ADY Bo 4o i we @9 () 40
. 1. 12. 12 24.8 18.
Melbourne ADY (?64; (3~8; (539) (73933 (104.‘7) (2.3 35
S A I R
. 1.8 1.1 17.1 1 19. 22.6
risbane T ADY (00) 66 G G ) (09) 33
Cairns ADF ST T S R to >
Average main ADF Goy (o) (63 (632 (90 .8) 169
Average main NDF (?132(; 0.0 (1117.'2(; (;3;’3 #N/A (12949) 24
Secondary SDF e R P oo 7
-
.0 1. .6 16 17. 20.
Freezers SDF (7292) (0.8‘; (195) (21‘5 (1.76§ (0,65) -

Notes: SD is sample standard deviation and is shown in brackets in the same units. ADF is a main
refrigerator with automatic defrost. MDF is manual or no defrost. SDF is a secondary refrigerator or
separate freezer with automatic defrost. Appliances with ADF listed by region all have automatic defrost;
appliances MDF and SDF are from all regions (but predominantly from Victoria). Two appliances
included in the Average all ADF total were from other regions so are not in the regional totals. Brisbane *
includes Brisbane, Gold Coast and Byron Bay sub-regions. Indoor temperature is the measured average
for the periods metered for each appliance. Two appliances in Average main NDF are secondary
appliances. Freezers are often located in unconditioned parts of the house so tend to have lower room air
temperatures. Freezers NDF is made up of 15 vertical freezers and 13 chest freezers.

4.2 Discussion

The temperature-driven component of energy is determined by the room air temperature in
which the appliance operates. However, when assessing the data, it is conceptually more
useful to think of this as a larger fixed energy component and a smaller variable energy
component that is influenced by room air temperature. For example, the energy consumption
of a refrigerator-freezer or a separate freezer at a room air temperature of 16 °C is about half
the energy consumption at a room air temperature of 32 °C, so room air temperature is a very
important determinant of the expected energy consumption in the home. But the slope of the
power curve at around 20 °C is typically about 5% per degree (Harrington et al. 2018b), so
across the range of normal indoor room air temperatures in a specific home, which is likely to
be with +2 K during any particular month (Harrington et al. 2015), the energy does not vary all
that much (around #10%).

The most interesting observation from Table 1 is that the share of temperature-driven
energy and defrosting energy remains fairly constant across climates. This is likely to be
because the share of energy for each component scales in a linear fashion with temperature.
The data also shows, somewhat surprisingly, that the share of user-related energy is fairly
constant for a wide range of climates, although there does appear to be a very small increase in
user share for hotter climates. Note that these are average data across all available sites and
user load does vary considerably by household, as is illustrated by the higher standard
deviation for the user-related energy as set out in Table 1. A more detailed investigation into
the factors that affect the magnitude of user interactions has been undertaken and is being



prepared for publication. As expected, the defrost interval by climate becomes shorter for
hotter climates. The sample from Melbourne was disproportionately measured for periods
that covered the cooler winter months, so this explains why the energy and average room air
temperature is slightly lower than might be expected for this climate.

The energy consumption of single door appliances (predominantly those that had only
a fresh food storage compartment) was examined. This showed that the user-induced energy
consumption was significantly higher at 23.3% of energy consumption (compared to 14.2% of
refrigerator-freezers with automatic defrost). However, the user-induced energy (in Wh d”)
was in fact lower than a refrigerator-freezer because the total energy was also significantly
lower for single door appliances. Analysis shows that single door appliances have a much
stronger response to changes in ambient temperature (Harrington et al. 2018b) and at normal
operating temperatures, their energy consumption will be significantly lower relative to the
Australian labelling test condition (AS/NZS4474.1 2007).

All three components of energy consumption appeared to show seasonal variation. To
illustrate this aspect, data for all appliances was averaged by month as illustrated in Fig. 10.
This clearly shows the relative contribution of each component to total energy consumption.
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Fig. 10: Average seasonal variation for each energy component for 235 appliances (covers all
appliances and all periods, note that summer is December to February, Source: Field data
collected and analysed by the authors)

While this data is necessarily fairly general as it covers all appliance types, product
sizes, family sizes and climates, it does illustrate that the temperature-driven component
increases by about 40% in summer compared to winter. While modest, defrost energy is also
seasonal and increases to be about 53% more in summer compared to winter. The strongest
seasonal component is user-induced energy which increases by more than 135% in summer
compared to winter. This suggests that user interactions are changing significantly with the
seasons as the change is more than can be attributed to just room air temperature alone. It
also shows that energy during normal use is dominated by the temperature-driven
component. While the temperature-driven component appears to dominate total energy



consumption on average, there are some examples in the sample where user-induced energy
can be very high (as much as 45% in some cases). The energy response to temperature is
determined by the appliance design and construction (insulation levels, compressor
performance, heaters and auxiliaries), which is the aspect that is predominantly assessed
under test procedures such as the Australian and previous international test methods
(AS/NZS4474.1 2007; IEC62552 2007). However, these historical test procedures tend to assess
energy consumption at a single temperature, which tends to be elevated to compensate for
user interactions (Grimes et al. 1977; Koa and Kelly 1996; Market Transformation Programme
2007). However, detailed analysis of the typical response in energy consumption to changes in
room air temperature shows that the relative response does vary somewhat by product
configuration, with products with only fresh food having the largest response and products
that only have a freezer having the lowest response (Harrington et al. 2018b). This is where the
new IEC test procedure for energy consumption of refrigerating appliances (IEC62552-3 2015)
has a great advantage, as the energy is measured at two ambient temperatures and this allows
the likely energy consumption at any intermediate operating temperature to be estimated
with some accuracy (Harrington et al. 2018b). It is possible to reorganise the data in Fig. 10 to
show the impact of room air temperature on each of the main energy components, as
illustrated in Fig. 11. In terms of the total change in energy with temperature, the temperature
driven component is the largest at around 55 Wh d™ K7, while user-induced energy is next
largest is user-induced energy at 31 Wh d™ K7, with defrost energy having the smallest
response at 10 Wh d” K™. This illustrates that an artificial change in test temperature alone
with no user interaction is not likely to accurately account for the changes in other parameters
such as user-induced energy and defrosting during normal use.
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Fig. 11: Average room air temperature versus energy component for 235 appliances (covers all
appliances and all periods, Source: Field data collected and analysed by the authors)

Additional analysis was undertaken of the impact of household size on user-induced
energy as illustrated in Fig. 12. This shows that induced energy, while quite variable from
house to house, is significantly related to household size. Similar analysis also showed that



defrost energy is also related to household size, but that temperature driven energy is
independent of household size (as expected). This simple type of analysis has limitations as
climate is clearly a major driver of user-induced energy and Fig. 12 has all climates mixed
together (although data in Table 1 suggests the user share should be fairly consistent with
climate). A more sophisticated analysis would separate climates or indoor room air
temperature as an explanatory variable of user-driven energy consumption. The other
limitation is that the user-induced energy is a measure of the additional energy each appliance
uses in response to user interactions in that house. This is also dependent on the overall
efficiency of the appliance in general, but the load processing efficiency in particular. If, for
example, there was a high energy and low energy version of the same sized appliance, a
specific set of identical user actions (say door openings and adding specific food or drink to be
cooled) would result in different induced energy in each appliance, because the efficiency of
extracting this defined latent and sensible heat load would be different. The lower efficiency
appliance would appear to have much higher user-induced energy for identical user
interactions. This makes the quantitative analysis of user-induced energy consumption
somewhat more complex.
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Fig. 12: Share of user-induced energy as a function of household size for main refrigerators for
191 appliances (covers all climates and all periods, Source: Field data collected and analysed by
the authors)

This total data set, while substantial, was recorded over a range of different periods, so
the results for individual appliances need to be interpreted with care as there is a mix of
appliance types, climates, seasons and household sizes included. However, the data still
provides a useful insight into energy variations by climate and the stock of appliances in
Australia and provides a sound foundation for additional detailed analysis.

5 Conclusions and outlook
The analysis undertaken for this paper has generated a rich data set that provides a sound
basis for deeper research into understanding the key drivers of energy consumption of



refrigerators in the home. While the method set out has been developed using energy and
temperature data from Australia, the wide range of climates included in the analysis provides
a degree of confidence that the approach can be applied to data from any country or region.
The key requirement for the application of the method is the collection of high quality energy
data and associated room air temperature data over a significant period. A minimum of six
weeks of data is recommended. Ideally, data should be collected over a period that allows
seasonal effects to be observed. A period of 6-7 months that includes some of winter and some
of summer is ideal. To better understand operating conditions in homes, long term regional
indoor temperature data in many homes should be used to provide benchmark conditions in
each region.

It is also important that as much associated data as possible be collected when
appliances are measured in the field. This includes brand and model of the appliance,
configuration, any reference data (such as an energy label) and key demographic information
such as the number of householders. It is also important to record the location of the
appliance and whether it is a primary appliance or a secondary appliance and appliance
dimensions.

The method of separating refrigerator energy into its key components set out in this
paper provides great insight into the drivers of energy consumption for each appliance when
used in a home. The primary objective of this paper is to describe a new method of
disaggregating refrigerating appliance energy data measured in the home into its constituent
components. This has been successfully applied to 235 appliances in Australia. The steps
outlined in this paper are just the beginning of the process of developing greater knowledge
and understanding on how refrigerators work in the home. The authors have used the method
set out in this paper to undertake a deeper investigation into the response of refrigerating
appliance to changes in room air temperature (Harrington et al. 2018b) and to examine
defrosting behaviour in the home (Harrington et al. 2018a). An analysis of user interactions as
a function of appliance size, household size and climate is also in preparation.

Analysis in this paper shows that room air temperature is the single most important
driver of energy usage for household refrigerating appliances, confirming the analysis of many
previous authors. On average, ambient temperature accounted for between 75% and 85% of
the energy consumption of the refrigerating appliances in homes. Automatic defrosting
accounted for around 10% to 1% of energy where this function was present, while user
interactions accounted for between 13% and 17% of energy for main refrigerating appliances
(less for secondary appliances and separate freezers). The analysis in this paper shows that
energy consumption of a refrigerating appliance is very sensitive to room air temperature, as
expected. The new IEC test method (IEC62552-3 2015), which measures energy consumption at
16 °C and 32 °C, provides a much-improved basis for estimating the temperature driven energy
component of refrigerating appliances in the home when operating at different room air
temperatures. However, this will only be accurate where the temperature-driven part of the
energy consumption is estimated for a specific room air temperature. Where there are
significant changes in room air temperature over a year, a more accurate assessment could be
made by estimating energy for each month, because the response of the refrigerating
appliance and user interactions are partly non-linear. A method to use the IEC energy values
at 16 °C and 32 °C to estimate energy consumption at a given room air temperature over a year
is set out in IEC TR 63061 (2017). More in-depth analysis on the issue of using energy data
measured under different test methods and converting this to estimated energy at different
ambient temperatures is set out in Harrington et al. (2018b). Preliminary analysis in this paper
suggests that defrosting energy and user-induced energy all respond at different rates to
changes in room air temperature, so an artificial increase in room air temperature to
compensate for user interactions during normal use, as has been done previously in many test



procedures, is unlikely to give very reliable estimates or ranking at an individual appliance
level in the home.

Historically, differences in user interaction and room air temperature between houses
have confounded the analysis of refrigerator energy data and the lack of understanding of
defrost behaviour and responses to changes in room air temperature of individual appliances
have made direct comparisons and benchmarking difficult, if not impossible. The approach set
out in this paper provides a valuable tool for policy makers and analysts as it allows energy
components to be separately identified and quantified and this will assist in the normalisation
of energy data across different households and climates. It also breaks total energy
consumption into its components that can then be related back to the new IEC test method.
This will allow more robust approaches in the prediction of energy consumption of household
refrigeration appliances in normal use and will provide a better understanding of how to make
future refrigerating appliances more efficient in the home.
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