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SUMMARY

The Bonneville Power Administration (Bonneville) is conducting a large
end-use data acquisition program in an effort to understand how energy is
utilized in buildings with permanent electric space heating equipment in the
Pacific Northwest. The initial portion of effort, known as the End-Use Load
and Consumer Assessment Program (ELCAP), was conducted for Bonneville by the
Pacific Northwest Laboratory (PNL}.

The collection of detailed end-use data provided an opportunity to
analyze the amount of energy consumed by both refrigerators and separate
freezers units Tocated in residential buildings. By obtaining this
information, the uncertainty of long-term regional end-use forecasting can be
improved and potential utility marketing programs for new appiiances with a
reduced overall energy demand can be identified.

It was found that standby ioads derived from hourly averages between
4 a.m. and 5 a.m. reflected the minimum consumption needed to maintain inte-
rior refrigerator temperatures at a steady-state condition. Next, an average
24-hour consumption that included cooling Toads from door openings and cooling
food items was also determined. Later, analyses were conducted to develop a
model capable of predicting refrigerator standby loads and 24-hour consumption
for comparison with national refrigerator Jabel ratings.

Data for 140 residential sites with a refrigeration end use were screened
to develop a sample of 119 residences with pure refrigeration for use in this
analysis. To identify those refrigerators that were considered to be pure
{having no other devices present on the circuit) in terms of their end-use
classification, the screening procedure used a statistical clustering tech-
nique that was based on standby loads with 24-hour consumption.

The average standby load for the sample was 112 watts (W) and the 24-hour
average consumption was 131 W. Of the 19 W difference between the standby and
demand loads, 7 W were from a difference in room temperature (2°F) when the
standby consumption was measured and compared to the 24-hour average tempera-
ture, and 12 W were atiributed to occupant-related demand. Consumption
changes in response to room temperature changes were typically linear and



averaged 4 W per °F. An attempt was made to develop a simple predictive model
of standby consumption using physical characteristics of the refrigerators.
Although the regression model did not exhibit a good fit to the data, several
factors did emerge as important:
e Side-by-side units tend to use more power than top freezer units.
¢ Units with manual defrost use less power than ones with automatic
defrost.
» Units in colder climates use less power than ones in warmer
climates.
National label ratings were matched to refrigerator model numbers for
62 units. The ratios of standby locads and 24-hour consumption to these
ratings averaged to be 77% and 89%, respectively. These findings indicated
that the label rating test procedure, tends to overstate average consumption.
A separate analysis revealed no apparent relation between refrigerator model
yvintage and the ratio of 24-hour consumption divided by the label rating.

Analysis of freezer energy consumption was limited; as the ELCAP sample
contained only 20 residences with freezers classified as pure end use. The
major finding indicated that seasonal consumption variation was greater for
freezers than for refrigerators because a principal refrigerator is typically
tocated in an air-conditioned space and freezers tend to be Tocated in an
unconditioned space (where seasonal temperature variation is greater}. In
addition, the demand compcnent appears to be fractionally smaller for freezers
than for refrigerators.
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1.0 INTRODUCTION

The Bonnevilie Power Administration (Bonneville) began the End-Use Load
and Consumer Assessment Program (ELCAP) in 1983. This program, conducted for
Bonneville by the Pacific Northwest Laboratory“) (PNL} involved collecting
and analyzing hourly end-use data in commercial and residential buildings in
the Pacific Northwest region. The results of the ELCAP analyses support
Bonneville’s efforts in regional load forecasting, conservatijon potential
assessments, conservation program design, and program evaluations for both
residential and commercial buildings within the agency’s service territory.

Optimized refrigeration efficiency is an important part of residential
conservation programs. The total percentage of residential energy consumed by
refrigerators and freezers has been estimated by the Northwest Power Planning
Council (the Council) to be 16.2% (NPPC 1988a). The expected savings of more
efficient refrigeration equipment (the result of appliance standards) in the
Pacific Northwest has been estimated to be 144 MW. These savings have been
identified as the most cost-effective conservation resource available to the
region {NPPC 1988b).

The purpose of our analysis was to quantify refrigerator/freezer perform-
ance in the ELCAP sample. Comparisons of performance with appliance features
and Tabel ratings were made to determine the potential of performance predic-
tions and to investigate the variability within the sample.

Section 2 describes the special data treatment that is required to ensure
that non-refrigeration loads are not accidentally included in the analyzed
end-uses. The effect of indoor room temperature on refrigerator/freezer
electricity consumption is discussed in Section 3. Refrigerator/freezer
characteristics and their effect on consumption are discussed in Section 4.
Finally, in Section 5, label ratings are compared to measured consumption, and
impiications of the derived ratios are discussed.

{a) Pacific Northwest Laboratory is operated by Battelle Memorial Institute
for the U.S. Department of Energy under Contract DE-AC06-76RLO 1830.
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2.0 TREATMENT OF REFRIGERATOR/FREEZER DATA

Refrigeration data have been assigned into one of three end uses for the
ELCAP metering program: pure {REF}, mixed refrigeration (MRF), and freezer
(FZR). 1In principle, the REF and FZR end uses contain only pure refrigeration
loads, while the MRF end use is contaminated with plug lToads from kitchen
appliances or other devices. The subsections that follow describe how the
data from the REF and MRF end uses were analyzed to identify MRF and mixed
consumption behavior. A procedure was developed to separate the pure refrig-
eration load from the hourly loads in the MRF end use. Defrost cycies, based
on 5-min data, are described as potential tools for assessing performance
degradation.

Data for a single site were referenced in terms of mean numbers in the
analyses. When comparison was made across sites, however, data were usually
expressed in terms of median numbers. Using median values minimized the
impact of outliers or extreme values (both high and low) because one-half the
values in the data set fell above the median and were greater, and one-half
the values fell below the median and were lesser.

2.1 MIXED VERSUS PURE CIRCUIT MONITORING

In some residences, a circuit has been wired to a single outlet located
behind the refrigerator. For these circuits, collected metered data were
assigned to the REF end use because the electricity was only consumed for
refrigeration. In most residences, however, the circuit that feeds the outlet
behind the refrigerator was also connected to several other outlets. For
these circuits, electricity was consumed by both refrigeration and miscellane-
ous convenience and/or lighting loads; these circuits were designated MRF.

The end-use assignments described above were made at the time metering
equipment was installed. Because their assignments were made without the
benefit of a detailed review of residential electrical systems, some mistakes
can be expected. As a check, an examination was made of 5-min data Tload
shapes for sites with the REF end use to see if only the expected cyciical
refrigeration loads were present. Because of small, positive loads of
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constant magnitudes that seemed to be atypical of a refrigeration cycle, some
of the end-use assignments were changed from REF to MRF. Later, these smal]
loads were identified as Tow-power strip heaters used to prevent condensation
(sweating) near the refrigerator door seals. Anti-sweat heaters typically
consume 15 to 30 W if the energy saver switch is in the "off" position {or the
humid/not humid switch is in the "humid" position).

Data was further analyzed to characterize the sites with refrigerators
that had pure behavior and mixed behavior. Because the ELCAP measurement
protocol does not allow for a "mixed freezer” end use, nonpure freezer
circuits were assigned to the Tights and convenience end-use category. This
end-use category contains several circuits with a multitude of loads from
various other small appliances or lighting circuits. The creation of a mixed
freezer end use would have involved a time-consuming analysis of data at the
channel level.

2.2 DETERMINATION OF PURE REFRIGERATION BEHAVIOR MEASUREMENTS

Five-min data, where available, are helpful in determining whether or not
refrigerator consumption data are pure or mixed. The load shape for pure
refrigerator consumption should indicate a fairly reguiar cyclical load, with
zero toad or a small, constant Toad in between. Because only a few days of
5-min data are currently available far all of the sites, the resulting load
shape would not be adequate to ensure that lights or appliances are not
included on the circuit. As a result, hourly data were used as the basis for
this determination. o

Standby consumption is the amount required to maintain the desired
refrigerator temperature with the door shut, while the 24-hour consumption is
simply the monthly average for all the hours ¢f the day. A pure refrigeration
toad is based on both the standby loads and the average 24-hour consumption
performance. Monthly standby Toads and a 24-hour consumption performance were
calculated for each site from monthiy profile data. Nighttime data (from
12 midnight to 6 a.m.) was compared to daytime data for 30 sites and, as
expected, was found to be significantly different because little demand-
related load occurs at night. The average consumption for the hours from
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12 midnight to 5 a.m. were essentially the same, while the consumption from
5 a.m. to 6 a.m. was slightly higher. To minimize computation requirements
and the possibility of including the additional load from evening meal left-
overs being placed in the refrigerator, we chose a single nighttime hour

(4 a.m. to 5 a.m.) to represent the standby load. The ratios between the
standby loads and 24-hour consumption were also calculated.

In an effort to obtain a large sample for analysis, refrigeration
consumption data for 140 sites were determined and separated into groups:

« Group I - sites that have always been assigned to the REF end use
and have not been guestioned

e Group 2 - sites with changed or questioned end-use assignmentis

» Group 3 - sites that have always been assigned to the MRF end use.

These sites have not been questioned and are in the lowest quartile

in terms of 24-hour consumption for sites.

The sefection of the Group-3 sites was a compromise between a bias toward
low-consumption refrigerators and small, non-pure loads. Pure refrigeration
Toads existed in Groups I and 2, while mixed refrigeration end-use definitions
with pure refrigeration loads existed in Groups 2 and 3.

A hierarchical clustering technique, that operates on a distance matrix
of all pair-wise distances between objects (Becker and Chambers 1984), was
used to separate the sites into cfusters based on their consumption charac-
teristics. The differences between clusters are illustrated in the vertical
scale of the cluster plot as the height of the branch that separates the
clusters (see Figure 2.1). This technique was first applied to the standby
1oads and the ratio of standby to 24-hour consumption of the sites in Group 1.
The graphical output of this technique indicated two distinct clusters: one
with pure behavior (n = 33) and one without (n = 9) (see figure 2.1). The
cluster without the pure behavior was found to have 50% ta 150% higher
consumption than the larger cluster and was re-assigned to a category of sites
having mixed behavior.

As a seeding technique, nine of the 33 sites with pure behavior were
added to the Group-2 sites {end use changed or questioned) and the hierarchi-
cal clustering technique was repeated. The results in Figure 2.2 present two
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FIGURE 2.1. Cluster Piat for Pure Installation Group. Sites are identified
by site numbers reading from top to bottom.

very distinct clusters, as indicated by the elevated cluster branch appearing
between clusters. The nine pure sites are spread throughout the large cluster
to the left, while the cluster to the right appears to have nonpure behavior.

The clustering technique was then applied a third time, by adding the
same nine pure sites from Group 1 to Group 3 (mixed end use with relatively
low consumption), as illustrated in Figure 2.3. This plot does not illustrate
any distinct (high-level branches) groups, and the pure seeds are spread
throughout the plot, indicating that all the Group-3 sites exhibit pure

behavior.
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FIGURE 2.2. Cluster Plot for Changed/Questioned Installation Group. Sites
are identified by site numbers reading from top to bottom.

The resuit of the above analysis has now separated the sites into two
groups that appear to have the refrigeration end use mixed with another end
use {n = 21) and three groups of sites having pure refrigeration behavior
(n = 119}). The performances of the Tatter three groups were compared with one
another to confirm that the consumption characteristics for the groups are
similar. The distribution of ratios for standby loads divided by 24-hour
consumption for the three groups with pure behavior sites is illustrated in
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FIGURE 2.3. Cluster Plot for Mixed InstalTlation Group. Sites are identified
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Figure 2.4. Note that the medians (the dotted horizontal lines) are similar
in magnitude, while the spread of the middle quartiles {(the box heights} vary
slightly. The distribution of the standby loads for the same three groups is
illustrated in Figure 2.5. Note that the median of the questiocned/changed
group is stightly higher than the median of other groups. This is because, in
most cases, the refrigerators in the questioned group were questioned or
changed from the use of strip heaters near the door seals. This practice
increases both the standby loads and the 24-hcur consumpticn, but not the
ratio.
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FIGURE 2.4. Standby Load/24-hour Consumption Comparison for Pure Sites
Taken from Three Installation Groups

2.3 TYPICAL DEFROST AND COOLDOWN LOAD SHAPES

Although the 5-min data are not useful for determining whether or not the
site has a pure (REF) or mixed {MRF) end use, an attempt was made to under-
stand defrost and cooldown cycles through data examinations. We looked at
windows of load shapes from two different sites that include a defrost cycle
are jllustrated in Figures 2.6 and 2.7. Figure 2.6 illustrates four cooldown
cycles with a defrost cycle in the middle. The defrost cycle contains three
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FIGURE 2.5. Standby Loads Comparison for Pure Sites from
Three Instaliation Groups

steps: 1) heating occurs to melt the ice {the energy used in a 5-min period
peaks}, 2) there is a standby period with low consumption, and 3) a cooldown
cycle occurs that requires more than the usual amount of energy consumption.
The four cooldown load shapes look different, but represent the same amount of
energy as areas under the load shape are essentially equal. Because the
cooldown energies are similar, and because the data are from the 2 a.m. to

6 a.m. period, it is believed that Figure 2.6 illustrates defrost/standby

behavior unaffected by consumer demand.
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FIGURE 2.6. Standby/Defrost Load Shapes for Site 356

Figure 2.7 illustrates essentially the same type of behavior, with
the exception that cool down occurs more frequently, and requires less
energy per cool down. The first step of the defrost cycle uses over 50%
more energy in a 5-min period than a typical cooldown cycle does. The
standby period of the defrost cycle uses no energy, and the cooldown part
of the defrost cycle appears to be combined with a typical cooldown cycle
that follows less than 5-min later,
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FIGURE 2.7. Standby/Défkost Load Shapes for Site 113

In an attempt to determine defrost frequency from 5-min data, we tested
the peak consumption associated with the first step of the defrost cycie.
Of the 11 sites tested, one had an exact 8-hour defrost interval, one had
too much missing data, and three sites did not have discernable defrost
peaks. The distribution of the defrost intervals for the other six sites is
presented in Figure 2.8. For the middle two sites (one is the freezer), the
distributions vary widely, suggesting that defrost control is by sensor. For
the other four sites, the apparent defrost frequency suggests that defrost
frequency is controlled by a timer.
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FIGURE 2.8. Defrost Cycle Intervals for Refrigerators and a Freezer

Using defrost frequency information and load shapes of individual defrost
freguency is controlled by a timer.

Using defrost frequency information and Toad shapes of individual defrost
events, it may be possible to characterize refrigerator performance--including
air infiltration rates and compressor performance degradation with time. This
information could be used to alert consumers when refrigerator/freezer
maintenance is necessary.

































































































































