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ABSTRACT

In April 1997 the U.S. Department of Energy (DOE)
promulgated the third refrigerator-freezer standard in a series
dating back to 1990. The standard, which takes effect in July
2001, requires manufacturers to reduce energy consumprion
by an average of 30%, compared to 1993 models, In addition,
global concerns over greenhouse gases have prompied the
elimination of hydrochlorofluorocarbon R-141b, used as a
foam blowing agent in refrigerator cabinet insulation, by
January 2003. The leading replacement candidate at this time,
hydrafluorocarbon R-245a, is expected to have a minimal
impact on energy consumption. However, should it fail to be a
viable candidate due 10 toxicity or other concerns, additional
replacements, such as cyclopentane or hvdrofluorocarbons
R-134a or R-134, would result in energy penaliies ranging
Sfrom 8% to 12%. These potential penalties, coupled with the
200! standard, would require appliance manufacturers to
reduce energy consumption approximately 40% in the next five
years.

In response to efforts to reduce refrigerator-freezer energy
consumption, several design oprions based on using a ground-
source heat exchanger as a means of rejecting heat from the
cabinet and condenser were investigated for improving the
energy efficiency of a 15.5 ft' (440 L) domestic refrigerator-
freezer. The options included ( 1) a cooling circuit throughout
the cabinet to reduce the cabinet heat gain, (2) a liguid-cooled
condenser and smaller compressor, and (3) a secondary cool-
tng circuirinthe fresh food section during winter aperation. An
additional option, increasing the cabinet volume by reducing
the insulation thickness, was also investigated as a means of
reducing costs. This was accomplished by using the cooling
circuit to maintain the same cabinet hear gain as for the orig-
inal baseline cabinet rather than reduce energy consumpition.
The modeled results for all the options show that the energy
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consumption could be reduced by 24.0% witha cabinet cooling
circuit, 40.4% with the addition of a liguid-cooled condenser
and smaller compressor, and 51.1% from wtilizing a fresh food
eooling circuit during winter aperation. Modeling simulations
also show that the cabinet volume could be increased by 2.4 f 1
(70 L), a 15.3% increase, by utilizing the cabinet cooling
circuit to reduce the insulation thickness rather than reduce
energy consumption. These improvements do not account for
the pumping power required for circulating the coolant. In
addition to the modeling exercise, a laboratory prototype was
fabricated and tested 1o experimentally verify the energy
consumption afa unit witha cabinet cooling circuit, The result-
ing energy consumption was 1.35 kWhid, a substantial energy-
efficiency improvement of 24.0% compared 1o the 1997 model
baseline unit (1,78 kWh/d). Abbreviated rest results with the
addition af a liquid-cooled condenser and smaller compressor
show a savings of 39.9% (1.07 kWhid).

INTRODUCTION

Following the release of scientific data from the United
Nations Environmental Programme and the World Meteore-
logical Orgamization showing carbon dioxide to be the main
contributor to increased global warming (UNEP 1991), atten-
tion was focused on greenhouse gases and their damaging
effects on the gtmosphere. At a recent meeting of the parties in
Kyoto, Japan, an agreement was reached to limit the produc-
tion of greenhouse gases to 7% below 1990 production levels
starting in 2008 (USA Taday 1997), For domestic refrigerator-
freezers operating on alternative refrigerants such as hydro-
Muorocarbon R-134a, the indirect contribution from the
energy consumption of the unit 15 npproximately one hundred
tumes greater than the direct contribution of the refrigerant
alone. Moreover, approximately 62 million new units are
manufactured worldwide each year and hundreds of millions
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are currently in use (UNEP 1995), It is anticipated that the
production of refrigerator-freezers will substantially increase
in the near future as the result of an increased demand, espe-
cially n certain developing, countries where growth is
expected 1o be on the order of 10% to 15% per year for the next
few years. In response to global concerns o limit greenhouse
gasES, efforts are being made to produce refrigerator-freezers
with low energy consumption (Fischer et al. 1991).

In addition to the concerns of the global community over
greenhouse emissions, refrigerntor-freezers are also required
o meet certain minimum energy-efficiency standards set up
by the U. S. Congress under the National Appliance Energy
Conservation Act (NAECA) and administered by the U.S.
pepartment of Energy (DOE) (NAECA 1987). The initial
standards went into effect January 1, 1990, and had one revi-
sion in 1993 that resulted in 8 cumulative 40% reduction in
energy consumption. In the next revision, scheduled for
implementation in July 2001, the standards will require an
additional 30% reduction in energy consumption (Appliance
1997b). A historical chart showing actual and projected
improvements in the electrical energy use of refrigerator-
freezers is shown in Figure |

Customer expectations and compelitive pressures impose
an unwritten set of constraints on refrigerator-freczers
produced in the United States. The excellent charactenstics of
chlerofluorocarbon R-12 and s use over a fifty-year period
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resulted in highly efficient and reliable refrigeration system
components (UNEP 1991). Studies have shown that refriger-
ator-freezers give satisfactory performance for approximately
13 vears on average (Appliance 1997a), This high degree of
reliability has caused consumers to expect long lifetimes and
trouble-free operation from refrigerator-freezers and all appli-
ances in general. Additonally, refrigerator-freezers have
become a relatively low-cost commodity item. Therefore,
increased costs associnted with efficiency improvements must
be justified on the basis of an improved environment and
lower operating cost o the consumer, Unless consumers are
motivated to spend more for efficiency, further improvements
will be hard for manufacturers to justify based on existing
market conditions. External forces, such as rebates, new sell-
ing techniques, or standards, are required to further reduce
refrigerator-freezer energy consumption from existing levels
and generate markets for high-efficiency products.

The purpase of this study is to address some of the afore-
mentioned issues by investigating the improvements in
energy efficiency that are realized from circulating a coolant
from a ground-coupled heat exchanger through a cabinet cool-
ing circuit (Figure 2) and condenser to reduce the cabinet heat
gain and refrigerant condensing temperature. In this design,
coolant flows throughout the cabinet and condenser, where it
picks up heat. The coolant then flows to a heat exchanger
buried in the ground, where it gives up the heat. Using the
ground as a heat source and sink 1o reduce energy consump-
tion has been used in residential heat pump and large commer-
cial chiller applications. Applying this same technology to a

Figure 2 Cabinet coaling circuir
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domestic refrigerator-freezer, the energy consumption of a
155 ft’ (440 L) top-mount, automatic-defrost refrigerator-
freezer was determined 10 assess potential energy savings.

A patent covering a similar invention related o this
project was initially wsued in 1994 (Schulak 1994), The orig-
inal concept was to cool the condenser by means of outside air
introduced through external ductwork. Additonal work
followed to ¢xpand the concept 1o include cooling the cabinet
ond refining the design for better control of the ouside air
(Schulak 1995, 1996), Discussions were held with DOE o
allow the externally vented refrigemator-freezer to be tested
using the 90°F (32.2°C) closed-door test procedure. Following
the discussions, DOE issued an amendment to the test proce-
dure that allowed for the testing of externally vented refriger-
ator-freezers (Federal Register 1997). The idea to incorporate
a ground-coupled heat exchanger was introduced 1o aid in
reducing the temperature fluctuations that would be encoun-
tered from using ambient air (Schulak and Horvay 1997),

MODELING ANALYSIS

A widely distributed computer model that combines a
cabinet heat load model, a refrigeration system model, and an
onfoff cycling algorithm was used to evaluate the different
options for improving energy efficiency (EPA 1993). The
model, while simple to operate, is able to accommodaie
system hardware and refrigerant changes, a feature normally
found in more empirically specific simulation models used by
appliance manufacturers. The model also enables the user to
assess the energy-saving potential of options, such as
improved door gaskets, by defining a percentage improve-
ment. A summary of the output information from the model
includes (1) cabinet heat loads in both compartments (freezer
and fresh food), (2) compressor run time, (3) power consump-
tion for the compressor, fans, and heaters, and (4) total energy
consumption. More detailed information, such as breakdowns
for the cabinet heat loads and component efficiency informa-
tion, is also svailable.

In order to take full advantage of the ground-coupled
design, the following options for the circulating coolant were
modeled as a means of improving energy consumption: (1)
reducing the cabinet heat gain by means of a cooling circuit
throughout the cabinet and doors, (2) reducing the condensing
temperature by means of a liquid-cooled condenser, and (3)
providing cooling to the fresh food section during winter oper-
ation with a secondary coolant circuit. Beginning with the

baseline umit, the design options were sequentially added
the model so that the cumulative effects of each option coulg
be accounted for. Manufacturer's specifications for cabineg
dimensions and refrigerating system components were used
as inputs to the model for the simulation calculations. In add;.
tion, the model was used to determine the insulation thickness
reduction that could be achieved by using the cooling ciregiy
to maintain the same cabinet heat gain as for the baseline cakbi.
net. Reducing the insulation thickness enabled the cabing;
volume to be increased, resulting in a potential cost savings.

Since the laboratory was not equipped to perform reverss
heat loss tests; it was necessary to model the effects of the
cooling circuit on cabinet heat gain rather than perform exper-
imental tests. This was accomplished by inputting the param-
eters that describe the cabinet and refrigeration system into the
model to determine the baseline energy consumption. Minor
adjustments were then made to some of the parameters where
uncertainty exisied to armive at an equivalent energy consump-
tion as was measured experimentally. The results, shown in
Table 1, indicate that the cabinet heat gain was 192.9 Buwh, In
order to assess the effects of the cooling circuit on reducing
the cabinet heat gain, the thermal resistivity of the foam was
increased until the modeled energy consumption matched the
result in the expenimental tesis. As shown Table 1, the cooling
circuit reduced the cabinet heat gain to 136.1 Buw'h, or 29.4%,
compared to the baseline cabinet

Next, the model was used to estimate the energy
consumption of a unit with a hiquid-cooled condenser and a
smaller compressor to determine if the energy savings
supporied additional modifications to the refrigerator-freezer.
The smaller compressor was investigated as a means of
increasing the compressor run time. From the initial experi-
mental test results with the cooling circuit, the compressor run
time was around 30% (Table 1), Low run times indicate that
the compressor is oversized, resulting in increased cycling
losses. The liguid-cooled condenser was used to lower the
refrigerant condensing temperature, thus reducing the
compressor power. The results (Table 1) show that the
changes to the refrigerator-freezer, when coupled with the
cooling circuit, would result in an energy consumption of 1,06
kWh'd, a 40.4% reduction.

Finally, the model was used to detérmine the energy
consumption of a unit with a secondary cooling circuit to
cool the fresh food compartment during the winter when
ground temperatures are below 45°F (7.2°C). The approach

TABLE 1
Modeling Results—Energy Savings and Cabinet Heat Gain (Cabinet and Condenser Cooling)
Case Option Cabinet Heat Gain | % Reduction Cabinet | Energy Consumption %
(Btw'h) Heat Gain (kWhiday) Energy Savings
A |Baseline 1929 — 1.78 p—
B |Cabinet w/cooling circuit 136:1 294 1.35 240
C [Case B + liquid-cooled condenser + 136:1 294 1.06 404
smaller compressor
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TABLE 2
Modeling Results—Energy Savings and Cabinet Heat Gain (Fresh Food Cooling—Winter Operation®)

prm—

Case Oiption Cabinet Heat Gain | % Reduction Cabinet | Energy Consumption %
A (Btuh) Heat Gain (kWh/day) Energy Suvings
f Baseline 1929 — 1.78 -
0 |Case B + fresh food cooling 1179 B9 k12 37
E |Case C + [resh food cooling 117.9 389 0.87 51.1

b
+Reults are average of fresh food coaling (nn montha ) and normal opermtion

to modeling this arrangement was to use high resistivities for
the insulation around the fresh food compartment so that the
heat gain was essentially zero. This simulates all of the fresh
food cooling being provided by the secondary cooling
circuit. The results in Table 2 indicate that the energy
consumption is 1.12 kWh/d (37.1% reduction) when
combined with the previous cabinet cooling circuit modifica-
tion &nd 0.87 kWhid (51.1% reduction) when all the options
are used. The results are an average of six months of normal
operation and six months with the secondary coolant circuit
operating during the winter months.

CABINET COOLING CIRCUIT FABRICATION

A 15.5 ft' (440 L) top-mount, automatic defrost refrig-
erator-freezer with a static condenser was selected as the
test platform due to scheduling difficulties that would have
been encountered with fabricating a larger cabinet at the
factory. The preference would have been a 20 to 22 fit?
(570-630 L) model with a forced-air condenser on the basis
of its popularity and corresponding high market share. With
the exception of the savings from the liquid-cooled
condenser, the results should not be significantly affected
by this selection. The ¢nergy savings with a liquid-cooled
condenser, compared 1o a forced-air model, would probably
be shghtly lower due to the improved heat transfer charac-
teristics for forced-air condensers. The label energy
consumption for the baseline unit (1.75 kWh/d) corre-
sponded to the 1993 NAECA standard for units of this size
und type. The original compressor had a capacity of 840
Buw'h with an energy efficiency ratio (EER) of 5.49.

The cooling circutt {(Figure 2) consisted of 144 in. (0.635
em) copper refrigeration tubing bent on 6 in. (15.24 cm)
eenters to form a serpentine path throughout the cabinet, The
tubing was fabricated in sections to aid in transporting to the
site. Once the sections were laid out on the inside surface of
the exterior steel cabinet, they were fastened together with
compression fittings. Aluminum tape was used to secure the
tubing 1o the inside surface and aid in heat transfer. The cool-
ing circunt for the doors (Figure 3) was assembled in a similar
manner. Penetrations for the tubing were strategically placed
0 as o not interfere with the insulation maolding apparatus
(Figure 4)

Once the cooling circuit was completed, the plastic inner
liner was put in place and the unit was sent to the insulation
Hation. The unit was inserted into the insulaton molding
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Figure 3 Door cooling circuit.

Figure 4 Insudarion molding apparats.




apparatus (Figure 4) by hand to ensure that the twbing did not
damage any of the molds and result in shutting down the
assembly line. Following the injection and expansion process
for the foam, the unit exited the insulation station and was
sent down the production line for final assembly

TEST PROCEDURE

The 90°F (32.2°C) closed-door energy consumption
test procedure as specified in section 8 of the Association of
Home Appliance Manufacturers (AHAM) Standard for
Household Refrigerators and Household Freezers (AHAM
1988} was used to quantify the effects on energy consump-
tion for the different options. The tesis were performed in an
environmental chamber with airflows and temperature fluc-
tuanons within the specifications of the AHAM standard. In
the procedure, the refrigerator-freezer is operated at two
different control settings in a 90°F = 1°F (32.2 = 0.6°C)
environmental chamber. Energy use and compartment
temperatures are measured from the onset of one defrost
cycle to the beginning of the next defrost. The test points are
then used to calculate the energy consumption over a
24-hour period based upon a reference 5°F (-15.0°C)
freezer temperature and 45°F (7.2°C) fresh food tempera-
ture, Other requirements of the test procedure are an outlet
voltage level of 11521 volt AC and an air circulation rate of
less than 50 f/min (15 m/min) in the environmental cham-
ber. The high ambient temperature, 90°F (32.2 *C) is used to
simulate the contribution of door openings and food load-
ings. Comparisons of field performance data to closed-door
test ratings indicate that the laboratory procedure is a quite
valid indication of encrgy use in field service (Meier and
Jansky 1993). Previous refrigerator-freezer tests indicale
that the test procedure with two different thermostat settings
gives a broader indication of appliance performance al
different ambients and internal operating conditions than a
single-point test (Sand et al. 1993),

EXPERIMENTAL PLAN

Initially, the unit was baseline tested (Figure 5) to deter-
mine how well the results matched the label energy consump-
tion. Since units should test very close to their label energy
consumption, the baseline testing serves two purposes: (1) it
gives an indication of the accuracy of the test facilities and (2)
it shows that the unit hasn't sustained any damage following
shipment, such as loss of refrigerant. In this particular
instance, the baseline test would also indicate if the cabiner
cooling circuit fabrication process resulted in a loss of cabinet
thermal integrity due to the twbing interrupting the flow of
insulation as it was foamed into the cabinet.

Following the baseline tests, water at 56°F (13,3°C) was
circulated through the cabinet cooling circuit to simulate a
closed-loop system with brine flowing from the cabinet to a
ground-coupled heat exchanger. The 56°F (13.3°C) tempera-
ture was selected as an average groundwater temperature for
the U, 5, Water flow rates were measured using a rotameter for
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each circuit (Figure 6). Water was provided by a well a1
constant temperature and directed to a drain afier it passed
through the cooling circuit. Thus. pumping power is noy
included in the energy consumption. In an actual production
unit, the cooling circuit would be a closed-loop system thay
would require a circulating pump. An energy penalty would
be incurred based on the time the pump ran and the amount of
coolant that was pumped.

Additional tests were performed with Y in, (1.27 em) of
polystyrene insulation added to the exterior of the cabinet
{Figure 7). The purpose of this exercise was to simulate locar-
ing the wbing 1/4 in. (0.64 cm) away from the inner cabinet
wall to reduce exterior sweating and reduce the coolant flow
requirements to achieve the desired heat gain reduction,

Prior to the final testing, the original static condenser
was replaced with a liguid-cooled model. In addition, the
compressor was replaced with a smaller capacity unit since
previous test results indicated that the compressor run times
were very low.

EXPERIMENTAL RESULTS

Energy consumplion tests were initially performed with-
out water flowing through the cooling circuit to establish the
baseline energy consumption. The results, in Table 3, show
that the energy consumption was 1.78 kWh/d, The DOE stan-
dard for a unit of this type and size 15 1.75 kWh/d. The slightly

Figure 5 Baseline cabiner energy test.
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Figure 6  Water flow rate measurement.

Figure 7 Exterior cabinet insulation
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higher energy consumption is probably the result of the tubin I
inside the refrigerator displacing some of the foam insulation.
resulting in a higher cabinet heat gain.

The second test series, with 56°F (13.3°F) water circulat-
ing through the cooling circuit at a 5°F (2.8°C) temperature
difference between the entering and exiting temperature,
reveals that the energy consumption was reduced by 24.0% 10
1.35 kWh/d (Table 3). The results also show that the compres-
sor run time is 31.5%, indicating an oversized compressor,
Low run times result in higher than normal eyvcling losses,
which, in turn, increase the energy consumption.

As previously mentioned, Y4 in. (1.27 em) insulation was
added to the exterior of the cabinet to simulate placing the
insulation 1/4 in. (0.635 cm) away from the inner wall 1o
reduce sweating and reduce the flow required to lower the
cabinet heat gain. For the test, the water flow rate was
adjusted to yield the same temperature difference as in the
previous test series with the cabinet cooling circuit. The
results for the third series of test, shown in Table 4, indicate
that the flow rate for the water circulating through the cabinet
and doors was reduced from 0.40 gal/min (1.51 L/min) to
0.25 gal/min (0.95 L/min), & 37.5% reduction. While not
shown, the energy consumption was equivalent for both
tests, as would be expected.

For the fourth test series, the static condenser was
replaced with a liquid-cooled model. In addition, the original
compressor (840 Biwh, 5.49 EER) was replaced with a lower
capacity model (344 Brwh) with a slightly lower EER. For the
tests, water entered the condenser at 56°F (13.3°C) and exited
at 62°F (16.7°C), a 6°F (3.3°C) difference. The test results in
Table 1 show that the energy consumption was 1.07 kWh/d (a
39.9% reduction). It is noted that this is an estimate based on
one cycle. The compressor failed following a defrost, which
prevented the completion of a full test series.

COST SAVINGS

It is beyond the scope of this study to determine the costs
of the changes required to incorporate a ground-coupled
design with conventional refrigerator-freezers. However,
since any design change that reduces energy consumption is
inherently more costly, ways to reduce the costs were inves-
tigated. It is recognized that the installation costs and circu-
lating pump are the two most costly items. Thus, the effort
concentrated on ways to reduce or affset their costs,

Several pump manufacturers were contacted and given
the design requirements for the circulating pump. The main
requirement was that the energy consumption fall below 10
W, given the amount of coolant circulated and the head. After
several discussions with one of the manufacturers, they indi-
cated that circulating more coolant would significantly
improve the hydraulic efficiency. Increasing the coolant flow
rate would also further reduce the cabinet heat gain and result
in even greater energy savings. Additional energy SAVINGS
would also result from replacing the present AC motor with a
brushless DC motor. Together, these improvements would
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TABLE 3
Experimental Results —Energy Consumption (Cabinet and Condenser Coaling)

Gl Option % Run | FFTemp @ |EnergyConsumption| % Energy |
Time 5°F FRZ {kWh)j Savings
Baseline 39.9 393 178 —-_ |
B Cabiner wicooling circuit 31.5 ara 135 4.0
C* |Case B + liguid-cooled condenser + smaller compressor 36.5 36.2 1.07* 399

*Estimate based on power comparison for one cycie

TAEBLE 4
Experimental Results—Water Flow Rates
Component Flow Rate (gpm)
Without With
Insulation Insulation

Cabinet o35 | o015 |
eiort 0.15 0.10
Liquid-cooled condenser 0.65 0.65
TOTAL 1.05 0.50

probably achieve the desired power draw for the pump. Other
methods that could reduce the power draw to less than 10'W
are under investigation.

An invesugation was also conducted to determine how
much the cabinet volume could be increased by using the cabi-
net cooling circuit to maintain the same heat guin as for the
baseline cabinet and reduce the insulation thickness rather
than reduce the energy consumption. Any increase in cabinet
volume could help offset the increased cost of the other design
improvemenis since consumers are willing to pay more for
larger refrigerator-freezers. Estimates of $30.00 - $35.00 per
cubic foot (retail), depending on the cabinet size and type, are
typical consumer costs. Using the mode] to perform the anal-
ysis, it was determined that a volume increase of approxi-
mately 2.4 i (a 15.5% increase) could be achieved. Similar
percentage increases could be achieved in larger cabinets.

CONCLUSIONS

Legislation in global and domestic markets to produce
environmentally safe refrigerator-freczers is becoming more
prevalent. Several major events have occurred in recent years,
such as the NAECA standards and the phaseout of hydrochlo-
roflucrocarbon R-141b, that will impact the design of refrig-
erstor-freezers for the next few years. The major impact of
these changes is that the energy consumption must be reduced
30% by July 2001, and the foam-blowing agent must be
replaced by 2003, possibly resulting in an energy penalty. The
design changes that must occur 10 achieve the required energy
savings and replace the foam-blowing agent are expecied o
increasa the cost of producing refrnigerator-freezers by $40 to
$50. These costs could double or triple by the time they reach
the consumer. Thus, there is opportunity for investigating new
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approaches to significantly reduce the energy consumption
for refrigerator-freezers.

The ground-coupled design presented in this study could
achieve energy savings up 10 51.1%, depending on the
options. Even without fresh-food cooling, which could only
be utilized in northern climates, the energy savings was
40.4%. It 1s noted that these savings would be decreased when
pumping power is included. However, assuming the worst
case, where the pump power is 10 W, the savings would stjll
be 37.5% with fresh-food cooling and 27.0% without. Other
methods for circulating the coolant that would result in a
lower encrgy penalty are under investigation.

Several ideas were investigated for reducing or offsetting
the costs of the design. The idea with the greatest memnt
involved increasing the cabinet volume by using the cabinet
eooling circuit to maintain the same heat gain as for the base
case and reducing the insulation thickness. The resulting
increase in cabinet volume was 15.5%. While this approach
reduced the energy savings, it i possible to achieve both
energy savings and increased cabinet volume by increasing
the waier flow rate.

CLOSING REMARKS

American manufacturers of domestic refrigerator-freez-
ers have established an enviable record of consistent improve-
ments in the energy efficiency of their product. Widespread
use of this appliance as a result of its efficiency, convenience,
and reliable performance have made it a target for additional
refinement. However, the margins for improving performance
are reaching a point of diminishing retuns. Switching to 2
design that performs well in standardized energy-consump-
tion tests but sacrifices many of the convenient and depend-
able features of this essential appliance would be a mistake for
an established industry.

Clearly, there is a rationale for retaining many familiar
aspects of a product design that has been refined and used for
30 years, However, some changes are needed to further reduce
energy consumption and produce appliances that are more
environmentally acceplable. The ground-coupled design
could have a significant effect on the energy use of refrigers
tor-freezers. However, the increased unit hardware cost must
be determined for the design. In addition, since consumers
have come to expect a long life from their appliances, the teli-
ability of the new design must also be determined.
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