
The Effect of New Priorities and New Materials on Residential
Refrigerator Design

nOr1nas f~

!nc:reaLSllJljz energy-efficiency combined with environmental have resulted in
designs for domestic refrigerators that new thermal materials $ The first series of
tests of these materials have been sufficiently promising that of vacuum insulations is
within the next several years $ Initial designs win probably use a combination of vacuum insulations and
foam; in future major parts consolidation will be possible structural and other characteris
tics of the new panel assembliess

Given of the thermal to costs, energy use
retn~:er~ltOJrS could be greatly reduced; refrigerators could lose their as a in
residential energy-uses Possible forms in which these new materials will be used are dlSCU~;Se(j'l ITLC!UlClU12

alternatives for composite and for and C!UJratJiHuy

Introduction

are deltnaJUdlng

As shown in 1, electrical loads per 'f"~1"'M o~'t"~t'ru"

vary C011S1c:teraOllY around the world. In the United States
ren:lge:rat()f-rree;zers are 20 1]
rern2ieratea volume on the to other
de"el()oe:d. ...".., ,""'IJ .. where both 1l"{.:lhTrt (l',p.r~rn1'"

12 1] on the and energy ern,CleJncy
moderate. In countries
smaner 7 and very often ~.anVI~;-(U10r

and their energy lo'w . '''',..is,,,",, " .... .0. ....

available.

!l..f ,Ql.1r".,; ~r,Ql.~tf.lIlf"n~ energy use is Q:r()WllnQ at an accelerated rate
in countriese reductions that have
been in where market
saturation can be over 120% of the can be
aU1JH(~ate~a in those countriess But the n~t"-I!n!H

could be more than offset increased use in ae~vel'OnJLnQ:

........................................'... , without better transfer of the tech
nOJlO2::leS$ In consumer markets

't"l-"'i(lah'\J'l-"'hT inefficient

Yet the refrigerator such a
ImlorOIVelrnelt11 in the standard that the consumer has
little incentive to reduce energy use. newer

may not be

There are about 125 minion retn2erators, or
combination retr12era,tO!'/trleez;ers a referred to
here as rerng1erators) in the United Statess In the average

are the consumer of electrical energy $

use 20%-25%, or more than 170 billion of
the total electric load in the residential sector--an amount

to the entire of about 20 baseload power
each rated at 1000 MW and HO'U$Z.nto,n

Importance of Refrigerator

In other industrialized also
consume considerable amounts of In

in electrical demand is
of electrical and

distribution As electrical lines are extended to
reSllC!t~nc:es'9 n~tt~fl'1C! of use follow those seen in
industrialized countries The lessons learned in
the current of en~~r,g:y-errl(~lellt rt~Ir]l2e:rat1Drs

could have international consequences. For eX~lmJ>le,

which no in
made more than 8 minion in with further increases
p13LDnecL India that consumer use wiU grow from
a current market saturation of 4% to 60%
2015 a with 250 million nOl1SejtlOlc1S)~
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of dvanced

we examine the drivers for
design and discuss insulation

as a

nalysis

In the
a.dvanced
altemativess

In the United States, consumers demanded improved
apJ:»Ua:D.ce efficiency after the 1970s oil price shockss In
response, industry reduced the annual energy use of
refrigerator-freezers from an average of 1700 kWh in
1972 to 1200 kWh by 1980 199O)s Since 1980,

and have agreed on an acceptable
schedule for further reductions, codified most recently in
the National Appliance Conservation Act

,A""-"-"'_AJ>.'l UsSs DOE 1989)s

Potter While not the for
significant energy reductions obtainable through cycle

and other it is clear that
insulation can be one of the most determinants
of energy uses

of the electrical
the thermal
reEllarIDD..2; load is caused
JJ::.u.-,,n.V"'-''l which also have
from defrost or antisweat
lmt')ro'vpn insulation nt:l>'ll'·t'n'il"'"M"II01nt"'\~

g.Jt.,..".Il.AAJl.!~VIMl..lUlIf,. overall energy
on the chiller ~ut'~~v~~terrL

The observation that insulation values have not
been on a life-cycle or societal basis has been
made often for example, Potter and Christensen

Potter, Benson and Smith Potter and Benson
Calculations have also been published that show the

benefits of levels and
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NAECA regulations require that annual energy use of the
baseline refrigerator-freezer unit be further reduced to
950 kWh by 1990 and to 700 kWh by 1993. Figure 2
shows recent energy-use reductions and progress antici
pated under the NAECA. Reductions are expected to con
tinue as improved technologies become practicable.
Proposed financial incentives for manufacturers, which are
supported by many organizations including the U.S.
Environmental Protection Agency (EPA, Hoffman 1990)
might also contribute to reduced energy use.

According to oplDlon ventured by a wide range of
industry observers, the 1993 NAECA standards can be
met without resorting to vacuum insulations. A range of
other technical "fixes, ff such as improved compressor
efficiencies and alternative operating cycles, will reduce
energy use to below the required level (which may be
approximately 20% below the current average). However,
these same observers, speaking confidentially, predict that
vacuum insulation sidewalls will be offered as early as
1995-1996 on limited lines, in early anticipation of
broader use by 1998.

2000

1

1

California
Standard

,
d
~ (6)

2~ Actual and Reductions in UeSe Refrigerator Use Over a 30-Year Period, Normalized to a 20-Cubic-
Foot (Adjusted Top-Mount Rifrigerator-Freezer. Based on shipment-weighted energy ratings from 1972 through
1990 2--AllAltf 1991)" The range projectedfor 1993 assumed peiforrrtLJnce as much as 50 kWhlyr, on the
average, better than the 1993 standard level (3--[7]). The dotted line at 1996-1996 represents the energy level encouraged

the lIGolden Carrots" incentives [3]. The vertical dashed line in 1998 indicates the effective year for the next standard
not the level itself, which will be determined in about 1995 based on innovations then considered to be "technologi-

rea,SlOle. " One projection for 1998 assumed no further change from 1993 than incorporation of evacuated insulation
1991). Another projectionfor 1998 assumed a variety oftechnologies and incentives (5--Hoffman 1990) A

1998 assumed implementation ofspecific refrigerator modifications (6--Goldstein et al. 1990)"
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If these estimates of market readiness are accurate, the
NAECA regulations for energy efficiency of 1998 models
(to be compiled in 1995) may reflect the technical feasi-

and cost effectiveness of vacuum insulations. This
determination result in the reduction of
refrigerator energy use to a relatively insignificant level by
the end of the decade, as shown by the lower values in

2.

These vacuum insulation concepts, several of which
"H1'·1"'p.~athl are considered fOf use, can
easily be their envelope and filler
materials.

on The gas-
impermeable envelopes can consist ofpolymerfilms, metal
foils, or thicker sheet metal. The of thin

films and foUs in other thermal
indicates that may be suitable as vacuum-

en,rel<)Des. l\iiarlutactUf]ln~ ease and expense may not
be a because the material is wen characterized
and in current wide use. reliable and long-
term gas are technical issues now
examined.

possible step involves a change in cycle vVA.I.".a.'-.I'.l", especially
with regard to the defrost functione

With experience as a guide, the elimination of a
defrost cycle could possibly reduce refrigerator-freezer
energy use by 15% to 20% (from a 1990 base [6]),
depending on success in removing sources of excess
moisture from the frozen-food section, where frost can
affect chiller coil performance 0 Waste-heat regenerated
desiccants could be used for removing this moisture [4] 6

After the defrost cycle energy reductions, further savings
may come by the interface between the
erator and its thermal environmenL Better use of appro-

outside and radiant heat sinks via a
through-the-wall heat or heat pipe-based
(as sold with one line of extremely high
.a1"1"'11 I""dI 4:1>n"'''il units could reduce energy use (tlI'ac~~ett

Further net household energy reduction would also
be to this point if
a better use could be found for the heat the
appliancee This has been suggested in some ffintegrated

where waste heat from the
erator is intended for domestic water.

1IIIWI1Il'llU7e"'l1>IIIl"1I3 Environmental

In addition to energy which has been the main
driver toward ImDr()Ve~m~~nts .. environmental concerns are
now lIrnnn,l"'t~1i"'8t considerations in new ~,Ql,1"-r1In,Ql,~ot'n'll"

environmental concern was related to the
manufacture and of and in par
ticular to the immediate and lifetime losses of chloro-
fluorocarbons CFCs have been used as blc)Wlln2:

in fOa1:n and as the 1"'P.T·1l"10j:l>1'"~1nt nlt""\~'V"dl1l"llin

fluid. this situation has because
revised field service reduce those CFCs

emitted under some

Monolithic thin metal can be
~Clll1f"ii""1l1~'~~ to the common, all-steel vacuum
and can and If methods can
be ae,!eJ()De~a to reduce their and cost, the enve-

be used to enclose thin vacuum insulation

F'iller materials can include
spacer arrays, some cOlnbina-

these~ Materials that can be for
stre~n21tn and that combine small cell spaces with
very thermal conduction con-
vection and can fiU either of en'velonlP;_

and which can be
formulated to reduce radiative heat are appro-

work continues on low-cost and reliable
fabrication tecnn:lQUles~

Discrete spacer arrays, while not COlt11preS:Sltlle~

a limited number of contacts between ernrelc)ne

tne~relrorle" very limited solid conduction
reliable fabrication also must be f1e",el()Df;(1

this is to he 'DralctH~aL

With new the of non-CFC
chemicals with similar thermal properties holds
PfC)mJlse. Resolution of materials compatibility and
term safety questions will likely result in the increasing
use of these chemicalso win substitute for the CFCs
as foam-blowing agents and thermal

re<1luc:m~ or eliminating the direct environmental

constitute
insulationo

Given the progress to date and that in the near
further reduction in energy

use may not be Besides the Hfe-
of vacuum insulation use, another

consequences of ~p.1"1S"'1l n,~1i"<!JIi"r;,?" op~eratlO]ne

The vacuum insulations described
another non-CFC alternative for
As their cost and maLnuta(~tulrab'llllty issues are ~t:!l>C!'nl"t:!l>n
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The life-cycle problem can be, ironically, further
exacerbated by the improvement of energy efficiency if
alternative chemical blowing agents are used within an
expanded insulating polymer. An industry group has pre
dicted sidewall R-values as high as 22 (ff-F-hr/Btu) by
1993 and 32 by 1998 (Solar Energy Research Institute,
1990). For these predictions to be realized with chemical
blown insulating foams, very thick polymer walls are pre
dictable. Achieving an R32 with an R6 foam would result,
for example, in a 5-inch-thick wall of blown polymer,
wen adhered for structural reasons to the outside steel
wrapper and lined with a thermoformed polymer liner.
Recycling this "Plastic A/Plastic B/Steel ff assembly would
be difficult with existing and methodss

Research by the polymer industry is addressing the ques
tion of rigid foam with special attention to the
hundreds of thousands of tons of CFCs still trapped in
refrigerator sidewalls. Two recovery processes reported
recently include separating the foam from the metal and

panels, then either pulverizing the foam under a
solvent contained in a gas-tight container, or the
foam in a gas-tight systems The fluff is then compressed
in a high-pressure chamber, water and CFC-11.
The resulting foam powder might be bonded to form

similar to wood boards
Division 1991)s

disposal, results in close to 10 million North American
refrigerators each year that are not recycled.

The use of vacuum insulations, especially those wrapped
in steel, could lead to future recycling solutions that are
more While reasonable wall thick-
nesses, as shown in 3, they would maintain the

performance that energy-efficiency
standards demand. The first-generation solution, in which
a steel vacuum insulation is used to increase insulating
value and a foam insulation provides the famil
iar structural stiffness, may resemble Sketch C in

3. second-generation solutions could elimi-
nate possible problems with less-compatible materials by
better using the unique qualities of the steeL Such quali
ties as strength and stiffness could eliminate the need for
structural foam and possibly permit further consoli
dation by substituting for some or all of the exterior shell
of some refrigerators, as shown schematically in Sketch D
of Figure 3.

In either of the steel vacuum insulation cases above, the
design solutions allow a thin sandwich sidewall of
superior insulating with inside (food-quality) liner
and outside (appearance) shell made of

Other indirect environmental effects of wasteful refrigera
tor energy use abound. There appears to be an increas
ingly clear relation between power generation and global
warming (Flavin and Lenssen 1990). From a regional per
spective, utility planners in developing countries can see
how growing electricity demand also worsens local air
quality (Sathaye and Ketoff 1990) while undermining
power grid reliability (Meyers et ale 1990). This results in
power shortages in the critical commercial and industrial,
sectors (Jones et at 1988) and increasing capital drain for
power plant construction (Fickett et al. 1990).

they may substitute for some or an of the insulating foam
now used in refrigerators. In either case, the ultimate
environmentally safe operation of advanced refrigerators,
at least without consideration of the indirect effects of
electricity use, will thus be ensured. Continued reduction
of refrigerator electric energy use will reduce those
indirect effects.

"'ver",~ mOT Cycle
Consequencese Until recently the question of

refrigerator life-cycle design has most often been
encountered only when energy-efficiency have
been considered. In these analyses, the question was

What is reasonable to consider for the of
a new feature? Less than a year, as
aPJ)arc~ntjlV demanded the consumer? Or over its life-

which could be less than the lifetime of the
built to it with Or somewhere in

between? In this section we the UTP_t"'{l'f'tmp,. Quc~st],on

energy alone and also consider the recyclability of
the itself9

This nre:,-cveBB driver has two '~~'I"n<Ol1ll~T elements:

(1) number of the 32
minion 2.8 million dis-
carded each year in the United States This
land-fill burden looms in restrictions

for the of
i"nii...,.'Ii'u'll-g'l,rdI' the lead of COnn(~t]lcut.. l\i1mne~~ota .. Wisconsin,

could pro~1lltlllt their dlS1Dosal in landfills

(2) are not now to be dis-
or materials that could be recycled

cannot be from other materialss For
exalmt:)1e~ the sidewall is made of a thermoformed

inner liner and a prepainted metal outer shell,
mamt:am:mg a between them fined with expanded
poJlvuretJtlanle foam. The presence of these three noncom

~.""""Jl.A".A'~., which also are not easily separable at
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Base Case

R 24

Wall gains: 100 Bluth
Annual kWh: 872
Volume: 22.8

kWh/U3/year: 38.2

R

Wall gains: 100
Annual kWh: 872
Volume: 20

kWh/U3/year:

R 24

Wan gains: i 00 Blu/h
Annual kWh:
Volume: 18.1

50

6

Wall gains: 150
kWh: 1000
: 20

30 To-Scale Comparison of Optionsfor Increasing Insulating Peiformance ofRefrigerator Sidewalls. The insulating
value offoam is assumed to be R8 in an inch; a hypothetical mid-peiformance-range vacuum insulation is assumed with an
lnS'Ul'll114~J? value in 0.25 inch.

t'ec:vcllablle D~JIV]l11er'S. The would be filled with the
steel vacuum insulation composed of
60%-100% or "pre-cycled," steel content), with
or without additional foam 4 is
sketch of one version of the .... _.,..'''''''O'll'''''~

standards, is the increasing influence of an ethic that
encourages the purchase of refrigerators and other
products that are more environmentally benign, even
though may be more expensive (Udall and
1990).

Many electric utility companies, acting on their identifi
cation of refrigerator electric loads as cost-effectively
controllable from a systems perspective, offer a range of
incentives for energy efficiency (EPRI 1987; Mataloll and
DeVitto 1991). These incentives, aimed at purchasers of
high-efficiency units, are mostly rebate programs that
partly or completely offset extra consumer costs of
improved models. Actively improving refrigerator effi
ciency with new non-CFC technologies can reduce major
uncertainties about future electric energy and demand
levels (Joyner 1989) by reducing an obvious component of
residential consumptions

Improved Performance of

A number of market factors now encourage the use of
better insulation in refrigeratorse Perhaps the most

in the United beyond efficiency

This sandwich can be easily dismantled at disposal, with
the selected for 100% reuse and
the steel insulation also back for 100% reuse in
another as a vacuum insulation,
or, after as any steel product),

2" 18 .., Benson and Potter



The compactness and probable durability of the steel
vacuum insulations may also make them useful as portable
retrofits. Initial plications could be around refrigerators,
where shorter compressor run-time could be expected.

foundations and from joint-venture private-sector interests
that anticipate an expanding international market for
improved refrigerator technologies. Governments will also
help by purchasing energy-efficient models, strengthening
standards, instituting testing and labeling programs, and
negotiating with manufacturers for improved designs,
components, and operating characteristics.

Vacuum insulations may be useful in appliances such as
domestic water heaters, where utility demand-side control
can use distributed thermal storage as an energy "peak
leveler" and "valley finer .. " Such a scheme is more practi
cal if the capacity for storage is large and the off-cycle
losses are very low because of increased insulation levels.
Yet larger water heaters, a natural result of both con
siderations, can be a problem with regards to delivery and
siting within the building. The more compact vacuum
insulations could provide increased thermal insulation,
while allowing increased volume within the same outside
dimensions, a desirable outcome for utility demand-side
management.

pplicationsppliancether

Rear extrusion_-------NI
'1

~

4~ Detailed Sketch of Composite Refrigerator Wall
Using Steel Vacuum Insulation. In this first-generation
design, foam -is retained mainly for structural purposes; it
also insulates around the edges of early steel insulation
panels, identified above as "CVl" (compact vacuum insu
I-U""VHJIUfA'toJc;U on Fitch Richardson/Smith 1991 and [8J).

Molded thermoplastic
foam with molded-
in air channels

ckno ledgements

onclusions

Popular and institutional support is growing for improve
ments in the energy efficiency and environmental impact
of household refrigerators. Technical and practical
challenges face the developers of a number of vacuum
insulation alternatives that promise to deliver the required
performance improvements without CFCs. Accelerated
COltnDlerlclal1zati()n, however, may require increased atten
tion and assistance by and industry; it is
Dal~tlcUla.rlV important, for example, to improve and vali
date cost effectiveness so that these approaches win be
broadly acceptable" Several of the vacuum insulation
approaches will be on the market in several years; with
continued optimization of their use, energy efficiency of
refrigerators will become a much less serious conservation
issue, and currently significant environmental impacts will
be reduced.

rfhe "Golden Carrots ff concept affects manufacturers even
more This of incentive program proposes

4. Detailed Sketch of Composite Refrigerator Wall
Steel Vacuum Insulation. In this first-generation
foam is retained for structural purposes; it

also insulates around the of early steel insulation
identified above as neVI" vacuum insu-

on Fitch Richardson/Smith 1991 and [8]).

that utilities and other interested contribute to a
fund that can be distributed among manufac-
turers whose surpass the energy-efficiency

of NAECA. An earlier precedent-setting
program in Sweden--wmch with effi
ciencies 30%-40 % better than the best then on the
markt~t--;ap!)ar~~ntjlv was successful 1990). A large
west-coast started a similar program in the United

and other contributions should bring the fund to
between and million within a short period of time

In de'velionlln~ "nl·n·"lJt1i....~Q is more likely to come
from international interests like the U.S. Agency
for International vevel0Plmelrlt programs and phll1aJ.1ltlU·OP:IC

This work was supported by the Assistant Secretary for
Conservation and Renewable U.s. Department of

Office of Technologies, under
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