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ABSTRACT

Energy efficiency, environmental issues, and market incentives all encourage
government and industry to continue work on thin-profile vacuum insulations for
domestic refrigerators and freezers (R/Fs). Vacuum insulations promise significant
improvement in thermal savings over current insulations; the techaical objective of
one design is an R-value of better than 10 (hr-i_-F/Btu) in 0.1 in. thickness. If
performance is improved by a factor of 10 over that of CFC-blown insulating foams,
the new insulations (made without CFCs or other potentially troublesome fill gases)
will change the design and improve the efficiency of refrigerators. Such changes wt1
meet the conservation, regulatory, and market drivers now strong in developed
countries and likely to increase in developing countries. Prototypes ef various designs
have been tested in the laboratory and in factories, and results to date confirm the
good thermal performance of these thin-profile alternatives. The next step is to resolve
issues of reliability and cost effectiveness.

INTRODUCTION

beeaaSe of important environmental and ?,Interest in energy conservation is widespread ' "'
economic factors, including the threat of global _varming and energy insecurity caused ' ;
by wasteful energy use. Household refrigerators and freezers (R/Fs) Lnsulated with ,
CFC-blown foam use considerable electricity. These insula:hag systems, and the
appliances that use them, have become more efficient and still are improving
incrementally. However, a number of innovative vacuum-insulation concepts now
being developed can provide very large reductions of unwanted thermal transfer.
These new insulations are likely to greatly improve the energy-efficient design and
operation of household R/Fs over the next cen years,with little or no loss of utility or
cost increase. These benefits may result from studies now under way in the design and
fabrication cf vacuum insulations, which promise to improve energy efficiency, reduce
negative envi.ronmental impacts, and increase consumer utility of the household R/F.

This paper reviews tl-.e background for such technical developments, describes
applications for vacuum insulations in the appliance market, and conside_ the current
status of several promising technologies. Designs of a!temative refrigerator sidewalls
that these technologies may enable are also discussed.

Please see la.stpage for S.I. conversicns.
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Figure 1. Average residential electricity use in the United States, Brazil, and three
industrialized countries, showing great similarities in end.use distribution. OECD
(Organization of Economic Cooperation and Development) average is the mean of
national averages from France, Italy, and Japan. (Reddy and Goldemberg 1990;
Schipper and Meyers 1989)

Si z_nificance of Refrigerator Energ3, Use

There are about 125 million refrigerators and freezers in the United States. In the

average home, they now are the largest consumers of electrical energy. They use

20%--25%, or more than 170 billion kilowatt hours per year, of the total electric load
in the residential sectorman amount equal to the entire output of about 20 baseload
power plants rated at 1000 MW each (Shepard and Houghton 1990). In other

industrialized countries, as well, R/Fs consume considerable power.

In rapidly developing countries, growth in electrical demand is outstripping the
capacity of electrical distribution systems. As electrical lines axe extended to

residences, electricity use assumes shapes remarkably like those seen in industrialized

countries, where refrigeration is a major contributor (Figure 1).

As shown in Figure 1, electrical loads per refrigerator vary considerably around the
world. In the United States RfFs are quite large (about 20 _ [560 1] refrigerated

volume on average), but they are consuming less electricity per unit volume as
energy-efficiency standards become increasingly stringent. In other developed

" countries both R/F size (perhaps 12 _ [340 1] on average) and energy efficiency are

moderate. In developing countries R/Fs are smaller (7 _ [200 1]), very often single-
" door, and their energy efficiency is relatively low (Meyers et al. 1990).

Reasons to improve RfF effici_'ncy vary worldwide. In the United States, consumers

demanded improved efficiency after the 1970s oil shocks. In response, industry

" reduced annual energ3, use of Rff:s from an average of 1700 kWh in 1972 to 1200

kwh by 1980 (AHAM 1990). Since 1980 industry and government have agreed on
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Figure 2. Actual and projected reductions in U.S. refrigerator energy use over a 30-year
period, normalized to a 20.cubic.foot top.mount refrigeratorfreezer. Based on shipment-
weighted energy ratings from 1972 through 1989 (1--AHAM 1990). The projection for
1990 assumed little change from 1989 (2--Turiel 1991). The range projected for 1993
assumed performance as much as 50 kWh/yr, on average, better than the 1993 standard
level (3--Schulz 1991). The vertical dashed line in 1998 indicates the effective year for
the next standard level, not the level itself, which will be determined in about 1995
based on innovations then considered to be "technologically feasible." One projection

for 1998 assumed no further changes from 1993 than incorporation of evacuated panels
(2--Turiel 1991). Another projection for 1998 assumed a variety of technologies and
incentives (4--Hoffman 1990). A third projection for 1998 assumed implementation of
specortc refrigerator modifications (5-.-Goldstein et aL 1990).

an acceptable schedule for further reductions, codified in the National Appliance
Energy Conservation Act (NAECA) (U.S. DOE 1989). NAECA regulations require

that annual energy use of the baseline R/F unit be further reduced to 950 kWh by

1990 and to 700 kwh by 1993. Figure 2 shows recent reductions and progress
anticipated under NAECA. Reductions are expected to continue as improved
technologies become practicable and because of f'mancial incentives for manufacturers

that have been proposed by electric utilities and supported by many, including the

U.S. Environmental Protection Agency (EPA) (Hoffman 1990).

Environmental concerns are also gaining increased momentum in other industrialized

countries, where similar energy-use reductions probably will be required. This
movement will be given additional impetus by the strong international ties m'a.intained
by several U.S. manufacturers.

In developing countries, reducing the energy use of refrigerators is problematic,

especially given the rapid acceleration toward market saturation. This appliance

provides such a great improvement in the living star_dard, and is so relatively

inexpensive to operate (especi',lly if the electric pow'r is subsidized), that the
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consumer has little incentive to reduce energy use. Additionally, older, less-efficient
designs are common (Meyers et al. 1990), as are units manufactured by local
companies not bound by energy-efficiency guidelines. Fin'ally, newer, energy-
conserving technologies may not be readily available.

Although it may take longer in developing countries, prudent planners there also may
impose tighter standards to discourage wasteful household energy use. q hey may
recognize the increasingly clear relation between electricity use, which can be con-
trolled, and global warming (Flavin and Lenssen 1990). Closer to home, utility plan
ners can see how growing demand also worsens air quality (Sathaye and Ketoff 1990),
undermines power grid reliability (Meyers et al. 1990), threatens power shortages in
the critical commercial and industrial sectors (Jones et al. 1988), and increases capital
drain for power plant construction (Fickett, Gellings, and Lovins 1990).

Levels of energy use and the motivation to reduce those levels both vary greatiy
worldwide. However, the refrigerator is now, or will become, a likely focus of energy-
conservation action in both developed and developing countries. Energy-efficiency
standards, incentives to manufacturers, and consumer requirements all will play a role.

Importance of Thermal Insulation

Contrary to popular opinion, the energy use of a household refrigerator is not closely
related to how often the door is opened or to the amount of food inside. Rather,
between 70% (Kirby 1990) and 95% (Benecke 1988) of the electrical load, depending
on model and size, is directly related to the thermal performance of the insulated shell.
The remaining load is caused mainly by thermal gains through gaskets and from
defrost or anti-sweat heaters. For that reason, improved insulation performance by
itself can bring about significant overall energy savings by lowering the demand on
the chiller subsystem. The following three insulation strategies can reduce energy use:

(1) The thickness (and thus thermal resistance) of a current R_ sidewall insulation
can be increased. An advantage of this method is working with known, or related non-
CFC, insulation technologies. Disadvantages include the expense of retoohng
manufacturing lines, undesirable characteristics of alternative foam-expanding gases,
and shght loss in consumer utility because of increased exterior or decreased interior
dimensions. This option is considered a last resort for manufacturers because 70% of
U.S. purchesers need replacement units to fit an existing space (Leaversuch 1990).

(2) The thermal resistance of a sidewall, but not its thickness, can be increased by
replacing some of the current insulation with a better insulator. An advantage is that
little or no retoohng would be required; a disadvantage is the risk associated with the
unknowns of a new technology. However, given that the well-known CFC foam-
blowing agents will soon be unavailable, it's clear that one new technology or another
will result (Smoluk 1990).

(3) A sidew',dl's thermal resistance can be matched or increased, and its thickness
decreased, by completely replacing current insulation with a much better insulator.
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Figure 3. Comparison of options for increasing insulating performance of refrigerator
sidewalls. The insulating value of foam is assumed to be R8 in an inch; a hypothetical
mid-range vacuum insulation is assumed with an insulating value of RlO in 0.25 inch.

Advantages are that the interior volume thus created is saleable, and energy efficiency
also could improve. Possible disadvantages again include retooling costs and the

manufacturing and warranty risks of a novel technology.

Figure 3 kllustrates these options and indicates the significant improvement in thermal
performance that advanced insulanon can contribute. It also demonstrates another

effect of compact insulation on refrigerator efficiency (calculated as the energy used
per unit of chilled volume): it increases the denominator (volume) of the ratio kWtdft 3,

requiring less energy improvement in the numerator to satisfy energy-efficiency
standards.

Support for Improved Performance of R/Fs

A number of market factors now encourage the use of better insulation. Perhaps the

most pervasive in the United States, beyond efficiency standards, is the increasing
influence of an ethic that encourages people to buy refrigerators and other items that

are more environmentally beni ma even though the3' may be more expensive (Udall and
Harvey 1990).

Many electric utility companies, acting on their identification of refrigerator electric

loads as controllable, offer a range of incentives for energy efficiency (EPRI 1987;
Mataloni and DeVitto 1991). These incentives, aimed at purchasers of high-efficiency
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R/Fs, are mostly rebate programs that partly or completely offset extra consumer costs
of improved models. Actively improving R/F efficiency with new non-CFC
technologies can reduce major uncertainties about flange electric energy and demand
levels (Joyner 1989) by reducing an obvious component of residential consumption.

The "golden carrots" concept affects manufacturers even more directly. This type of
incentive program proposes that utilities and other interested parties contribute to a
fund that can be distributed among RB_ manufacturers whose products exceed
NAECA energy guidelines. In 1990, a precedent-setting program in Sweden--which
sought RB=s with efficiency 30%--40% better than the best then on the
market--apparently was successful (Morrill 1990). Pacific Gas and Electric started a
program in the United States with $1 million in August 1990. Other contributions may
bring the total to between $10 and $20 million by December 1991 (Nade! 1991).

In developing countries, support is more likely to come from international public
interests like the U.S. Agency for International Development (AID) programs and
philanthropic foundations, and from joint-venture private-sector interests who
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.

DEVELOPMENT OF NEW VACUUM INSULATIONS

Heat Transfer Mechanisms

To better understand the progression of refrigerator insulation technologies, it is useful
to review briefly the principal methods of heat transfer.

' Thermal transfer by conduction depends on molecule-to-molecule energy transfer. For
example, in current fiberglass bulk insulations, solid-phase conduction is reduced by
greatly extending the thermal path: the spun glass fibers often lie perpendicular to the
flow of heat. In insulating foams the thermal path is similarly elongated through solid
material, because the polymer walls of the gas-filled ceils are relatively thin and not
in a direct Linefrom the warm to the cool side of the insulation.

Thermal transfer by convection happens when fluids (gases in col_ventional RfFs)
circulate and carry more-energetic molecules from warmer to cooler locations. In bulk
insulations volume is broken up into small ceils within which convection cannot
occur. Foam insulation operates similarly, with the added advantage that the gas
chosen for the very small ceil can be of high molecular weight and correspondingly
low thermal conductivity.

Thermal transfer by radiation depends on the temperature difference between facing
su..rfacesand the emissivity of those surfaces. Radiation is effectively reduced in bulk

: insulations by the imposition of many obstructing surfaces between the exterior warm
surface and the exterior cold surface. Interim absorption and reradiation in aLI
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directions slows thermal transfer. Foam insulation also has multiple surfaces that block
direct radiational heat transfer from the warmer to the cooler surface.

r

Alternative Advanced Thermal Insulation Desi_s

Several vacuum insulation concepts currently are being considered for refrigerator use;
they can easily be compared by examining their respective choices of envelope and
filler materi',_s.

Outside: The gas.impermeable envelopes can consist of polymer films, metal foils, or
thicker sheet metal. The performance of thin polymer films and foils in other thermal
insulation uses has suggested their application as multilayer vacuum-tight envelopes.
Manufacturing ease and expense may not be a problem because the material is

, familiar and in current wide use. Rapid, reliable joining and long-term gas
. impermeability are technical issues now being examined.

Monolithic but thin metal envelopes can be vacuum-tight (like the thicker all-steel
vacuum bottles) and can be joined rapidly and hermetically. If methods can be
developed to reduce their weight and cost, they can be widely used to enclose thin
vacuum insulation panels.

Inside: Filler materials can include layers of polymer film, gels and powders, spacer
arrays, or perhaps some combination of these. Materials that can be compressed to
be quite strong and that combine extremely small cell spaces with very long thermal
conduction paths (thereby reducing convection and conduction) can fill either type of
envelope. Powders and aerogels, which can be specially formulated to reduce radiative
heat transfer, are appropriate for this application, and work continues on low-cost and
reliable fabrication techniques.

Spacer arrays provide discrete contacts with the envelope and very limited solid
conduction paths. Rapid, reliable fabrication techniques must be developed if this
approach is to be broadly practical.

Comparison of Performance

The state of the art in designing and building insulations that incorporate these
innovative concepts is changing rapidly. Reliable methods for testing the flat, thin,
low-thermal-conductance insulations are also being developed. Thus, current
conclusions by developers and testers are necessarily tentative. However, precedent
in testing other types of insulating assemblies and some gross energy-use tests have
provided results that are accurate enou_;hto monitor progress. Sufficient information
also now exists in the literature, and from the developers themselves, to compare
current performance and future objectives of the different conceptual approaches to
vacuum insulation.

Vacuum powder insulation samples in polymer and foil laminate envelopes have
repeatedly tested at between R15 and R25 per inch (Fine 1989). Vacuum powders in
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a monolithic metal envelope also have been examined extensively, with sirnilar results
for large samples (Schilf 1990). Tests in which the powders are more opaque (opacity
further reduces thermal transfer by radiation) may show even better results.

Silica aerogel, a very low density microporous glass, in slabs, has tested under
vacuum conditions at R20 per inch of nonenclosed bulk. Within polymer film
envelopes with metal reflective layers it has tested at R15 to R16 per inch (Martin
1990). Improvements in performance are anticipated if small, oriented metal platelets
can be introduced to this or other proposed gel systems to reduce thermal radiation.

Vacuum array insulation uses discrete spacer contacts to resolve the thermal and
structural issues simultaneously. Samples, most often made in thin sections, have
tes_ed at R5 in sections whose maximum thickness is about 0.2 in. Nested samples
have tested at R10 in sections with maximum thickness of about 0.25 in. This

suggests that stacking vacuum array insulation is as effective as adding more filler to
other vacuum insulations. These tests have been of relatively small laboratory samples
(less than 0.5 m2) with guard heaters that ensured no edge losses (Benson 1990),
Thermal "short circuits" occur at the edges of all insulation designs that use
monolithic steel envelope materials; these results are especially noticeable ir_small
prototypes. Although edge designs that extend the thermal paths reduce the effect
somewhat, larger samples (greater than 1 m2; the size likely to be found ha RfFs)
probably will be necessary in most cases to resolve the issue in practical terms. The
important issue is to reduce to a reasonable minimum edge losses as a proportion of
total losses.

The rea2proof of performance is in the sidewall of a refrigerator or freezer, where the
arral_gement of panels and/or the augmentation provided by foam polymer insulation
may be sufficient to overcome the edge losses. Such practical test results are
extremely sketchy at this time, but they indicate that reasonably large vacuum array
panels, when hasta]led in advance of the foaming process, reduce the thermal transfer
through the sidewalls about as would be expected if edge effects were not appreciable
(Kirby 1990).

An additional benefit is that the metal envelope of this insulation could also serve as
the R/F's steel exterior shell. In one test of a district heating system in Berlin, the
walls of the pipe are _so the envelope wails of the vacuum insul_on (Schilf 1990).
This mechanical characteristic of vacuum insulation, in metal-envelope panel form,
could greatly simp11_ basic design and construction of energy-efficient
refrigerators--a major benefit to manufacturers and consumers in both industri',A.ized
and developing countries.

Potential for Cost Effectiveness

The practicality of these new insulations depends on thermal performance, cost added
to a R/T, and the benefit to be gained from their compacmess. Figure 4 describes the
cost that compactness may require based on the cost and performm_ce data that follow.

Total cost is often determined by adding together typical1costs of component parts and
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Figure 4. Cost of insulation compactness for flat panels, showing relationship of
relatively new polymer foams to fiberglass, displaced by the more expensive foam in
applications in which volume was highly valued. As energy-efficiency standards are

tightened, a similar move to one or more of the vacuum insulations is likely. Cost and
performance estimates are shown fe, r AJS.2 and A/S.3 to indicate only the technological
trend, the farther reaches of which are likely to find little use in appliances. (P/P:
powder.filled polymer envelope, G/P: aerogel-filled polymer envelope.P/S: powder.filled
monolithic steel envelope. A/S: spacer array within menolithic steel envelope.)

estimated costs of manufacturing. However, because all of these concepts are still

undergoing performance-improving modification, finished designs are not available
for such an exercise. Rather than speculate about current and possible future

configurations, we will use projected manufacturing costs provided by the researchers
themselves, where available. This should not be considered a comprehensive treatment

of al/possibilities, but it will al.tow comparison of cur_'ent designs.

1. Powder-filled polymer envelope (P/P). With a precipitated silica filler material,

relatively thick polymer film envelope, and uncertainty about costs for reliable filling
and sealing procedures, manufacturing costs of $1.50/_-in. are projected (Fine 1990).

Assuming reduced gas permeance of future polymers and the development of reliable
automated manufacturing methods, researchers speculate that costs will be as little as

$0.60 to $0.90/_-in. (Fine 1990; Barito 1991). With an R-value of 15 to 25 per inch

assumed, these costs translate to about $0.03 to $0.10/_ per P-,.

2. Aerogel-filled polymer envelope (G/P). With a silica aerogel slab filler mated'al,
thin polymer c,lvelope, and some uncertainty about costs for mass manufacture of the

aerogel, researchers project manufacturing costs of $2.00-$3.00/ft2-in. (Martin 1991).
Developers are reluctant to assume cost reductions beyond this value until further

production experience is gained. With an R-value of 15 assumed, this range of costs
translates to $0.13--$0.20/ft 2 per R v',:due.
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3. Powder-filled monolithic steel envelope (P/S). With a diatomaceous earth filler
material and 15-rnil stainless steel envelope, manufacturing costs of $6.25 to
$10.00/_-in. are projected. By changing the envelope material to rnild steel and
maintaining a similar manufacturing method, researchers have speculated, costs can
be as little as $4.25 to $7.50/_-in. (Merriam and Aguilar 1990; Schilf 1991). With
an R-value of 15 to 20 per inch assumed, these costs translate to $0.21-$0.67/_ per
R value. However, they are not directly comparable because they include substitution
for the inner and outer sheUs of a refrigerator.

4. Spacer array within a monolithic steel envelope (A/S). With a discrete glass
sphere spacer array within an 0.008-in.-thick stainless steel envelope, manufacturing
costs of $2.00/_ are projected. By changing the envelope material to mild steel, and
maintaining the same spacer array placement, costs of as little as $0.78/_ have been
speculated for a 0.2-in.-thick panel (Short 1990). With an R-value of 6 to 10 per panel
assumed, these costs translate to $0.08-$0.33/_ per R value.

Specific benefits of the new insulations cannot be quantified until detailed thermal
analyses are available to enable comparisons among designs, components, and
improvements. However, these statements describe the general situation:

Any one of several vacuum insulations, incorporated into existing foam refrigerator
sidewall configurations, would sufficiently decrease heat flow that this modification
alone would enable units to meet the 1993 NAECA energy-efficiency standards. No
production-line retoolhag would be necessary; the cost per appliance would be only
that for an added R10 of insulation. Assuming 40 _ of insulamble area, additional
manufacturing cost would be between $12.00 and $80.00, considering the range of
costs projected above for comparable vacuum insulations by their developers.

Alternatively, if vacuum insulation displaced all the foam in a redesigned sidewall, it
would maintain thermal integrity and create additional refrigerated volume where
insulating foam had been. The added saleable volume would offset some or aLIof any
necessary retooling expense. At $45.00/_ retail cost for refrigerated volume (reduced
in our calculations to nominally $15.00/_ manufacm_r_g cost credit), the
manufacturing cost balance could range between a net savings of about $20.00 and
a net cost of $185.00 fo_"R24 of the comparable vacuum insulations described above.

Vacuum insulation technologies must, of course, be reliable, and methods currendy
used to maintain and test vacuum levels are not adequate for some of the new designs.
Prospects for improved reliability will be erlhanced if government agencies and
industry leaders accelerate their involvement in research and testing. Such involvement
has already increased in several ways in the past year or so, particularly with the
initiation of the Appliance hadustry-Govemment CFC Replacement Consortium
(Somheil 1990).

Costs of the vacuum insulations must be better defined, and that will be possible if
development and testing are expedited at different production levels. Industry can
actively support development of the vacuum insulation _tematives by defining
practic,_l requirements and by buying and evaluating test attic!es.
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CONCLUSIONS

Popular and institutional support is growing for improvements in the energy efficiency

of household refrigerators. Government and industry are developing a number of novel

vacuum insulation approaches that can bring about reductions in energy use while
replacing CFC-blown insulating foams. These reductions could allow practical

compliance with energy-efficiency leg'islation. Technical and practical challenges face
the developers of the alternatives, and commercialization may require increased

participation by government and industry, lt is particularly important to inaprove and
vMidate cost effectiveness so that these approaches will be broadly accepted. With

industry assistance,, several of the vacuum-insulated designs could be on the market
within ten years, and energy use by refrigerators could cease to be a significant issue.
This would be a "first" for the conservation technology research effort. It would

provide far-reaching benefits to consumers and manufacturers worldwide and would

greatly reduce stress on the environment.
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S.I.CONVERSIONS

Attribute Unit Factor S.1. Unit

Thermal resistance R (hr-_-F/Btu) R (mZKW-l)

Example: R10 x 0.176 R1.76
,,,,, ,, , r, ,, ,,

Electrical energy watt-hour (Wh) Joules

Example: 170 billion kwh x 3600 6 x 10t7 Joules
,,,, ,,,, , , , ,,,

Length inch centimeter (cre)

Example: 0.2 inch x 2.54 0.508 cm
,,n ,, ,,,,,

Volume ti3 m3

Example: 20 _ x 0.028 0.57 m 3 :

NormaLized insulation cost S/WR SWm-'*K

Example: Sl/XR x 61.1 $61 Wm-'*K

Apparent thermal conductivity k (Btwfz-hr-F) ! k (Wm-_k-_)

E×ample: 8.7 Btu/ft-hr-F x 1.73 15 Wm-_k-2
,,, , , ,,,

,,




