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Ene:t:gy constn'tption in refrigerators can be reduced through the
application of a nuniber of oonservation measures e 'nlese measures may be
introducecl in many different combinations an:l in varyirrJ orde:rs, each of
'Which will result in a different cost of conse:rved enetgy. A microcarcpJ.ter
model is ccmstJ:ucted which estimates the impact of specified oonservation
measures on energy consumption an:l on initial an:l lifecycle costs. The
model is used to develop cost curves with measures ranked in oDier of
increasing marginal coste Cost curves are developed for three D:Xiels of
refrigerator/freezers an:l two freezers. They show potential savirrJs of
more than 75% of current energy use at costs that compare favorably with
current electricity prices ..

'!his paper begins with a brief description of the model's structure anc1
the calculational algorithms. Next, the cost curves -- with measures
applied in order of increasing marginal cost -- are derivede Measures are
describeci along with their associatetl incremental first costs, marginal
costs of saved ene:rgy anc1 net lifecycle cost savings @



GOI.DSTEm Err AL.
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mrnoWcrrON AND SUMMARY OF RESOLTS

Energy Use and COnservation Potential in Refrigerator and Freezers

Refrige:rators are the largest residential end user of electricity in
the united states. Department of Energy statistics shCM 18% of
residential electricity consumption going to refrigerators. l Freezers
consmne anot:her approximately 6% of residential energy consuIl'ptionGl

Numerous studies have addressed the feasibility and cost effectiveness
of particula:r energy conservation :measures or packages of :measures for
refrigerators and freeze.rse But these studies have been limited by their
consideration of particular sets of :measures, rather th.arl combining all
available conservation techrlologies for refrigerators in a least cost
orde:r.

'!his paper develops a sinlPlified model to account for the sequential
addition of a variety of energy conservation :measures0 'nle model is used
to calculate energy constm1ption, energy savings, and lifec,ycle oost,
allOW'ing a rank ordeI:"ing of these conservation options to be made~

Measures are ranked. both in terms of least cost order and in terms of the
extent of technolcgical innovation required bring eJ.1ergy saving
products into 1l.\aSS production ~

The results of this evaluation shOW'that is technically feasible and
economically beneficial to reCluce the e:nergy consurrrption of refrigerators
and freezers by as much. as 80% relative to the energy use of typical
American nodels produced. in 1985 ~ The cost of conserved. energy frc.un this
large red.uction is typically between 2 and 2$5 cents per ""kWh saved.@ This
is equivalent to a sinlPle payback period of about folJ.:l: years at U08<*
average energy prices 0

This inlPressive result occurs because many efficiency measures combine
in complementa:ry 'Ways that have not been modelled previously ~ For

1 "SUpplement to Const:rmel: Products Efficiency Standards Engineering
Analysis Document, if U~ S @ Department of Energy I DOE/CE.....0045, July 1983,
p@ 57 (revised)@



'Ibis impressive result occurs because many efficiency measures ca:nbine
in canplementary ways that have not been modelled f previously. For
example, improvements in canpressor efficiency can still produce
cost-effective savings fran a refrigerator whose insulation thickness has
been o:Ptimized. IJ.his report analyzes improvements in the efficiency of a
rnmiber of subsystems of refrigerators and freezers -- the insulation, the
door closure, the :DDtor/canpresser, and the internal heat transfer -- and
finds that si.multaneous changes in all of these systems result in cost
optimized refrigerators with much. 10W'er ene:rgy consunption than models
currently available.

Background Infonnation

Refrigerator energy ~ion has varied widely aver the past 40
years as shown in Figure 1. 2 Ene:rgy use increased steadily between 1950
and 1972, due to a ca:nbination of an inc:rease in size fran about 7 ft. 3 to
17 ft. 3 , and the addition of extra features, including automatic defI"C)St~
a tnle (SOp) freezer campa.rtJnent, as well as a 40% decrease in efficiency-'
(not illustrated in the figure).

From 1972 through 1984, the energy consuIll'tion of an average
:refrigerator dec:l by about 30% I as Califo:rnia established efficiency
regulations for re rigerators and as energy prices reversed a decades-long
decline and began to inc:rease in real tenns{$

'!he bulk of the energy savings we:re achieved sometime between 1972 and
1981; progress since 1981 has been at a slO"il 1@5% annual rate of increase
in efficiency. Califo:rnia has recently established regulations that will
require average refrigerator energy consutrg;>tion to cirop into the mid-600
k:Wh!yr: range by 1992 {$ effect these regulations is
illustrated by the dashed line in Figure 1e

Sane prog:cess towards meeting these regulatory goals is apparent. rrhe
ID.C>St efficient la:rge, t freezer refrigerator widely available in the
U*S@ late 1985 consumed about 750 k:Wh!yr:, or almost 35% less energy

2 IJ.his figure is deriVed, fran statistics fran the years 1950 to 1975,
t:akerl fran S@ Be:rman et ale "Electrical :Ene:rgy 9Onsunption in Califo:rnia:
Data COllection and Analysis", lawrence Berkeley laboratory, UerD 3847,
1976, ca:nbined with figures for 1972, 1978, and 1981-4 t:akerl fran the
"Written CCJImnents of the Association of' Hane Appliance Manufacturers to
the west Pa:Ne.-r Planning Council on the Draft 1985 Pa:Ner Plan" I 24
october 1985, Appendix 2 e

3 See Be.nnan et ale, ibide
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that the average. 4 Japanese models appear to be significantly more
efficient than this5 and. a handmade two-door partial autamatic
refrigerator designed for use with photovoltaic power systelns uses only
250 kWh/yr, based on test ratings. 6

COMPUTING THE COST CURVE FOR CONSERVATION ill REFRIGERATORS

MethodolO£{Y

'!his report examines a wide variety of teclmologies for improving
refrigerator efficiency @ It focuses on several of the most pramising of
these technologies and. quantifies the expected costs and. savings fram
incorporating them into the design of refrigerators and. freezers e All of
these measures are t.aken. fram sources whose authors projected them to be
technically and. commercially feasible for implementation within the next
5-8 years e The measures modelled would result in refrigerators and.
freezers with greater energy efficiency than current models, but with
comparable or better C011.S\.m1.e.r convenience features @

Sane of the conservation :measures analyzed in this study involve
technically straightfonvard changes the design of p:roduct~ others
require modest technological advance, or the mass-production of :measures
that may be more difficult to p:roduce in commercial p:roducts than
prototypes ($ As a result of these distinctions p the report categorizes
measures with respect to the degree of technical difficulty or innovation
required@

All of the individual measures included this paper have been
discussed the published technical literature $ Many of them were
carefully reviewed by the appliance indus during proceed.i.ngs concenring
appliance sta.nc1a:rds.

4 Whirpool model ETl7HKlM "The MOst En.ergy-Efficient
Appliances" , ican Council for an En.ergy-Efficient Economy, Washington,
OC, summer 1985 @

5 D.B0 Goldstein, "Efficient Refrigerators in Japan: A COlnpaJ:ative
SlrrVey of American and. Japanese Trends Toward En.ergy Conserving
Refrigerators", Proceedings of the 1984 summer Study on En.ergy Efficiency

~ldings, Vol. E, ACEEE, 1984.

6 See fI:Photron Inc~ Field Test Report -- The SUn Frost 17 ft3 OC
Refrigerator" and SUn Frost p:roduct literature. Available fram SUn Frost,
P@O@ Box DO, .Arcata, CA 95521@
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Definition of Measures and Models

anus study utilizes tile methods employed. by the united states
Department of Energy (DOE) in its analysis of appliance efficiency
s_.7 '!he same techniques ware employed. by tile ca.lifo:mia Energy
camnission (CEC) in its recent evaluation ofs_~8

This method begins with an hypothetical baseline :model that represents
a particular class of refrigerators or freezers @ The baseline model is
cllosen to embody tile typical size, features, energy consumption, and
technical description (size, carrponent efficiency, etc.) of a particular
:model cllosen by DOE to be representative of tile class. Engineering
changes are made to tile baseline :model, and tile cost and energy savings
resulting fran these changes are calculated. '!he extra first cost for the
changes is estimated on tile basis of additional materials, capital, and
labor costs, alor.g with 11.larkups to projected cost at tile retail level.

This analytic :method caaputes the effect of adding discrete energy
conservation measures to refrigerators and freezers 0 A measure involvas
changing a characteristic of tile product, sucll as increasing tile thennal
resistan.ce of insulation or im.P:roving tile efficiency of tile carpressor ~

Eacll measure is inc1ependent of all other measures, although the magnitude
of energy savings fran a measure will depend strongly on the
characteristics of the :model to lYhicll it is applied.@

Cost of Saved. Energy

anus study ranks conservation measures in order of increasing cost of
saved. energy and dec:reasing technological feasibility @ This leads to a
"supply CUl:Ve" for consaved. energy I in lYhicll eacll succeeding measure is
D.i()re costly than the p:revious :measure and eacll package of measures is more
rapidly available than the following package@ When a cost threshold
CO!.Tesponding to tile price of tile alte:rnative supplies of electricity is
reaclled., the opti..mum conservation level (fran a societal viewpoint)

fou.rd@

7 "COnsumer Products Efficiency S_ Engineering Analysis
Document," u~s@ Department of Energy, DOE/CE-0030, :March 1982.

8 "Technical Analysis of the Energy Conservation Potential for
Refrigerato:rs, Refrigerator/Freezers I and Freezers, Doclcet 84-AES-l" ,
P400-84-013 I ca.lifo:mia Energy camnission, August 1984 &
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The cost of conserved ene:cgy is computed llSing sta:nda.rci :methods. 9
Extra first costs for conservation measures are divided by discounted
ene:cgy savings aver the lifetime of the appliance. We employ a 3% real
discount rate, as that is the rate generally used to evaluate the cost of
ene:cgy supply alte:rnatives. 10

Classes of Products $ Each prod.uct class, as defined by :i:nd.uJ;try and
DOE, is discussed separatelye The top InOUtlt automatic defrost
refrigerator/freezer accounts for t 70% of total refrigerator sales in
the united states. 11 As a consequence, we focus :most heavily on this
class. The side freezer refrigerator represents some 15% of the ma:rket,
while partial automatic and manual defrost models share only about 10% of
the ma:rket.

Industry statistics indicate that some 40% of freezer sales are chest
freezers, 55% are manual defrost uprights, and only 5% are automatic
defrost uprights. 12 since chest and upright freezers with manual defrost
are relatively simila:r in characteristics and \.LSe (the typical
upright freezer being sold is about 20% large:r and OOnsuJ.neS 2 more
elect:t:icity than. the typical chest freezer), they are analyzed tcx;(ether
the next sectiono

calculational Methods 0 The consumption expected fran
various combinations of measures are computed using a
simplified steady state model developeci by D. Little, Inc. 13 This

9 A$ Meie:r-, J@ Wright, and AeH@
Greater Efficien - The t i

Residential Sector, unive:rsity of
COnservation in california vs

ifornia Press, 1983e

10 See 198.6 Northwest Conservation and Elect:t:ic Power Plan, Ch.@ 8,
Northwest Power Plan:ning Council, 1986, and R@ cavanagh at al, A Model
Conservation and Elect:t:ic Power Plan. for the Pacific Northweste Appen:lix

Northwest COnservation Act COalition, Seattle, WA 1982~

11 IV 1983 Ell COnsum.Ption Efficiency Data for Refrigerators,
Refrigerator/ and Freezers, " sociation of Home Applian.ce
Manufacturers, cago, Illinois, submitted to California Energy
conmtission, Docket No. 84-AES-1, July 1984~

12 Ide

13 Arthur De Little, InOe , "Development of a High Efficiency
Automatic Defrosting Refrigerator/Freezer, II ORNI/SUb-7255, 1980 I ppe 15-22 e
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model was found by its develope:r to dllplicate to excellent approximation
the results of a much :more sophisticated dynamic model e 14

Comparisons of the predictions of the steady-state model for
combinations of features such as those described in this ll8:~ were found
to agree with more detailed. dynamic simulations within 6%.15 '!his level
of accuracy is appropriate for the purposes of this pa];>er: other sources
of error, such as e degree to which the specifications of the "typicalII

prototype refrigerator a ly represent the marketu and the exten.t to
which the test procedure properly accounts for the effect of conservation
measures, greatly outweigh the potential for errors introduced. the
simulation model. Indeed, the use of a more ~lex model not be
justified. in ter.ms of a meaningful .iJrtprovement in the aceu:ta of the
results@

TECHNOIOGIES FOR ElEcrRICITY CONSERVATION: COST AND SAVDTGS RESUIJrS

'!his section presents the principal options considered., their
cost-effectiveness, and the resulting demani and savings for
different categories of refrigerators zers analyzede rrhe analyses
beg wi "baseline" models with efficiencies close the current
average for new sales@16

Effici measures are drawn from a variety of sources, including
s iance standards evaluation.. 17 Additional analysis of nore

aggressive co11SeIVation measures draws heavily on two docu:me.nts by Arthur
D@ e. 1S In addition, some straightforwa.rC1 calculations are nade
con 9 insulation effectiveness @

Top Freez tomatic Defrost Refrigerators ~ rrhe assumed voll.Jme for
this class is 17 ft3 and the baseline energy use is 1166 kWh/yr@ '!his

Energy ings Options for
Refrigerators, May 1977, pp$ 12,

156-168@

15 See erdum. to SUpplementary Comments of the Natural Resources
Defense Inc. of october 5, 1984 to the califonUa
Commission, No@ citing letter from RichaId F~ Topping to
David B@ Goldstein, 9, 1984.

16 See reference 7.

17 See references 1, 7, and. 8~

18 See references 13 and. 14 @
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figure closely follows the 1983 average e:ne:rgy use for the top freezer
class. r.Ih.e cost and. savings of the packages are presented in Table 1.

Conservation options through :Measure 5 allows the prototype to confonn
to the new minimum efficiency s_ that go into effect in Cal o:rnia
in 1992. average cost of saved e:ne:rgy (CSE) to reach this level of
~ormance is a lOVI 8 mills per kWh.

All measures 'Up to :Measure 8 are considered. "low technologies," as they
include measures that are generally available commercially in sane
refrigerators I or require small clla.nges in existing processes, or the
substitution of commercially available parts for those currently used.

lead time for inco:rporating these measures into new refrigerators is
18 to 36 :rcr:mths.

r.Ih.e measures are as follows:

o Increased compressor efficiency. Following OOE 's study, the
rressor efficiency is f t' fran 3 e 18 EER (Energy

Efficiency 10) to 3 e 65; inc:reases in compressor
efficiency are then considered.. The technolCX1Y :measures
package inc compressor effiei in.creases 'Up to an EER of
4.5 @ '!his is the most efficient compressor that was avail Ie
commercially in 1984 @ '!he f e compressor improvement saves
At'Y;n:'Cr\1 at a cost of 0 e 3 VkWh; the later neasure has cost of
saved e:ne:rgy of 1.8 centsjk.W.h.

o tter ation. r.Ih.e measures consi~.~

measures are an increase in· insulation fran
int:.ennediate of 2 as for refrigerator ca:rpa.rtment

2 e 4 es for the freezer ca:rpa.rtment. seconci level is
also considered., 2 G 5 inches for the refrigerator

:3 inches for freezer exImpa.rt:ment.
ation measures have a cost of saved of 0.8 centsjk.W.h@

o keto are a ed refrigerator and.
freezer door closures @ r.Ih.e freezer d gasket
costs 2 •2 cents sa: e:ne:rgy, 'While the fresh focxi
ca:rpa.rtment double gasket costs 701 centsfkWl:.

o ~ efficient eva· ~tor fan. and. fan motor @ The cold evaporator
coil in an. automatic ef:rost refrigerator is isola from. the
refrigerated canparb:nen.ts so that it can be heated 'Up for
de cold is conveyed fran the cold ooil to

1 fan. efficiency of th the 1OC)tor and.
low; this neasure involves upg:ra

efficiencies in straightforward. ways. The neasure is very cost
e with a cost of saved. e:ne:rgy of 1.2 oentsjk.W.h.



The full package of "10fN technology" measures -- 1 through 8
-- lowers energy consmnption to 460 kWh/yr at an average (i.e.,
rela e to the base model) of 1.4 cantsjkWh (see Table 1) e The average
CSE is based. on an annual ectricity savings of 703 kWJ:l and. an extra
first cost of $144.

Next, we look at measures of intermediate technological difficulty *

These measures are generally not available commercially in the urdted.
states at present, but have been demonstrated. in prototypes or in foreign
products 0 We estimate the lead time for incorporatin:] them into
commercial P ion to be 2 to 3 years. 'Ihree potentially cost
effective measures -- Measures 9 10 -- are presented.e

They are:

o EXte:mal fan motor. At present, the ene:rgy used by the evaporator
fan is dissipated. inside the refrigerated. voll.1lle, increasin:] the
amount of heat to be removed frau the refrigerator. This:measure
removes the fan motor from the refrigerated. voll.1lle, placin:] it
outside the insulation on the back of the refrigerator @ '!his
:measure is already e<i in serre Japanese refrigerators 1&

, since serre manacturers have presented. ten
ity concer.ns with it, this :measure is $ luded in the

in: e ate categ-o:ty @ The cost of conserved is
less than 1 cant

o :EER 5 cqrqpressor 0 '!his:measure was included in the 1983 DOE
analysis as tec'h.nically feasible; however, it is not commercially
avail Ie asa ~t manufacturers at present. The
improved compressor has been built, tested., and. incorporated. into

totype InOdels 0 19 It appears to ve:ry economical based. on
of e prrot~voe

o or ~id • t frost free refrigerat:o:rs use a
sin:]le evaporator for both e freezer compartment and.
refrigerator compartment. The evaporator provides teJn.peratures
cold enoug'h. for the freezer camparbnenti uleft-overu cold air
chills the refrigerated. foods compartment. '!his method wastes
energy dehumidifyin:] the air <?:' in the refrigerated. food
compartment, arr1 then in removin:] the excess f:rost produced. durin:]
dehumidification.

19 Re TeN son and. P.Wit Maccarthy, UResea:rch and. Development of
Erl Efficient Appliance Motor-Canpresso:cs, Ii SUb-7229 , oak Ridge
National labo:rato:ty, Sept. 1980.
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'!he dual or hybrid evaporator uses a separate cold coil in the
refrigerated. foods campartme:nt. '!his additional coil defrosts
naturally d:t.rring the off cycle when the temperature rises above 32
"F It '!his system of two evaporators is currently usec.i in many
partial automatic defrost refrigerators and was mass-produced in a
frost-free moclel for several years by Amana. Howeve:r, since it is
more expensive than other measures to achieve a similar level of
energy efficiency, it was discontinued by Amana.

'!his mea.su:re has benefits in excess of those reflected in the cost
analysis. '!he higher humidity in the refrigerated. foods
campartme:nt keeps stored food fresher. Also, the DOE test
p_ appea.:t'S to underestimate the ene:rgy savings that this
technolCJ9Y produces in real world. 20 '!his effect nay occur
because the test p_ does not include the introduction of
moisture from food or door openings 0

Using the sta:nda.rd DOE test p_, this mea.su:re, coupled with
the EER 5 COJIQ?ressor mea.su:re costs 7 centsjkW.h. saveci.

These cost-effective intermediate technologies are included in Table
1@ Ene:rgy con.surqption after the application of these measures is 386
kWh!yr ~ OVerall, the intermediate technolCJ9Y mod.el has an average CSE of
1 e 9 cents and a :marginal CSE ea.mx;ared to Measure 8 of 6.3 centsjkW.h..

Next, we look at same :more highly advanced or speculative technologieso

o Evacuated. panel insulation. CUrJ:ently1 polyut:athane foam is the
favored insulating mater for 0 ting heat gain through the
walls and doors. '!his mea.su:re entails ementing the foam
insulation wt evacuated. panels to futhe:r supress heat
COl'lduction, creating, in effect, a giant the:nnos bottle. The
panels are 1/4" thi and nade of sheet steel walls filleci with
glass balls or expandeci mica (for mechanical support) e '!his
techno is under developmen.t the lar Energy Research

t 1 as well as ur D@ Little, Inc. It saves energy at
a cost of about 4~3 centsjkW.h., even after all of the
cost-effective measures discussed above have been implemented..
'!his mea.su:re is estimated. to have a five year lead time for
impl tion in u.s. , al it is reported. that the
Japanese are already using evacuated. panels in same of their
refrigerator moclels @

refe.:ren.c:e 5.

21 Personal communication, Peter Miller with Tom. Potter I Solar Energy
.ilo_"'~I.._b Institu.te, Golden, CO, october 1985@



o Bottom-mounted condenser 0 nus measure adds additional COl1denser
area to that already located behind. the refrigeratore By
increasing the heat transfer area, the capacity and efficiency of .
the refrigeration system are increased. Modelling its effects is
more problematic than 1110St of the other technologies and for this
reason it is listed along with the "advanced technologies" ~

The refrigerator with these as well as the previous measures would have
an energy consumption of 222 kWh/yr., an 80% red'u.ction f:ram. the ine
technology0 The average value for the full savings to 222 kWh!yr is
:2 @ 4 centsfkWh. The marginal for savings beY1 10 is 5 e 1
centsfkWh·

si zer Refri erator. The analysis of freezer refrigerato:rs
follows that for the freezer class 8 Table summarizes energy
consumption, e:t1ergy savings, cost effeetiven.ess of different packages
of measures. The cost feetiveness of measures ·s case is
almost identical that the top freezer: analysis 8

The baseline energy 'USe

average for new' S

1992 California standani
the measures loi _....._~

COIrg?liance wi

's category, 1582 kWh!yr, is close to
The energy 'USe required meet the

for this prototype. Inco:tperation
Table 2 brings this p into

with a CSE of 0.9 cents

Inco:tperating technology measures Table 2
refrigerator energy consum,ption 572 kWh!yr 0 consutT(ption of 500 yr

a with the medium. logy package ~ The high. technology
package I ' s igerator class consists only of eV'a.C'llated
powder consutT(ption 300 kWh!yr@

~..lI...~ .l'llii>iio <l&"IIII-..IIo61b~ refrigerator s1:1cMn
consumes 584 kWh!yr @

__olII>_...._W ..oo'§.~d.""4~ measures reduces energy consutT(ption
satisfies 1992 California standani@ rrhis

t improved COlt\Pressor and insulation compared the
mod.el, appears be very cost-effeetive. Sane 10-11 ft3 1llanlla1
defrost refrigerators commercially a.vailable >;;:.in 1985 'USe even less energy

e standaniized test ratings @ 22

COIrg?lete package
corlSttmption 270 kWh!yr

lOW' technology options brings down energy
an estimated xnarginal CSE of 3 centsfkWhe

22 "The Energy-Efficient Appliances," Ame.rican coun.cil for an
Energy-Efficient Econany, Washington, DoC$'~ 1985$



'!he a.dvanceci technologies option, including a 5 til 0 EER carpressor and
evacuated panels, reduces predicted energy constm'(ption to 200 kWh!yr e

Once again, this appears to be highly cost-effective based. on our
estimates of additional production costs.

Freezers

'!he analysis of freezers follOVlS the method.ology used for
refrigerators. '!he:measures employed. are essentially identical to those
described in the earlieJ: section on :refrigerato:rs. '!he costs are taken
for the 1'l1CSt part fran the 1982 OOE evaluation and fran the A.D. Little
studiese

Manual Def:rost Freezertil Table 4: displays the cost and pe:rfonnance
values for the various manual def:rost freezer igns @ '!he baseline moclel
in ·s categ'o is a 15 ft3 freezer with an estimated energy constm'(ption
of 760 kWh!yr, close to the 1985 market average. '!he second. option is a
moclel that is close to the 1992 CalifonUa standard, averaging together
the requirements for chest and tlpright manual def:rost freezers. Chest
freezers rated at around 500 ~yr are already manufactured and
cammercially available in the u.S. 23

In package I 8 ation is increased fran 2. 0 inches
3.5' throughout, a double gasket is added.. '!hese two

:measures out energy constm'(ption to 327 kWh!yr at a CSE of 2 $ 8 centsjkWh..
'!he inter.mediate package of :measures includes an 1JP9rade in carpressor
efficiency to 4.5 EER. '!his single :measures reduces energy use to 265
kWh!yr at a inal E of 206 cents

'!he advanced. technology package I which includes a fu.rthe:r 1JP9rade in
carpressor ficiency and the 0 tion of evacuated panels, cuts predicted
energy use 173 yr e on our first cost estimates, 's package
is also cost-effective, with a :marginal CSE of 5.6 centsjkWh..

Automatic Def:rost Freezer. ysis for automatic def t freezers
for :manual defros freezers with the inclusion of two

additional measures targeted. at def:rost systeme Table 5 shOVlS the
resultse '!he baseline moclel at 18 cubic feet has an ene:r:gy constm'(ption of
1080 kWh!yr I slightly better than the current market average $ '!he latl

01 ckage of :measures, imrolving better insulation and a better
craelKe1t:. a consumption to 680 yr. '!he intermediate technology
package C()Iltains a 485 EER carpressor I a 1l'tOre efficient evaporator fan and
fan. m:ttor and the reraoval of the fan InOtor fran the refrigerated space e

ckage reduces consumption to 420 kWh!yr e '!he advanced technology



package further cuts cc>l1.S'lmption to 280 kWh!yr -- an. 80% reduction
the base case. All of the options have :ma:rginal CSE values of less than
$0004 kWh.

r-t_II"N"'llI.""lIl·...,...ison of Predicted Results with Measured

'!here are a number of comme:rcial frigerators or prototypes t have
been designed or ed whose perfonnance can be compared. W $ the
predictions presented e. Data concenrlng the correspondence of
design features of these products to ose analy here are fJ:agmenta
hOi1eVe1: I is good agree.tn.erlt between the measured er.aergy consgrrption
of these refrigerators a11d the perfonnance predicted this @ 24

'!his oa.nparison sh.OVJS that the lJ1tra-lCV1 energy col1.S'lmption
predi by our :mc.rlel a:re actuallyachievable@ also il trates
the range of onnance curren.tly a: able consistent wi
approximate perfonnance levels predicted by the :mc.rlel ~

other Measures ilable

A number
may be even nora

e@ These:measw:es were anit
uncerta $ $ eJOSt or

effects~

o rxwed Conductiv Insulation@
~~~~~ refrigerator lUanufact:urers em.J?loy a special po

J.ru:nll.a't.Jlon, Imite~~~ a smaller and more
~ not evalua

's __~........,;ih"lI~·'Il'l!l''!I>-ii~'Ii'

o

24 H~

I,
, 1986,

~~=@ "Residential Conse:rvation Povlm: Pl Sbldy, "
t ~ American Council for an Energy-Efficient
3-29~

25 See refe:rence 5 H@ Tsuchiya, "Erlergy Efficienc.Y of
Refrigerators Japan," Research Institute for stems ogies,
Tokyo, 1982@ SO, see Japanese manufacturers' literature on product
offerings, 1981-1984@
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Unpublished studies by manufacturers have suggested that a
redesigned evaporator could have greatly improved heat transfe:r
characteristics, raising the efficiency of the campressore

How'ever, the studies are not available to the public, so nei~
perfonnance nor cost can be predicted.

o More Efficient Motor=Campressor.
'!he analysis above describes motor-compressor efficiencies that
are limited to EER 5. '!his level of performance was achieved in a
u. S.. prototype using a conventionally controlled 75% efficient
:motor. 26 It may be possible, hOVlever, to increase motor
efficiency well beyond. 75%, and to control motor speed. to reduce
startup losses and better match the load. Energy savings would be
greater than proportional to the efficiency improvement, because a
more-efficient motor prcxiuces less waste heat both in the
refrigerant circuit and near the cold storage volmne. '!he extent
and cost of these improvements could not be quantified, however.

o Use of Different Refrigerants to Improve EER.
Initial work has suggested that refrigerant :mixtures Inay reduce
energy consumption by about 10%.27 However, this technology is
still in the laboratory research stage, and its effects cannot be
evaluated with nearly as much cxmfide:n.ce as the o~ measu:r:es~

o Two Motors and Two Compressors.
Several advanced. models or prototypes, including the SUn Frost 250
kWh/yr model feature separate motor/campressors, evaporators, and
c:ontrols for the freezer~t and the :refrigerator@ '!his
improves the EER of the refrigerated foods section, as well as
providing greater control of temperature 0 Savings have been
estimated at 30%@28 We founcl it difficult to quantify precisely
the costs and benefits of this raeasure, so it is not evaluated.

26 reference 19@

27 W@D@ ins, "An Assessment of the Energy Savings Potential of
Nonazeotropic Refrigerant Mixtures, 'I Proceedings of the 1984 ACE:EE summer
Study on Ene:rgy Efficiency in Buildings, Vol@ E, ACE:EE, 19840

28 He Geller, "Progress in the Energy Efficiency of Residential
Appliances and Space COnditioning Equipment, If Energy Sources:

. COnservation and Renewables e .American Institute of Physics I 1985, p. 270-298 @
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Table 10 mount auto defrost refrigerator freezer.

Annual Additional Marginal Average
energy use first cost CSE CSE

Measure marginal net

(kwh/yr) (1985 $) (1985 $) (¢/kwh) (¢/kwh)

1. Baseline 1166 670.95
2. 3.65 EER compressor 983 7.35 7.35 0.27 0.27
3. Double gasket on freezer compartment 920 20.34 27.70 2019 0.76
4. 2"/2.4" insulation 752 19.57 47.27 0.78- 0.77
5. 2.5~~/3w insulation 672 9.33 56.60 0.78 0.77
6. More efficient fan 609 10.98 67.58 1.18 0.82
7. EER 4.5 Compressor 510 27.11 94.69 1.83 0.97
8. Double gasket on fresh food camp_ 463 49.76 144.45 7.09 1.38
9. External fan motor 451 1.64 146.09 0.97 1.37
10. EER 5.0 compressor and dual 386 70.51 216.60 7.23 1.87
evaporator
11. Evacuated powder panels 268 75015 291.75 4.29 2.18
12. Bottom mounted condensor 222 40.65 332.39 5.88 2.37



Table II. Side-by-side auto defrost refrgerator/freezer
Annual Additional Marginal Average

energy use first cost CSE CSE

Measure marginal net
(kwh/yr) (1985 $) (1985 $) (¢/kwh) (¢/kwh)

1 . Baseline 1582 656
2. Anti-sweat switch, dbl. freezer gasket 922 88.79 88.79 0.90 0.90

3.86 EER compressor and 2"/2.5"
insulation

3. 2.4"/3" insulation, EER 4.5 comp., 572 114.06 202.85 2.19 1.35

fresh food gasket, efficient fan assembly
and external fan motor

4. EER 5.0 compressor and dual 499 70.51 273.36 6.49 1.70
evaporator

5. Evacuated panels 298 100.56 373.92 3.36 1.96

Costs:
Package 2. Anti-sweat switch: $4.59; 2"/2.4" insulation: 79¢/sq.ft.-in. 11 37.44 sq.ft.-in.=$29.58

3.86 EER compressor: $3.68; freezer gasket: 11.37 ft. *$4.48/ft.=$50.94
Package 3. 2.5"/3" insulation: 79¢/sq.ft.-in.*22.24 sq.ft.-in.=$17.57; EER 4.5 compressor: $27.11;

Efficient fan and fan motor: $10.98; fresh food gasket: 12.67 ft.*$4.48/ft.=$56.76
external fan motor: $1 .64

Package 4. EER 5.0 compressor: $9.04; dual evaporator: $61.47
Package 5. Evacuated panels: $2.001 sq.ft. * 50.28 sq.ft. = $100.56

Table IU. Manual defrost refrigerator.
Annual Additional Marginal Average

energy use first cost CSE CSE
Measure marginal net

(kwh/yr) (1985 $) (1985 $) (¢/kwh) (¢/kwh)

1. Baseline 584 465.00
2. 2" waH insulation and 3.21 EER 449 41.13 41.13 2.05 2.05

compressor
3. Double gasket and 4.5 EER compressor 269 100.18 141 .31 3.74 3.01

4. 5.0 EER compressor and evacuated 203 72.36 213.67 7.34 3.77

panels

Costs:
Package 2) 2" foam walls: $37.85; 3.21 EER compressor: $3.28;
Package 3) 4.5 EER compressor: $27.11; double gasket: $4.48/ft. * 16.31 ft. = $73.07

. Package 4) 5.0 EER compressor: $9.04; evacuated panels: $2/sq.ft *' 31.66 sq.ft. = $63.32



Table IV. Manual defrost freezer.
Annual Additional Marginal Average

energy use first cost CSE CSE
Measure marginal net

(kwh/yr) (1985 $) (1985 $) (¢/kwh) (¢/kwh)

1. Baseline 760 445
2. 2n walls and doors and 3.65 EER 549 9.68 9.68 0.27 0.27

compressor
3. Double gasket and 3.5" insulation 327 103.81 113.49 2.75 1.55

4. 4.5 EER compressor 265 27.11 140.60 2.59 1.68
5. 5.0 EER compressor and evacuated 173 86.86 227.46 5.60 2.29

panels

Costs:
Package 2) 2" insulation: 8.05 sq.ftooin. * $.79/sq.ft.-in. = $6.38; 3.65 EER compressor: $3.30
Package 3) 3.5" insulation: 0.79¢/ft.sq.* 58.37 sq.ftooin.= $46.11; gasket: 12.88 ft.* $4.48/sq.ft.=$57.70
Package 4) 4.5 EER compressor costs $27.11
Package 5) 5.0 EERcompressor: $9.04; evacuated panels: 38.91 sqaft 8 $2/sqJt=$77.82

Table V. Automatic d·efrost freezer.
Annual

energy use
Measure

(kwh/yr)

Additional
first cost

marginal net
(1985 $) (1985 $)

Marginal
CSE

(¢/kwh)

Average
CSE

(¢/kwh)

1. Baseline
2. Double gasket and 3.5" insulation
3. External fan motor, more efficient f,

and fan motor and EER 4.5 compressor
4. Evacuated panels and EER 5.0

compressor

Costs:

1080
680
420

283

656
101 .13
38.09

89.04

101.13
139.22

228.26

1.49
0.86

3.85

1.49
1.24

3.5~ insulation: 51 gasket: $4.48/ft. *13.58 ft. $60.84
Package 3) 4.5 SEER compressor: $27.11; efficient fan and fan motor: $10.98
Package 5.0 SEER compressor: $9.04; evacuated panels: $2/sq.ft*40 sqaft. == $80




