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ABSTRACT

Recent attertion 1o depletion of stratespheric ozone,
by chemicals wonlaining bromine and chlorine, resylted
in an internatienal accord to halt their production. “Ihe
most widely used refrigerants are among thoan.  Chers-
cal and equipment manufacturcrs mounted agpressive
research amd devclopment programs o imtrocduce alter-
nattve and transition refrigerants, zssociated lubricants
and desiccants, and redesipned equipment, The alrcady
difficult ¢riteria becamne even more complex, with suhsc-
quent linkage of chemical cmissions from human activi-
ties to global climare changz. The very successful re-
sponec to protect the ozone layer has led some regulators
and users o assume that ideal substitutes will be foyrd
Such chemicals should be free of all environmenta! and
safely concerns, be chemwcally and thermally stable, and
perfotm ¢fficiently. The analyses presentod in this papey
demonstrote that the outlook for discovery o synthesis
of ideal roirigerants s extremely unlikely, Trade-affs
among desirad oljectives, therchoms, are nesessary 1o
achivve balanced sotutions. The paper alao shows that
frapmemted rogulation of the chemicals miohved, to ad-
dress individual issues. jeopardizes (he prospect of
solving subsequently addressed problems.  The papoer
teviews the bistory of refrigerants, their roles in ozone
depletion and global climate change, and ncecssary
trade-ufl in rofrigerant scloctions.

INTRODULCTION

The air-conditioning and refrigeration industry is in
the midst of an unprecedented transiticn, catalyzed by
environmental concerns with the impacts of reltiperant
emissions.  Compounds eantaining chlurine and, though
loss frequently used as refngerants, broming are boing
phaacd out. Prodaction of chlureflucrozarbans (CFCs)
ended an 1995 in develuped coumriss. Attention is mow
focnsed on the next issue, global warming, with a view
toward reducing proepholse gas emisaions. Chomicals
with long atmospheric lifetimes and high fluorine con-
tents are farpoted as potent precnhoose gases,  Por.
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flyorocarbons (compeunds consisting solely of ‘carbon
and floorme) already arc perceived as doomed by the
technical community, cven though specific treaty and

regulatory provisions arg still beimg worked out.
Althoogh less visible, a parallel transition toward
safer refrigerants, based on both flammability and toxie-

Table 1: Historical introduction of refrigerants

year  refrgeram chetnica) formula
[fabsorbent) or makcup
18305 caomchouveine drstillate of india
rubber
sulfiric (ethyly ether  CHL-CH-0O-CH,-CH,
1840s  methyl ether (R-E170%  CH3-0D-CH,
IE50  water / sulfiric acid HA f H80,
183¢  gthyl aloohwl CH-{H-011
1359  arenonia ? wakcr NH; / H;O
1866 chymarens petro] ether and naph-
tha (hvdrecarbons)
carbon dioxide Chy
18605  armmomia (R-7 Ly NIIL;
methyl amine (R-630)  CHy(NH.)
ethy] amine {(R-631) CH;-CH:(NH,}
I¥70 merthyl formate HCOOCH;
{R-611)
1875 solfer dioxide (R-764) 50,
1372 methyl chlonid: CHL
(E-40)
18708 ethyd chlonde (R-160)  CH,-CH.Cl
121 blends of sulfuric acid  H:S0,, Clly, CiHl,,
with hydrocarbona (CH,LCII-CH,
1900 ethyl bromide CH-CFLTe
(R-160H1)
[812  corbon tetrachorids Il
watcr vapor (R-71R8y 1.0
19208  isabutang {R-600a) (CH;),CH-CH,
propanez (R-290) CH:-CH;-CH,
1921 diglene (R-1130)° CHCI=CLHIC]
1923 sasoling bvdrocarbans
1925 triclons (R-11240) CHC1=CCI,
1926 methylens chloride CH.C1.

(R-30)

blend of wis- and #rarv.1,2-dichlorocihene tsomers
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ity, has been underway. Unfoctunately, seme of the oh-
vipus solutions to the environmental copceins raisc
flammakility andfor toxicity concems; the hydrocarbons
and ammonia are gxamples.

The: eorcept of sequentially eliminaring chermicals by
clnss, dofined by molecular composition, muses the
question of what will be 1cft as suscesstve isgues are ad-
dressed (Wuebbles and Calm, 1997). The angwer begins
with examination of the refngerants now used,

KISTORICAL REFRIGERANTS

Refrigeration goss back (v ancient times, nsing storcd
jce and a number of evapuralive procosses; they are ont-
lined by Thévenot {1979). Oliver Evans proposed the
use of a volatile Fuid in a closed ¢vels 1o froeze waler
into icc (Bvans, 1805} Hc deseribed a system that pro-
duced refrigeralion by evaporating ether, under a vac-
uum, and thea pumnped the vapor to 4 water-cooled heat
exchanger to be condensed for reuse.  Although there js
no record that ho built & working machine, his ideas
probably inlluznced both Iacob Porking and Richard
Trevithick. The latter proposed an ait-cycle systom for
refrigeration in 1828, but he also did not build coe.

Acrual refrigeramts wers introduced in the 1330,
vath imvention of the vapor-compression machine by
Perking. Hz designed the maching to use sulfuric {cthyt)
ether as the refrigerant.  His patent deseribes a cyclo
using a “volarls fluid for the purposs of producing the
cooling and freczing ... and yet at the same hine con-
densing snch volatile fuids, and bringing them inte op-
cralion without waste™ [Perkins, 18343, The first ma-
chine actually uswd coonfchoreing, an industnal solvent

that Perkine apparently wtilized i fus busincss as a

printer. [t sesms the firse trade-off m refrigerants — and
ane still driving sclections -— was based on availability.
Tahl; 1 swmmarizes carly teftigerants, namely those

law
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predating fluorinated chemicals. Downing (1988), Na-
gengast (1989 and 1996), and Thévenot (157%) present
further details.

The fivst ¢enury of refrigerant use was dominated by
innovative cfforts with famuliar fluids m almost proto-
typical machincs. The goals were to provide refrigera-
Lion and, Tater, durability, Usc of blends was anempted
where smgle-compound solutions could not be found
(Pictet, 1885). :

Ag production increased following World War I, at-
tention tmed to safcty and performance ag well. Williz
EL Carrer, known for his advances in psychrometrics
artt air conditioninp, and B W. Water[lll initiated cne of
Ihe first documonted systematic searches (Camier and
Waterfill, 1924), They investigated a range of candidate
refgerants for suitability, for both positive displace-
ment and centrifugal comprossion machines, These
analyses closely sxamined armnonia, ethyl ether, carbon
dioxide, carbon tetrachloride, salfur dioxide, and watet.
They concluded, for chample, that the performumee of
carbon dioxide would depentd on 1he evele and amount of
liquid subcooling, hut that it yielded the lowest predicted

“potfermance of the fluids analyzed. They alse noted that

ammenia and watsr would roquire excessivi stages of
gompression for the conditions sowsht, and that watcr
“gives a low sfficicney uf performance.” Sulfur dioxide
was discarded for safety reasons and carbon toira-
chloride booause it allacks metals, especially iy the pros-
cnoe of water.  They finally selected diefene (1,2-
dichlorocthene, R-1130) for the first contnifugal ma-
chinie, though an intematienal scarch was needed to find
a sourge Far it {Inpels, 1952).

Midgley Elements

Nearly all of the early refrigerants werg flammable,
toxic, or both, and somy alzo were highly reactive. F.
cidents wore common, For perspictive,
ptopane was marketed as the odoviess
satety refriverant (CLPC, 1922).

The discovery of fluorinaled refriger-

L
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I
I

ants began with & phone call to Thomas
Midaley, Jr., in 1924 He alroady had
established himself by finding tetracthyl
lzad, w0 roprove the cctanc rating of
gaseline, The caller staled that “the re-
frigeration industry necde a new refrig-
crant if they expeet to pet amywhere”

laninanidan frarA cal Ehrn-'m"hs -

{(Midplew, 1937).
Whth s associates Albert L. Henne

and Robtert R, McNary, Midaley

| [ actirdcs fransun km alaranks)
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Figure 1: Perindic table of the elcments

highlighting Midgley's selections

seoured property tables to find chemucals
with the desired boiling point.  They
restricted the search to thoag known to
be stable, but not toxic or flammable,
An crot in the published boikng pomt
for teteafluoromethane (corbon fetro-
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fluoride) drow their attontion (o the organic feorides,
the correct hoiling wemperaturs later was found to he
mmuch lower. Nevertheless, the incorrect valne was it the
range scuphe and suggested consideration of fluorinated
¢hemicals, While flucrine was known to be toxic by
itslf, Midgley and his collaborators felt thar eompounds
contaming it could be nontoxic. -

Recognizing the deficicncies of the published titera-
ture, Midgley tomed to the penodic table of the ele-
ments. He quickly elinunated thos: yielding fmsufficient
volatility. e then eliminated theee resulting in unstable
and toxic compounds as well as the inen gascs, based on
therr low boiling pointe. He was Icft with just gight ele-
menls;  earhon, nitrogen, oxygen, sulfur, hydrogen,
fluorine, chionine, and bromine. They clustered at an
intersecting row and column of the periodic table of the
clements, with fluortne at the intorsection. They are
shown on 2 modem periodic table in figure 1, see
Midgley (1937) for the arranpemcnt then nsed.

Mideley and bis colleagues then ke three interest
ing observations. [irst, Rarmability decrenses from leit
to right for the eight elements as shown in figure i, Sec-
ond, toxicity gencrally docreases from the heavy ele-
foents at the bottom to the lighter clements at the top,
And third, every known refripecant at the imo was made
from combinations of those elements, This observatian
can bc verified by comparng the compositions of the
hnstorical refrigerans, tisted in table L, to fignre 1. The
historical fluids actually comptised only scven of the
cight Midpley elernents, since there appcars 1o bk no rae-
ord of prior use of refrigerants containing Aucnmne.

The first publication on Nuorochemical refriperants
shows how chlorination and fuorination of bvdrocars
hons can be vaned to provide dosired bniling pointy

(Midizlew, 19309, This paper alsa shows how the com- |

positicn influcnces relakive {larmenability and toxicity.
Commercial production of R-12 bepan in 193], followed
by R-I1 in 1932 (Downing, 1966 and 1944

Other mvestizators have repeated Midaley’s scarch
with newer methods and modemn databases, but gy
have come to similar bndings. McLinden and Didion
{1987 documented an extensive screening of ndustrial
chemicals.  Of the chemicals mecting their crteria, ail
but two — both bighly reactive and foxic — consisted
of the Midgley elements.

ENVIRONMENTAL ISSUES

More than forty vears passed, during which fluwnro-
chumicals became the dominant refrigerants, uncil they
were comnected with environmental concerns (Maolina
and Rowland, 1474) Other fluorochemicals also were
intredeced m this period, and most of the sarlicr refrig-
crants were retiral A notable exception is R-717
{ammonia), which remains the preferrcd refeigerant in
some inkfustrial applicatinns.

1.0 o.h a5 o4 rz n 000 A0H BaOG BOOO
= OLP frelalive to RA1) . GWT {relative to OO —-

Figure 2: ODP versus GWI
for common refrigerants

Stratospheric Ozene Depletinn

The first global environmeantal problem identified wag
depletion of stratospheric ozons. The problem ariges
from destruction of ozong moleculss in the upper atmos-
phere, primarily by bromine and chloring from anthro-
pogenic chemicals.  The chloring and bromine roact
catalytically to destrov ozons molccules. thereby educ-
ing the natural shield from ingoming ultraviolet-B radia-
tion. Mario Molma and F. Sherwood Rowland (L1974}
identified CFCs as a source for the chloring in the strato-
sphore and the potentisl for more sericus ozonc deple-
tion, with projectad growth in use of these cshemicals,

Thu index used to indicate the relative ability of u rg-
friperant or other chomical to destroy  stratospheric
ozone 15 the ozons deplation potential {ODP} {(Wuehbles,
1381). Figure 2 shows the ODPs of common refriger-
ants ani} selected candidates for future use. The shaded
tips on several of the ODP bars indicate the hugher val-
ues obtained by semi-empincal determination, as con-
teasted to the modeled valurs shown in black (WA,
(5943,

Chlorinated and brominated refrigerants, along with
sanilar sulvents, foam blowing agents, acrosol propel-
lants. firc suppressants, and other chemicals ars being
phased ont under the Montreal Prooco), a landmark in-
ternational treaty to protect the ozone layer (UNEP,
1987 and 1997).

Glebal Warming

Concens alse have been raiscd with the prospeet of
global climate change  The awverage temperature at the
surface of our planct resultz from an cquilibriam, be-
tweon incoming solar ¢nerpy and heat radeated back into
space, Most of the latter is m the infrarcd range of
emissions.  Gases that absorb this infrared EMETEY an-

hance the grecahouse cffoct of vur aumosphere, leading

to warming of the Earth  While (his mechanism is ac-
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cepted, scieotific dobate remains on natural feedback
mochamisms and both the timing and cxtont of the regal-
tant warming,

Refripgerants, most notably thoss with loee atioos-
pheric lifetimes and high rumbers of earbon-fluarine
bonds, have been identified a5 greenhovse gaces. The
mepsure most comenenly used to guantify the degree of
cooeemn i5 the global svarming potential {GWE), Fipure
2 shows (AW valies alengside the (*s for common
refrigerants and candidates, The GWPs depicted are
relative to the warming effect of a similar mass of car-
bon divxide for 100 yoar time Fames. Shoster integra-
tion periods emphasize near-torm cffeets, while longur
intervals better reflect the total impact of 2 releasc. The
Intezpoverpmenial Panel cn Climate Change assessment
(IFCC, 1966y gnd Wuchblog (1995) discuss the influ-
cnce of the mteeration peried and present data values,

Carbon dieeidc i uscd as the refiercnge chemical for
GWPs becanse it is the one with the prestest net impact.
Other cherncals, mcloding most wefrigerants, sre mon
potent as preenhouse gases; Lhe difference comes (o
the inercagsing abundance of carbon dioxide in the at-
mosphere, Most of the change results from increased
vac of fucls, in combustion processss, to mect our CoorEy
paeds.

Air conditioners, bl poops, and celligerabion de-
vices that use refriperants alao wse enerpy. They con-
tribute to global warming both by toelease of refrigarants
and by emission of carbon dioxide and other greenbouse
pases, o powenng the devices. Detailed studies have
shiwn that enenry-related component, commmonly dubbed
the dndirecr efecr, is far preawer than the direcr effect
from refrigerant relenses for meost applications (Calm,
1963}

Une expression of the combined effects is the total
equivalent warmung impact (TEWI).  Unliks ODP and
OWT values, which can be determined from measurc-
ments of the compounds imvolved and other atmospheric
data, TEWI determination also requires applicaticn data.
Among those needed are the fuel or firel mix to power
the svstem, the conversion efficiencies, equipment eifi-
ciencies, loads, relozerant release rates (manalacturiog,
installation, leakape, servies, disposal, and other losses),
enorpy uses for hert rejection, related pump or fan oo-
crey for dstribotion systems, and cthers. Calm (1993)
and Fischer et al. {1991 and 1994) discuss these facoors
and conseguent Hindugs.

Fignre 3 illustrates the camparative magritudes of
vaarming impacts from emission of reftiperams and as-
sociated cncrgy wss fire water-cooled chillers. The offs-
cicacics nscd in this cxample are the highest commer-
cially availabls in 1584, Table 2 pressats tiess offi-
ciencies, which were taken fom an mdustey  survey
(ARI, 1996 The indicators shown are Imtegraved Pant
Load Yaloes (IP1V3), expressed both as 4 coefficient of
performance  (COP, kWKW and  specific  powor

o
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TEW {Ib €0, ftonyr)

® “roo 122 R134a R2? R123 R13¢a 0
1230 KN 1350 ton) 3500 WY (1008HHon)

Figure 3: Tuotal equivalent warming impact
(TEWTI) for the best available chillers

* Table 2: Best available efficiency {specific power}
for water-couled chillers in 1%96 based on
certified integrated part-load values (IPL¥s)

compraseor 1250 kW (330 tomd 3500 EW (1000 ign}
whigerant  KW/RW  KWdton  KW/kW  KWiton
centrifupal

R.2z2 594 .59 651 0.54
R-123 T3 (.50 7.1 .43
B-134a 628 (.56 &6+ .53
SCrCw

R-22 634 0.55 556 XAy
R-134a 5.95 055 NA NA

NA = not available

(kWrton), The survey was restricled lo equipment with
certified performance ratings, and the submissions were
verificd.

While the data in table 2 prowde an objceive eom-
parison of the best chiller offerings then available, three
caveats are necessary  First, the fraction of products
sold with the highest efficiencies offered is small. Com-
pelitive products are available with each of the refriger-
ants shown at awstage performance levels, which arc
approxunately M% lower (~20% higher on a kW/tan
basis). Second, additional options an: now available; R-
4104 chillers are now marketed, And third, while the
data are less than a year old, improvements have
emerged i that time. The best available performance
mproved by 5%, to 818 KW/AW {fallen to 043
kWion), alsa fur a cerlilied TRLY, i the hall yun siney
the survey. Improvements continue, particularly fir R-
123 and R-134a, Wevertheless, the tabulated data pro-
vide a consistent comparison of the highest perfomanece
options reeently available.




1. Calm and D, Didinn

" A
N mfogaant evezions
el B energy ralated ;
gl — :
§ !
= 50 -
%
E L]
Lk
5 . : 4
: £
g LE ENE Ry Hc ok
AR ENE N IR
o L
F=11 R-11R1Z23 FR-11R123 R-123 F-123

1588 1932 1632 a5 2640
Figure 4: Progression aod projection for ¢hiller
tokal equivalent warming impacts (TEWIs)

Thz caleculation methad and remminins data used for
the analyses summarized it figure 3 arc consistent with
those in Calm (1993}, The refrigerant emission rates
and cquipment lives wete upeated to those presented in
Calm ct a2l {1997) and asw GWP data (JPCC, 1998)
wire used,  Electricity genzration mixes and hoat rates
wirTe updated to revised projections (INERC, 1995), and
lvad profles were deercased o comrespond to an
cquivalent-full doad lavel of 1500 hejvr,

As shown o figoee 3, the direet offect of refrigerant
emissicns amounts to only 2%~4%,; of the anrual total for
chillgrs using R-23, which has the highest GWF of the
thres refrigerants shown, Thesa feactions drop shuhtly,
o 2%-3%, in chillers with averags efficiencies.  ‘The
dirzct effect in figure 3 is 2%-3% of the total for R-134a
chillers. It 1s less than 0.2% for R-123, which also af-
fers e Towest enenrv-related impact, based on the high-
est available officiency. From a TEWI perspostivg,
phascout of tho hydrochlorofluotecarbons (HCFC =) and
hydrefluorocarbons (HFCs) provides only small pain for
chillers with low refrigerant relimses.  There s far
grealer opporunity by efficiency improvement,  The
same conclusion holds e for most other air-
conditioning and refrigeration products as well  Two
excepiions are mobile air conditioners and supermarket
refrigeration systems, which still have kigh loss rates.

Figure 4 summanzes the recent progression in ¢ffi-
ciency and reducrions in refriperant rcloases, The data
shown are fur 1750 kKW (500 ton) K-11 and K-123 chill-
ers. More than half of the centrifugal chillers installed in
the vears shown used these refrigerant, Similar concly-
sions can be drawn for R-12 and B-134a for the same
time frame, although the TEWEs both stz and end at
higher evels,

R-11 dominated 1n centrifugal chillers almest sinco
itz mroduction. Refrigerant losses wers high; they often
exceeded 15% of the total charge each year, as shown
for 1985, Small efficicncy gains appeared by 1990, but
mote signilican] gaing were introduced in svstem dghten-

1

tng and improved putgs technologies.  igure 4 shows
the resultant dropy in iapacts from emissions. RB-123 use
aleo had begun, though the first machines — essentially
R-11 designs with materials chanpes for compatibility

vielded 14%-16% lower efficicney,  The dinect
waming impact of R-123 cmissions 15 barcly visibls,
awing to a 98% lower GWP.

Release reductions continped, both by equipmert
tightzninp (e o, migimization of the number of joints and
replacement of mechanical fittings with brazed connce-
tions) and improved scrviec practices, By 1992 the Last
year m which R-11 chillers were manufactured [or do-
mestic wse e United Siates, met emissions for ma-
chines of comparable capagitics, wers half those in 1985
and beforc. These release reductions offer seweral
benefits beyond reduced global waming  They also
lower the impact on azong depletion. ODP and GWP
only characterize chernical roleases,  Refrigerant that
does not escape, and iz recovered for reuse or safe dis-
posal, dogs not harm the covironment, Reduced lossea
also eliminare the need for makeup, thereby saving other
tesources and lowenng eosts, mprove satcny, and aveid
performance losses from insafficient refrigerant charge.

Figure 4 also shows the deamatic improvements made
in R-123 chiller optimiztion by 1992, leading to higheor
practical cfficicney than available with the retited R-I
designs,  This achievemant, and sohsequent further
gains, arc afl the mose impressive since R-11 holds a
theorelical efficiency advantape gwer R-123, as shown
below,

Further improvements in performancs followed and
are expected to continue, but the pacs will slow as gains
approach thooretical limits, 'Lhe best effcioncizs avail-
able, reflceted in Fpures 5 and 4. are double those for
many old macluoes stll i opersticn.  Coupled with
emission feductions and R-133%2 vory low GWP, the
best chillers in 1995 reduced nor globa! warming impacta
by morg than 404 compared to tvpical machines a dec-
ade earher,

While strataspheric ozene  deplebon z2nd  global
warring are distinet phenomena, they are linked in sev-
cral ways., First, the increase in carbon diexide - a
preenfionse gas with the highest not impact — cools the
stratosphere.  Thai results n formation of e crystals,
which, in turti, increases the ceflicicney of bromine and
clilpring attack on ozene.  Second, czone itsclf is a
gregehonse gas, reduction of s average ocguilibrium
comcentration reduces its warning contribution.  Thicd,
efficiency improvement in encfgy Systoms 1s a key option
for long-term tedoction of precnhouse gas emissons.
Eliminating the most efficient refrigerants (for example,
R-123), to protect the ozone layer removes one of the
mest cogt-cffective options 1o reduce global warming,

Lingertainties remain in global warming tming, off-
sets, and thersfore magnitude, but it 15 clear that the
warming issuc will be much more difficult {0 address



tham ozong depletion  That haiphtens the nezd for bal-
anced, rather than fragmentcd, solutwons te global cli-
mate change issues, Simplistic elimination based on
{DE and GWP alone, without distingtion botween open
and closcd uses (highly emissive versns contaned appli-
cations}, defeats thus woul.  Likewise, any GWP cntenon
that izpores emissions of assoviated, cnerpy-relared
precmbouse pases is likely to exacerbate the problem.
And, the possibility of ver unforeseen environmental is-
sigs cannot be eliminated.  Dhstinction between short-
and long-lnvid chenucals increascs the optians to re-
spond to fiture issucs, without a long recovery penod
from prior releases,

TRADE-OFFS

In addition te having the dugired thermodshanic
propertics, an ideal refriggrant would be nontoxic, non-
flarnrable, completely stable mzids o syatem, enviren-
mentally hewign even with respect to docornposition
products, and abundantly available or easy to manufac-
tore. [t also would be selt-lubricating {or at least com-
patible with common lubricants), compatible with other
matzrials used to fabricate and scrvice refrigeration sys-
tems, casy lo handle and dotget, and low m ocost. Tt
would not require extreme prossurus, cilther lugh or law.

There are additional crteria, kot no current refiiger-
ants ary ideal even based on the partial list. Parther-
mare, fiture discovery of ideal refrigerants is extremely
unlikely. The discussion that follows iflustrates conftlicts
in desiied molecutar makenp and properties, which wir-
tually prectude the possibility that wdeal refiizerants cxist
or ¢an bg synthesized.

Flammability, Toxicity, and Atmospheric
Lifetime

Increasing the hydrogen content of a compound gen-
erally decreases its atmpspherie Lifetime, but increascs
its flammability, the former is degirabls in a refrigerant,
while the laber is undssirable. The CFCs, which contain
oo hydrogen, bave long atmospharic lives, b are not
flarnmable. [a contrast, the hydrecarbons tend to hawe
shert lifetimes, but are hiphly flanmasle, HCFCs and
HFCs fall in between. Theose with high hydrogen con-
tent, snch as R-132a, tand to be more flammable (Corr
e al, 1993). Those with slightly fower hydraogen con-
tenl, B-141b, R-1421, and R-143a, exhibit bower tlam-
mability. Thase with low hydrogsn content, such as R-
32 R-23, R-123, R-124, R-175 and R-134a arv oot
flammable under normal conditions.  Refriperants gen-
erally ar: marginally flammable when the aumber of
hydrogen awms conshitutes Talf of the total atoms con-
meeted 1o the carbous. Higher fractions Decone merzns-
ingly flammable  Thiz obscrvation ¢an be verificd by
cxanination the lower-flaremahility Lireite of refrigerants
(for example, sco Richard and Shankland, 1992}, The

Trade-0ff7 in Refrigerant Selectlons: #ast, Fresent, ond Fumure

second numcrical digit from the right, in standard
tluorochermeal disignations for molecules with ong o
four carbon atoms (the methane, cthane, propane, and
butane sericg), indicates the hydrogen content. The ae-
tua! hydropen count iy ene less than that dipit. Using R-
134a a3 an cxample, the hydrogen atom count is 3 minug
1 couals 2.

Increasing the chloring content tends to merease the
normal boiling point temperature {(MeLinden and Didion,
1987, Increasmng the fluonne content {indicatad by the
right-most digit in the fluorochemical designatiom svs-
ter) tends to reducs toxicty {Clayton, 1967). Incroas-
ing the fluorine by displacement of hydiopen tends to
raduce flamemability (Dekleva 1994, and Smith and
Tufts, 1994), while dotng so by displacement of chioting
increases the atmospheric lifetime.  Comparison of per-
chlorinated and perfluerinated chemicals, R-11 {CCly)
versus R-14 (CFq) for example, reveals a change from
42 to 30,000 years., Indeed, the perdfluorocarbons (R-14,
R-116, R-21%, R-C318, R-31-10, R-41-12, and others)
tend to have cxceptionally long fives,

Melinden and Didion (I19%7) summanzed these
trade~offs ay shown m fgore 5, where the top of the -
angle reprogents hydrocarbons (hydrogen and carbon
caly). The fiwe bottom vertices represent perchlotinated
{chlorinc and carbon onlyy and perflucrinated (Fluorine
and carbon only) chermeals.

ODP versus GWP

There is no way to directly ¢ompare the demerits of
prone depletion and glohal warming, since they are dis-
tinct phenomena.  As illustrated in figure 6, incroasing
the chloring content in refrigerant molcenles generally
increasss the ODP. Compounds that contain no bromune
cr chlgrine have ODPs that ars nearly zero.  Likewise,

HYDROGEN

CHLORINE FLUQRIME

lnng atmospheric Betime ™,
{fully halogenated) .

Figure 3¢ Trade-offs in flammability, toxicity, and
atmosphenic lifetime with changes in molecular
chlorine, fluoring, and bydrogen content in arganic
refrigerants (McLinden and Didion, 1987)
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increasing the fluoring count geperally mercescs the
GWP. In both eases, incrcasing the hyvdrogen count
tends to shorten the atmaspheric lifetime. Carmpounds
with very short lives will have low ODPs, sines most
cmissions will decompose bofore reaching the steato-
sphere.  They also will have low GWP valucs, since
their gtmospheric persistence will be comparatively short
in duraticn.

As was shown in figure 2, CFCs generally have very
kigh ODPs and GWPs. Mest HCFCs have low ODP
and GWF. HFCs have ODV;3 of almost zere, bat (AWPs
that range from very low to very high  Relalively few
flugrochemicals have both very low, ar zero, ODP and
vory low GWP. Among them are R-123 and R-152g,
both of which have short atmospharic lifctimes of 1.4
and 1.5 ycars, respectivoly. R-152a, however, is fam-
mable.

Even though ODP and GWP cannot be equated,
same conclusions still gan be dtavwn on trade-offs he-
tween them for speefic compeunds, One method re-
quires determination of the chloring-bromine loading
(CBL) contribution. CBL is an indieator of the avsil-
able chlorine and bromine reaching the tropopauss, in
turn sugpestive of the maximal impact on ozons de-
struchon,

A detailed analvais for R-123 (Calm et al., 1997
shows that its usc in chillers, at curent amnission rates
for converted and ncw equipreent, has a negligible im-
pact an the vzone layer  Its peak impact, with phaseout
as scheduled under the Mentrea! Protoeol, amounts to
approximately 0.002% of the total CBL fivm all
sources, namral and anthropegemic.  Continued use of
B-123 a5 a refrigorant would barely increase the 0.002%
peak, and the average CAT, inpact through 2050 would
be approximately 0.001%, Moreover, the contribution
thet eoincides with the CBL peak from residual CF(

e2eno daplelion depends
@n chignng (erbromined
content and deliveny totha
stalesphare

cirect ylubal warming dependa
on infrased absgrbence {og.,

by @ -bonfluariie bonds: ard
lamgadity

Figure 6: Chlorination and fluotination impacts on
azone depletion and global warming potentials
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and balon effects is much smaller  These froctions are
considorably lower thzo the vatability in CBL from
namral sources,

Conversely, figures 3 and 4 point to a significant ep-
portenity to reduce global warming by use of R-123. As
discussed above, its short liferime supgests a scoond
benefit in the event that additional, but eurrently unfore-
zeen, atmospheric i3sucs surface. R-1237% high theoreti-
cal and practical efficioncies aleo lead to immeadiate ad-
vantagss in enerpy conservation and rodueced use of other
resources.  Trade-off of a negligible impact on ozone
depletion for sigmificant warming aveidance, and other
bemefits, supgests a strong cnvirenmental ratiomale for
allowing continned use of R-123,

Importance of Efficicncy

Az shown in figures 3 and 4 above, there is kittle op-
portunity for further TEWI reductions by climination of
the dircet cffeet of refngerant emissions, particnlarly for
refrigeraitts with very low GWP.  Fueture decreascs,
therefore, must come from conainment, load reductions,
and efficigney improvemonts, Figere 4 illustrancd the
substantial progress in equipment tightening for chiflers.
Tabl; 3 sumnarizes efficiency lmits in feorctical cy-
cles for curront and cancdidate rofrgerarts.

Two caurions are warranted. First, the differences in
cificiency limite for some of the primary candidates arc
small, end may be distorted by imprecision in the refrg-
¢rant properties used.  Sccond, theorctical efficiency
himits along do oot powre practical efflicioncics.  Other
propertics, such as viscowity and thus heat transfer coef™
fieients, may have significant impacts on overall per-
formance, Likewdse, eycle dosign impaets performance.
Inercased subcooling may reduce the efficiency distine-
tions e simpis cycles, as soen by examination of the data
presented in table 3. Use of multistass compression
with econamizers also may do so. Table 2 shows an
efficiency advantage of 3%4-4% for R-123 over R-245fa,
depending oo the conditions examined. This differencs
drops 1o d2ss than 1% with thize or four compression
stages at typical condilions; this finding parallels that for
comparisons of R-123 and R-11.

These analyzes indicate only the maximum afficien-
cies for the comditions, eycles, and refrigerants modeled.
Practical efficicncics will be lower, as demonstraed by
eormpanson of the perfommance levels in tables 2 and 3,
Morecver, the ralios between attainable and theorctical
or between practical and theoretical cfficiencies differ
among tefrigerants.  Atwood and Hughas {1990} urpe
skepticism for simplistic companisons.  They note that
¢ficicncy is net an inherent property of 2 fluid, but that
achieving the highest efficiencies depends on optimiza-
tion of the system and individual components for the
refigerant.  Nevertheless, oycle analyses are uscful to
prioritiz¢ ¢andidates and to discount those tesulting in
gignificantly lower performancs.
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Table 3. Comparative refriperant eficiencies at standard chiller rating conditions

ideal cycla " typical conditions ™
conditions "G {70} {°F) {"C} (%) (°F)
average evaporating temperatura 67 44,0 50 41.0
superheat 0.0 Do ' 1.0 1.6
average condensing temperature 2.4 B5.0 350 5.0
suboocoling® 00 0.0 5.0 9.0
isentropic compressor efficiancy 100 80
moter efficiency 100 a5
control and other power use o 0

COoP specific powsr coP spacific power

refrigerant {WARKW) (Witon) (KWW fkWitan)
R-11 11.52 .21 6.60 053
R-12 10.92 0.32 .25 0.E6
R-22 1085 0.32 G619 Q.87
R-113 11.14 0.32 8.4 0.55
R-114 10 24 0.32 6,30 0.58
R-123 11.28 0.31 65.54 0.54
R-124a 10.89 D.32 6,26 Q.55
R-141b 11.25 0.31 8.45 0.55
R-23Bfa 10.8% 0.52 620 .56
R-245ca 1111 0.32 £8.39 0.55
R-245fa 10497 Q.32 B8.32 0.58
R-240 {propang) 10,72 0.33 5,16 0.57
R-4104 10519 033 5,68 D.55
R-500 11.27 0.31 548 0.55
R-717 {ammonia) 1117 0.31 5.28 0.56
R-744 {carbon diowds) B.44 055 e e

* Conditions e those for standard chiller ratings m the Unitzd Statcs for watcr-cooled chillers (ARE 1900).
b Calewlations worg mude with CYCLE D verseon 1.1 (Dotanski et al , 1997) for all refrigenmts except R-11,

far which vorsion 1.0 was usad,

* Conditions approximate those typically creounterad on the refrigerant side of watsr-coolod chillers at standard
rating conditions far representative approach temperaturss, subcooling, and superheat.
! Typical subccaling varies by retrigerant for the reasons discussed Lator in this paper. The level shown is a rep-

resentative sclection for comparisons.

Of the refrnigerants shown m table 3, R-11 stands out
ag olfering the highest potential efficrency. 1 also oftors
two impertant, practical advantages. First, the requirc-
menls for pressure vessels gencrally do nct apply, lead-
ing tor savings i equipment fabrication costs, since R-11
chitlers pperate at low pressure Sccond, itx bgued state
at room temperature sioplifies bandling.  These advan-
tagas arc partially offser by the need fur a purgs device,
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Conditions exceed critical point {requires a transcritical cycle).

due to subatmospheric evaperation, and higher toxicity
— specifically its potency for cardiac sensitization —
than most altzmatves. [o balance, R-11 emoerged as the
most widely used refriperant in eguipment (primanly
chillers) wizh centrifugal comnpeessors, It was oot comt-
petitive in smaller equipment, using positive displace-
ment compressors, due to its bigh volume-flow require-
mcht.
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With R-11 phascout. based on its high ODP, R-123
hixs booome the most wadely msed refrigerant in centrifu-
gal chillers.  As shown m tables 2 and 3, R-123 alsg
offers cxeeptionally hish cfficicncy, Like R-11, it iz a
low-pressure refrigerant and miscible with mincral oil
lubricants. It is safer to use than R-11 by most acuts
(short term, single exposure) measurcs (Calin, 1994).
Tts chronic (losg-term, repeat exposure) oxieity is very
tow, but higher than that of R-11 and most alternatives.
K-123 dees not gualify os a toxic substancs undcr most
fedoral lows and mest bwlding, firc, and mechanical
codes in the United States 1t neverthcless is classified
as a Bl refrigerant, reflecting ity chronic toxigity
(ASHRAE, 1993} Introduction of R-123 reouined sig-
nificant changes in fabrication matertals, due to differ-
ences n its solvendy, but those matters were resolved by
1990,

While long-t=rm aleermatives have been identified for
most reftigerant needs, the search comtinues for R-123's
replacement.  For perspective, R-134a has largely re-
placed R-12 in appliances, cotmorcial and transport
refrigeration, mobile ar conditianers, chillers, and other
wacs. Hydrocarbons and hydrocarbon blends alen have
gained acceptance in some countries, R-416A and, for
limitcd applications R-407C and R-407E, are leading
candidates to replace R-22 in windew, anitary, packaged
termmal, and water-scurce air conditiomers and beal
pumps and in chillers and refriperation. R-404A and R-
3¥TA are the frent nanmers to replace R-302 in low tem-
perature refrigeration; R-1074 and several other blends
are used in some apphications.  The replacements citad
for R-12, R-22, and R-502 togsther with R-717 arc he-
coming the nom in all but witre-low teroperateme, indus-
trial refrigeration, These uses — and the elusive R-123
replaccment — are thz plums of the refrigerant market
More than 40 new refrigerants, including blends, have
been commercializad sinee 1989 to compete for the ap-
plications discussed and morc imited uses. This qtan-
tity 15 doubled if short-term R-12 replacemenls arc
counted,  Most of them are service fluids for extstmg
equipment; the monber of survivors in a decade will be
sirtular to that a decade ago.

Despite all the activity for the plims, niche applica-
tions, and service fluids, the imporiant miccessat fo re-
place R-123 has not cmorped  Solutions have been
sought by chemical and equipment manvfacturers, sov-
etnment taboratories, rescarch organizations, environ-
imental proups, universitics, aod others.

Among thy hoped-for options, the fluorocther R-
E245fal (Z-difluoromethoxy-1,1,14nfluorocthans) was
found to react explosiecly with glass and tr be wstable
with fibrous-plass motor materials (Doem ol al, 1993),
L1222 3-Pentatiuoropropane (HFC-245¢2) was fourd
to be flammahble {Smith et al, 1993) and not suited for
CFC-11 und HCFC-123 rerrofits (Glamen ot al., 1996).
Blends that incrt its flammability dezrade perfimmance.

id

Band and CFischer {1994} identified threw candidates, by
modeling, that mighl exeeud the efficiency of R-123,
among them R-143, R-EW3, R-132. However, all three
are flammable gnd their toxicities arc not well character-
1zed, particularly for R-E143. The blends supgested 1o
address. flammabality concems were found wnartractive.
Tests of R-245fa, flugrocthers, and fluotoether blends
are continuing,  R-2453f2 may approach R-127's cffi-
oreney, particulaidy in multistage desipns, Lot will -
quire complianee with pessure vessel restrictions andg
will not be suded for reirofit of the very large inveatory
of R-11 and R-123 chillers, And its GWP exceeds that
of R-123 by a faetor grealer than nine,

Mo wiable rofrigcrant has vet surfaccd rwt offers
higher efficiencics thar R-11 or B-123, The thzorctical
advantape of R-123 over enrrend attematives, namely R-
22-angd R-134a, is 3%-3%. The difference for the best
available equipment i5 9%-205.

POSSIBLE FUTURE REFRIGERANTS

The influcnees of chemical eomposition on bohavier
supgest soveral ingights for futurg refnperant candidares
The following dizcussion is himitsd to impacts on cffi-
CIEDCY.

Thi: critical point and malar heat capacity are among
the most important parameters driving thermodsmanic
performance. Operatian closc to the critieal point results
m high volumetne capacity, bt Tow efficicncy, sinee Lhe
refnperating effect 15 decreased.  Operating far from the
crittcal paint results in the opposite condition, namely
goud efllciency but Tow capasity (Melinden and Didion,
1987} A review of current refrigerant selections for
commen applicattons shows that the roduced (nonmal-
ized to the entizal point temperature) condensicg tem-
perature typically falls i (he range of 0700 This
filing 15 similar to that of Angeling and Invernizzi
{1938} for complen melecoles, congidered as rofrigerants
for hich remperature heat pumps.

Figurz 7 illustrates an ideal vapor-compression cvele
on a mporature-enteopy (T-5} divaram, In this ¢on-
text, ideal eyele refers to ons lmving no components
(such as subcoolers. higquid-line/suction-lice heat cx-
changers, or expansion turbines) For gxpabsion loss ro-
covery, The area desizmated as the rcfriperating effict
represents the heat per unit mass of refiigeiant trans-
ported from ths cvaporator to the condemser,  Both the
capacity and the cfficiency depend heavily on maximiz-
ing this amonnt, since a docrease requincs that more
mass flow be compressed to achicve the same capacity.

Figpure % chows correlations, for two reduced con-
densing temperaturea, betwicen the fraction of Jawent heat
constituting the refrigerating cffect and the liquid heat
capacity. 'The pounts shown arg those for conunon re-
frigerarts, based on properly data from REFPHROFP
(Huber et al, 1996). Componing the ploted costela-



tipny, the ratio of refrigerating effect to latent heat de-
creases as coitdonging temperature approaches the crati-
cal temperatire and as the liguid heat capacity increases,

Mclinden {1990) quantitatively cxamined the influ-
ences of the critical point and melar {ideal gas) heat ca-
pac:ty on refriperant performance. e showed that op-
cration would bo optimized for fluids with heat capaci-
ties of 35-70 I'mol K, depending on the entical point.
The cited tange corresponds to simple refriperant mole-
cules, typically those with a single earbon atom. Refrig-
erants conluoug lwo of three carbon atomns have higher
heat capacitics, up to 230 molK; they can be opti-
mized only through eycles that recover expangion-side
lnases.

Domanski ¢t sl {1994) siimulated the addition of a
100% effective liquid-line‘suction-line heat exchanyer 1o
an ideal cvele, The resulting efficiencies were nearly the
samc for all of the refrigerants examined, eszentially
those plotted 1 figure &

Wood (1982), Mormison (1994), and others have
ghorem that the yaolar hzat capacity is a strong indicator
of the skow in the saturation boundaries for refrigerants
on a T-% diagram. More specifically, ths slope of the
gaturatcd-vapor ling increases, and then bends over, as
heat capacity ivcreases. This shape change causes two
problems.  Firss, it grvates the possibility of re-gntening
the twophase (“wet™) ropion during isentropic com-
pression, unless the roftigerant is superheated before
compression, ln oxtreme cases, it leads fo the possihihty
of never leaving the two-phase region, forcing destruc-
live awml inaMicicnt wet compression.  Sceond, the de-
creazing slope of the satrated liguid line deprades the
refrigerating offoct, in similar manner to eriucal pomi
proximity.

Figure 9 illnstrates the mereasing skow of the satura-
- ion buumdaties on T-8 diagrams for R-11, R-123, R-
J45¢a, and R-245f, The first three have vory sumilar
pressure-temperature  relationships, the fonrth also is
aimilar, but has slightly higher pressures.  As noted
abave, ®-123 has replaced R-11 as the most comumean
reliigerant in now centrifugal chillers, and R-243¢2 and
R-245fa are candidates o replace R-123. The number
of carbon atoms increases from one in R-11, to two 1
R-123, tg three in the R-243 isomers. The ingreasing
nwmber of bonded atoms incrrases the molar heat ca-
pacity and, eonsequemtly, the skew of the satwration
boundarics  As indicated by the amlyses summanzed i
table 3, the ideal and typical cfficicncy limits fatl in the
samc progression.  Cemparison of the efficiency du-
creases for these fluids behween those for ideal and typi-
cal ¢yeles (oo table 3) shows that subeooling reduces
the deterioration fir the larger {mare cotplax) meole-
cules. As discussed above, use of moftistage cycles with
inter-stape economizers alse would partially offset the
efficicney decreases.

Frada-CMTs in FRefrigerant Selections: Past, Present, and Muturs
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The plots [or R-245ca and B-245ta show that mon:
15 involved than stmple molecutar gize. The two jsomers
havc the satne mass, bt the less symmetric isomer, R-
2456, thermodyvamically behaves like a more complex
nmelccule {Le., s T-5 samration boundariss are more
skewed than those of R-243ca). It also has a lower criti-
cal temperature,

Lise of refrigerants with low critical femperanuees re-
sults in operation at higher toducsd temperaturcs. As an
example, the reduced temperature for condensing with
R-410A (a2 50430 blend by mass of R-32 and R-12%)
may reach U.95 in gir-conled air conditioners. This high
reducced omperature suggests that added devices for ox-
parswon-side recovery will be necded 1o achieve maxi-
mum capacity and cfficiency for this R-22 replacement,

Ome might conclude that all roftigorants have the po-
tential 1 achicve gimilar ¢ycle efficiencies, but they re-
quirc changes in machinery sere and complaxity to do so.
Furthermore, working fluids with simple molocular
streclures tequire simple machines with relatively fow
componcnts, as has been the case with the CFCs. As wo
eliminate these simple moloculss, we will be forced Lo
consider more complex machines to optimia: perfonn-
ance.  Whether the conclusion is trpe in every case is
less important than ils implications. Specifically, s
oplimization requircs that the refrigerant and the ma-
ching be designed together, via mixtures and add:tional
componenis iof nocded.

From an enginesring porspective, cach glement of
added complexity increases costs, refrigerant charge
{amcunt), the potential for leaks, and thermodymamuc
irrgversibilities. Each addition also reduces the systein’s
relighility.  Henoe, simple retigerant molecules have an
inhcrent advantage to rcach higher offtciencies g lower
co:ls and with lower system risk of envirpnmental hama,
Comverscly, elimmation of the simple molecules implies
higher systern costs and higher risks.

Orne of the lossons, from ropeated searches for new
refrigerants, is that the number of syitable clements thar
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Figure 10: Candidate clements for refrigerants
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can bz combined at the molscular Tovel ks small. Figure
L0 retumns to elemonts identified by Midgloy and his co-
horts (shaded) as will as subsequent rescarch  Fxami-
nation of those options suggests that mereasing the con-
tent of;

+ carbon mercascs the moleoule sive, seoerally ingreas-
ing the normal boiling point and molar heat capacities,
making larpe molecnles wnsuitabis,

* nitrogen mukes the resulting compound more reactive,
geazrally increasing toxicity and degreasing stability,

= mxypen reduoes the atmospheric stability, and there-
fore ODP wnd GWP, but alse may increase flamtna-
hility, reactivity, and toxierts,

* sulfur generally increases toxicity and mav decreass
stability,

- hydromen generally decreases atmospheric lifotime,
and therefpre ODP and GWDP, hut also incrcascs
flammabdl-ty éspecially when the number of hydrogen
atoms exceeds the rumber of connected halosen at-
s,

= flugrine attached to carbon increascs the WP, par-
tienlarly in perfluoninated moleccules,

+ chloring incrcases ubricant miscibilily, bt also the
GIP and, penerally, the towcity,

* bromin: rapidly intreases the 80P, bul greatly dimin-
ishes flammability, aml

* fota) fraction of attached halogens increswes atmos-
pheric lifortme, particolarly for perhalogenated com-
pounds, and therefom: ODP and GWE.

Corr ¢t al. {1995) note that the loxicities and punpent
edors of compounds comaining varbun, hydrogen, nitro-
gen or sulfur, and optionally oxveen stranply reduce
their potental s refrigerants,  Furthermors, partially
fluorinated analogs of these compounds lack stabilicy.

Three othor clements bave drawn intense scratiny,
namcly boron (which [lls o the left of carbon in the
periedic table of the elements), silicon (which sits below
carbony, and ioding (wlich liss below beorming), Increas-
ingr the content of;

* boron makes chernicals highly reactive and, gencrally,
Tax%ic,

* silicon makes analops to CFCs react with water,
sumetimes violemly, and its more complex com-
pounds have failed either thermodyiramic or toxieity
BCTeeninE criteria

* dodine gencrally increascs rcactivity, which shorgens
the atmospheric lifctime but raises concermns with
long-term stahility inside refrigeration machines, The
onc iodochermcal tested for cardiac sensitization po-
tential, R-13I1, showed an ¢ffect at Jow concontra-

ru
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tions, Some volatile iodides have been rejected for

tongrity.

The mumber of potentital chamical combinations of
thase cloments drops quickly as mdividual clements arc
removed.  Most compounds containing chlorimze and
bromine, including those used as refrigerants, have been
or are bommg phased our wnder the Montecal Protocol.
Fluorinated eompounds are under attack a3 preenhouss
pascs. Most chemicals containing nitropen, and sulfur
that are suited as reftiperants raise safety concems,
thovegh ore, smmaonia, 15 widely used. Hvdrocarbans
tend 10 be good refrigeramts, but they are Tughly flame-
mahle. Most exhibit cardiae sensitization potentials and
ancsthetie cffeets that are sirmlar o halocarbons, but
offer lower toxicity risks upon decomposition.  Also,
hydrocarbons have been implicated in the generation of
tropospheric cwote — an irrtant and [actor in stog
formation —when subjected fo solar irradiation, thus
rcducing air quality in urban arcas (Corr ot al, 1993),
Carbon dioxide introduces high pressures and lerwers
thermodynamic cfficiencics; carbon monexich: is guie
toxic,

CONCLUSIONS

The first generation of refrigerants, from the advent
of meehanigal refriperarion in the 18302 throngh the next
hoodred yosrs, was charasterized by wse of whatever-
worked.  LEarly inventors tricd a varicty of famuliar,
vplatile fluids.  Systematic screening, to ooprove per-
formance and safely, did not bzgin until late in that cra

The seeond gencration bepan in the 1930s, with dis-
covery of fluorinated refrigerants, and lastad approxi-
matcly B0 years, The doving fagtors wore safery and
durability.  For the first time, refrgerants were synthe-
sized 10 obtzin desived properties.

The third peneration began in the 1990s, with intro-
duction of alrernative refrigerantz for envirommental
protcction.  fhe inial concern was depletion of the
stratospheric awzonc layer, bat sclections anticipated the
teed to mitigate groenonse gas cffcets as well.  One
distinction of this cra is the adventl of service flunls, 1o
enable eontinuad use of the large lventory of axisting
gauiprment,  Another s introduction of transition com-
pounds, those wsed — and even newly cotnceeialized
— despile antivtpated phasecut, while long-term solu-
tiong are sought, A thicd distinetion g higher dependence
on blends. and regtropes m particular, in the absence of
singlc-compound options to mect compHlex oriterta.

Rapid introduction of the alternatives created an illu-
sion that more choices can be found for each new sct of
rules, if simply imposed. Most of the alternative reiTig-
agrants of the 1990s had been exameoned before, but were
found less competitive under old eriteria.  The earlier
cxaminations, and i some cases eguipmend [ests, Cn-
abled rapid commcrcialization when the rules changed.
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One hollmark of the progresgion in refriverants is that
chermical and couipment mannfacturcrs opposcd com-
promises that retrenched on safefy and performance.

Interest, or more correctly revivad mlerest, v cmery-
inz in chemicals dubbed ranerel. The desirable therme-
dynamic properties of some hydrocarbons and other re-
friperants deermned narure! wers recognized in the 1%9th
century.  Theas refriperants wers Jargely ratired in the
ith eoniury 1y improve: safity mather than performance.
Their future — as refrigerants for the st centmry —
may depnd tot only on now selection criteria but also
on new teehnologies te redues thoir naks.

Several conclustans ars madent.  Firest, the probahil-
ity of finding an idcal refrigerant, particolarly with the
exhaustive searches performed to date, is pracucally
zorg, Those waiting for a pericer solution will be disap-
pomted. Sccond, greater attention 15 needed in zddress-
iz both environmental and safely concerns by comtain-
mment, parocularly for compownds with nunimal advarse
impacts, rather than phascout.  Tremendous propress
has been made in the last decade, and further emission
reductions ars likely, Third, indiseriminate elimmation
of cnbire classes of compomds, vathout regard 1o affagt-
ting benchits for those of low concen, may foree less
desirable compromises later, R-123 is a clear example.
Itz ODF is not zero, but it ic o low that use of R-123 in
closed swstoros, such ag chillors, viglds 3 neghgible offact
on ozome depletion.  Thiz effect 15 more than offset by a
short atroospherc hfstiome, extremely low GWP, and
very high thermodynamic cfficiency.  And fourth, efforts
to address stratosphenic ozome depletion and redoce
greemhouse £ag enussions have spawnced numcrous sec-
ondary bencfits, in ferms of inercased safety, higher ef
ficicney, tesemrce eonscrvabon, and lowered fifo-cyels
costs,
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