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Chloroffuorocarbons (CFCs) are important compenents of refrigeration equipment, plastc for imsulation
for buildings and appliances, and solvent cleaning processes. The Montreal Protocol o Protect Stratos-
pheric Ozone Layer and recent revisions to the pratocol require a rapid phase-out of the production end use
of CFCs and a transition o alternative matedals and technologies, It is important that the alternative
technologics selected do not exacerbate the global warming probicm while attempling (o preserve strato-
spheric orone. A study was conducted to evaluate the total glabal warming impact of proposed allernatives
to CFCs and this paper focuses on the aspeets of that Shld}- refevant to refrigeration and air-conditioning,
The concept afl ot equivalent wirming impacl (TEWT} is developed as o messure of the combined plabal
warming impacis of the refrigerant losses fo the gtmosphere and the COy emissions from fossil fuels to
generale power 1o run the refrigeration and alr-conditioning svstems. Eq u.ipmum using allernitives o CFCs
has lower TEWTS than current systems in afmost all cases, with dramatic reductions possible in some
applications,

{Keywords: substitute; greenhouse effect; measuremient)

Le concept de 'impact sur le réchauffement total
équivalent: mesure du réchauffement de la terre provoque
par les substituts des CFC utilises dans les equipements
frigorifiques

Lex eldoroffuorocarbures {CFC) sont largemeant wrilisés dang fex dquipemenss friporifigues, dans les mariéres
plestigues pour iselation des bdrimenss et des matérimx, ef dang fox procédey de nettoyage par solvants, Lo
Protocale de Montreal, qui vise @ proféger la conche d'ozone stratosphérique, @t sex révisions récentes prévoient
urt arrdt fmpinent de de produetion efde Murifisarion des CFC er Dadoption de subwiances of technofozies de
substitution. Or if est fmportant que fos fechnolagles de substituwiion choisies, four en cisayant de préserver
lozene strarogphiérigee, ne favorisent pas Ceffet de serre. On a effeciué wne éride pour dvaluer Uaffer global de
certaing substituts des CFC sur e réchouffement de {o terre, et Pariicle concerne plus particulidrement les
domeines du fraid et du conditfonnement d'air. Le ‘concept de impact sur fe véchaufferment toral egruwm'w Fid
(TEWT) esr urilisé powr mesurer fes effers combinés des divsions de frigorizenes dans Datmosphére of des
emizsions de OO duey aux combustibles foxsiles weiltsés pour le fonetionmement des installations frigorifiques ef
de conditionnenent d'air, Les équipements utilizant des subseinuts des OFC présentent un potentiel de réchauf-
Sement inferiour d celul des Squipemenis aciels dans presque tows les cas, of d'importantes réductions sons
envivageahles dans certaines applications.

(Mots cles: substitut; effet de serre; mesure)

The Montreal Protocol of 1987, along with the 1989 and
1991 revisions, 15 an international framework for the
orderly phase-out of production and use of chlorofluoro-
carbons (CFCs) as relmgerants, foam blowing agenls,
cleaning solvents, aerosol propellants and medical steri-
lants. The ambitious schedule for replacing CFCs fre-
quently requires manufacturers and users to make
decisions on working fluids and begin a transition away
from CFCs before sufficient information is available on
alternatives. [t is extremely important that compuanies
and regulatory agencies do not select chemicals or tech-
nologies that exacerbate one environmental problem as
they seck to solve another. Poor choices will inevitably
resull in requiring a second costly transition.

Besides contributing to the destruction of strato-
spheric ozone, the Antarctic ozone hole and significant
ozone reductions in the Arctic, CFCs have also been

implicated as a major anthropogenic cause of glohal
warming'. As refnigerants are lost through leaks, eguip-
ment  maintenance and retirement, they disperse
throughout the atmosphere and act as greenhouse gases
and contribute to global warming. CFCs are particularly
effective greenhouse gases because of their very long
atmospheric lifetimes and because they block the escape
of infrared radiation in a range of the spectrum where
B0% of it would otherwise be lost from the earth/atmos-
phere system?, The selection of alternative chemical com-
pounds to replace CFCs must not result in the use of
compounds that are worse than CFCs from a global
wirming perspective,

Besides the accumulation of CFCs in the atmosphere,
there is an additional factor that needs to be taken into
consideration  when  assessing the global warming
impacts of CFCs and their replacements in cnergy-con-
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suming systems and processes. Mot only do these appli-
cations use CFCs, they also either consume or conserve
large quantities of energy during their operating life-
times. Almost all of this energy (with the exceptions of
electricity generated by hydro-electric dams or nuclear
power plants) results from the combustion of fossil fuels
and creates emissions of CO.. Carbon dioxide 15 the
largest contributor to global wirming. The goal to keep
in mind when trying to evaluate the impacts of CFC
replacements, then, is not just the direct effect of the
refrigerants, blowing agents or solvents on global warm-
ing, but the total impact of the gases released to the
atmosphere, including the lifetime CO; emissions from
COETEY UsE,

The Alternative Fluorocarbons Environmental Accept-
ability Study (AFEAS), a consortium of fluorocarbon
mianufacturers, and the US Department of Energy spon-
sored & project at Oak Ridge Mational Laboratory
{ORNL) 1o evaluate the impacts of CFC replacements
on glabal warming, This study developed the concept of
total equivalent warming impact (TEWI) as a measure of
the combined direct effects and indirect energy related
effects for systemns using CFCs in order to make compari-
soms of alternative chemicals and technologies. This
paper focuses on the aspects of that study which concern
refrigeration and air-conditioning.

Methodology

Several indices have been defined and tabulated as meas-
ures of the greenhouse warming potentials (GWPs) of
trace gases that are similar in concept to the ozone dep-
leting potentials, ODPs, used in the Montreal Protocel.
Fisher er al} proposed a halocarbon global warming
potential (HGWP) for CFCs, hydrochlorofluorocarbons
(HCFCs) and hydrofuerocarbons (HFCs) that related
the impact of cach gas to an cquivalent mass of CFCILL
Similar tahles of global warming potentials have been
printed and used in which the reference gas is CFCI2.
Although each of these definitions has the advantage
that cach compound has a unique GWE value depending
an the reference gas chosen, neither allows a system
evaluation that also takes into account €O, emissions
associated with energy use. The Intergovernmental Pancl
on Climate Change (IPCC) scitled on a definition of
GWPs which is useful in evaluating a system impact
because it uses C0s as the reference gas; the GWP of a
compound is defined to be ‘time integrated commitment
to climate forcing from the instantaneous release ef 1 kg
of a trace gas expressed relative to that from 1 kg of
carbon diexide’*

GWP =

_F; ooy Cond! ()

As defined by the IPCC, in Equation (1) ‘& is the
instantuneous radintive forcing due to a unit increase in
the concentration of trace gas 7, ¢ is the concentration of
the trace gas { remaining at time ¢ after its release and v is
the number of years over which the caleulation is per-
formied. The corresponding values for carbon dioxide are
in the denominator.® Table | contains a list of com-
pounds and their GWPs using CO; as the reference gas
with the upper limits of integration, or integration time
horizons, set to 100 and 500 years,
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Table I Global witrming potentials (GWFs)
Tablean | Porentiels de réchuiferent oe la ferre

Compound 100 years S0 years
O 1 1
CrCLL 400 1400
CFCI2 Tion 4K}
CFCLIA 200 2100
CFCII4 T FRiN
CFCIIS ] 2300
HCFC22 1600 34l
HCFC123 an i}
HCFC] 24 |40 13
HCFC141b 530 200
RHCFC1420 ] Sdi
HECL34 1 20} ANt
HFC152a (1] 49
D00
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Figure 1 Nommlized radistive foreing due to refrigerunt losses and
fuel combusting 16 power and transport an autcmabile air-conditioner
Figure |  Afoyenme du rayenentent terrestre sloppé par les duisrians de
feipnripénes ef de combuartibler wilisés pour e fonciionnement et e frons-
port o'len conndisionreer d'air d'automoebile

The definition in Equation (1) can be extended to
cover energy-consuming sysiems by including the time
release of refrigerants and COy emissions from annual
encrgy use in the numerator of the equation while leaving
the denominator as the area under & curve for the
instantancous release of CO.. Figure 1 contains an illus-
tration of the two contributions 1o radiative forcing for
an automobile air-conditioner (normalized by the impact
of a release of 1 kg of CO4) from the CEC12 lost o the
atmosphere from leakage and maintenance and also the
carbon dioxide from burning gasoline 10 power the com-
pressor and blower and also just 1o transport the weight
of the system components. Radiative forcing from both
the CO, (darkly shaded portion) and the refrigerant
{lightly shaded portion) increases during the relatively
short useful lifetime of the equipment, peaking at an
impact equivalent to releasing over 25 000 kg of CO,
and then they gradually decay in time. For a system then,
the numerator of Equation (1) is the area under the two
curves from the initial time () to some agreed-upon ‘integ-
ration time horizon', . The denominator is then the arca
under a similar curve for the release of a single kilogram
of CO; rom time O Lo n,

Aldthough the integrals in Equation (1) for systems can
be caleulated in closed form, they are difficult 1o set up
correctly when both the refrigerant emissions and energy



use are occurming over time. This is not a large problem
when leoking at one or two working fluids for a single
application, but it was not used in the DOE/ATFEAS
study becauvse of the hundreds of evaluations performed
for the different applications and alternative chemicals
and technologies. Equation (2) was used to deline the
TEWI, where X is the mass of refrigerant emitted to the
atmosphere, GWP, . is the COp-based global warming
potential of compound X for time horizon m, o 15 a
conversion [actor 1o change energy use from basic units
(e.z. kWhyear-!, Iy~! for gasoling) to CO, emissions, L
is the operating lifetime of the system and £ 15 the annual
fucl use, The TEWT has been shown to be a very good
approximation of the total impact using the integrals
when the time horizon is large relative to the lifetime of
the system®,

TEWIl = 3~ GWP,, + tensL-E {2)

Automobile air-conditioning

It may be easier 1o understand the results presented later
ifa couple of sample compansons are made to show how
the calculations are performed. Consider first a
representative aulomobile air conditioner for a US-made
car with CFCI2 as the refrigerant, and then consider a
hypothetical comparable system using HFC134a, The
car with an air-conditioner using CFCI12:

1. contains 1.2 kg of refrigerant and loses approxi-
mately 4000 g of refrigerant annually through leaks and
maintenance (and all the remaining refrigerant is reco-
vered when the car is serapped);

2, has a useful lifetime of 11 vears;

3. weighs 15 kg;

4, s driven 16 400 km per vear,

5. has a system coefficient of performance (COP) of
1.90 which 15 a combination of the evele COP at 66°C
condensing, 4°C evaporating, 54°C liguid, and 18°C
return gas with the power supply to the air-conditioning
blower, the condensing fan and the power transmission
loss in the mechanical drive.

Two estimates from industry sources are used to con-
vert the information listed above to annual fuel use: (1)
47 1 of Tuel are required per 10 000 km deiven 1o power
an automobile air-conditioner using CFC12, and (2) the
fuel use for incremental weight changes is 57 1 100 kg~!
per 10000 km/driven’, Both of these estimates are fleet-
wide averages for new cars and the fuel use for air condi-
tioning 15 an ‘annualized” value that includes the miles
driven when the system is idle as well as the on-time when
the compressor and fans are operating. A factor of 2.32
ke €O, 17F of gasoline is used to convert from annual
fuel vse 1o carbon dioxide emissions. A few calcolations
show that:

1. 91 | per year of fuel are required to power and
transport the air conditioner:

471 | W 571
10000 km . 16400 km year™! + yo5re = G 000 km

®* 15 kg * 16400 km year=!

2, 2300 kg of CO; are emitted during the lifetime of the
air-conditioning unit;
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2.32 .
%ﬁ% % 911 of [uel year—" = 11 years
3. 31 000 kg equivalent of CO, are released from refri-
gerant losses using the 100 year GWP value in Table 1,
L& 000 kg equivalent with the 500 vear GWP value:

0.4 kg CECI2 e e 1300 kg CO. equivalent
vear ey X kg CFCI2

ar

i ke CFCI2 o 4500 €O, equivalent
year YRR X ST ORCTD

The TEWL is then 33 000 with the 100 year GWP
{31 000+ 2300) or 20000 with the 500 year value
(18 000 + 23007

The automobile industry has already begun changing
over from wsing CFCI12 10 HFCI34a m new cars,
Although basically the same, there are some differences
in the two systems. An automobile air-conditioner using
HFC134da:

I. contains an estimated 1.1 kg of refrigerant and will
lose approximately 367 g year™';

2. weighs 15 kg,

3. has a system COP of 2.04,

Keeping the other assumptions the same as they are
for the CFC-based air-conditioner, and decreasing the
air-conditioning encrgy use by the ratio of system COPs
wields:

1. 861 fuel year—':

Al LN
0000 km ~ .04

e SRLL L
" 100 kg = 10000 km

# 16 400 km year—'
* [Skg o 16400 km year—!

2. 2200 kg of CO; emitted:
B6lyear—! = 232 kg CO; 1-4 = |1 years

3. 4800 kg equivalent of CO, with the 100 year GWP or
1600 kg equivalent with the 500 year value:

0.367 kg HFC134a
year

1200 kg CO, equivalent
kg HFC134a

® |1 years

ar

400 kg CO, equivalent

0,367 kg HFC134a , vt
ey yeRm X e

The TEWIs for the alternative air-conditioning system
are thus 7000 and 3800 for the 100 year and 500 year time
frames, respectively, Both of these TEWIs are dramatic
reductions from the values for the CFC-12 air-condi-
tioner.
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Retail refrigeration

Similar calculations can be performed for a supermarkeat
refrigeration system using two racks of compressors
{meas, dairy products and produce refriperation using
CFC12 and low-temperature freezers using R-502),
remole condensing units and refrigerated cases distrib-
uted on the sales floor, An alternative system could per-
form the same functions using HCFC22 for all three
applications. The key assumptions for the baseline CFC
syslem are:

I initial charges of 1120 kg of CFCI12 and 400 kg of R-
302,

2. one-third of the refrigerant is lost annually through
leaks and servicing:

3. 396 000 kWh yr! for the refrigeration system using
CFCI12 and 223 000 kWh yr! for the low-temperature
R-502 systems:

4. a useful lifetime of 20 years for the refrigeration
systems.

Manufacturers have been able to design and install
refrigeration systems using HCFC22 that achieve vir-
tually the same efficiencies as those using CFCI2 and
R302, so the only significant changes in the assumptions
are reflected in the refrigerant charge and leakage, The
conversion io HCFC22 is assumed to require a charge cf
1022 kg HCFC22 [or the meat, dairy and produce system
and 390 kg for the freeeers, The leakage rate is assumed
1o be the same.

In North America, the average CO, emissions from
power generation are 0,67 kg kWh! delivered (0.58 in
Japan and 0.51 in Europe because of the smaller use of
coal and greater dependence on nuclear and hydroelec-
tric power), The 500 vear TEWIs for commercial
refrigeration in North America are;

. 52800800 kg CO; equivalent for the CFCI2/R502
systetns:

374 kg CFCI2 4500 ke CO,
year kg CFCIZ | <0 years
. 133 kg R-502 4080 kg CO;
year kg R-502

o ﬁLﬂéE!IEIU %20 years ¥ ﬂ.ﬁ?k%;.(}-.

® 20 years

2, 12900000 for HCFC22:

470 kgHOFC o0 510kgCO,
year 20 ¥ears X oHCRC

L GI9000KWh | o0 0,67 ke CO;
year : kWh

The replacement of CFCIZ/R302 refrgeration
systems with systems using HCFC22 thus represents g
6% reduction in TEWT in the 500 vear time frame.

Kesults

Worldwide uses of CFCs were surveyed to identify the
major energy-related applications in refrigeration and
air-conditioning, building and appliance insulation, and
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Figure 2 Toral equivalent warming impact of CFC-12 and aliersxtive
refngerints i an automobile air-condinioner

Figure 2 fmpacr sur e réchaufenment rofal dquivalent du CFCI2 er des
Sriporipénes de sabaiintion stilises dias un conditionnear dalr dautonie-
bile

solvent cleaning. Houschold, or domestic, refrigeration,
centrifugal chillers, unitary heat pumps and air condi-
tioners, automaobile air-conditioning and retail refriger-
ation were found 1o be the most significant applications
in refrigeration because of the large number of units in
operation, large volumes of refrigerant used, or amounts
of energy involved. Other applications (e.g., refrigerated
transport, ice makers, dehumidifiers), while important,
were considered much less significant on a global scale in
this analysis. [t was also determined that the major geo-
graphical regions using CFCs are Europe, North Amer-
ica and Japan.

Information was gathered from both corporate and
government research laboratories, universities, industry
trade groups and public interest organizations to identify
the most promising replacements lfor CFCs that could be
incorporated in new equipment during the period of
CFC phaseout, the 19905, Because of the limitations of
the time {Tame, this list of alternatives consisted primar-
ily of alternative chemical compounds that could be used
in equipment very similar 1o current products bised on
CFCs, Very little quantitative information was found on
revolutionary technology developments that could be
incorporated into near-term consumer products, though
there are promising ideas that merit further develop-
ment. Data were also pathered for use in the TEWI
calculations on the operating efficiencies of equipment
using CFC substitutes; emphasis was placed on actual
measured or relative system performance wherever poss-
ible rather than theoretical cyele calculations.

Results can be presented in two different wavs; first as
bar charts showing the direct chemical emissions effect
and indireet energy effect of CO, emissions lor several
CFC substitutes for a single application, and then as
relative changes in TEWI for several applications where
the TEWI for each type of equipment has been norma-
lized by the TEWI of the baseline CFC system for that
application.

Figure 2 shows the TEWI for automobile air con-
ditions, both the [00 and 500 vear values, for the bascline
CFCI12 system and several proposed alternatives, includ-
ing (13 HFCT34a, (2) a blend of 30 wit% HCFC22, 23
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Figare 3 Normalized TEWI for refrigeration applicutions for CFC baseline equipment and averngesd values for proposed non-CFC aliernatives
Figure 3 Mapenee de mpact sur e récheyffenenr totad équivalent des équipements Srigarifiguer utilisent dex CFC el valenrs moyennes dox sahsiitos

tans CFC proposés

wit% HFC152a and 47 wi% HCFC124, (3) HFC152a
and (4) propane. Both sets of bars indicale dramatic
decreases in the TEW] because of the extremely high
impacts of the direct effects from refrigerant losses.
There is little or ne discernible difference in the energy-
related effects of most of the possible aliernatives, The
100 vear valucs in particular continue to show significant
direct effects [or some of the proposed alternatives, indi-
cating a need for reduced refrigerant losses or alterna-
tives with lower GWPs, The auto industry is working
hard to improve equipment and maintenance procedures
to reduce refrigerant emissions, with both CFCI2 and
the alternatives proposed for the future, by as much as
two-thards.

Figure 3 shows changes in the normalized TEWT [or
automobile air-conditioners, refrigerator/freezers, retail
refrigeration, residential-sized unitary air conditioners
amdl centrifugal chillers, apain using both the 100 and 500
vear GWPs. In this case the graph has been simplificd by
presenting just the TEWT for the CFC baseline for cach
application and an average of the TEWIs for several
non-CFC ahiernatives. The high-loss applications, retail
refrigeration and automobile air-conditioning, show

dramatic reductions in TEW1 in both the 100 and 500
venr results, while houschold refvigeration and chillers
show decreases in TEW 1 and little or no change in energy
use, Al the time this project was conducted the only
alternative being considered 1o HCFC22 in unitary
equipment was HFCI134a. Industry projections at that
time were that there would be significant efficiency losses
by using HFC134a instead of HCFC22 assuming a fixed
equipment and installation cost, The resulting increase in
energy use is shown by the longer shaded portions of the
bars for the non-CFC alternatives for unitary air condi-
tioners in Figure 3,

Conclusions

Severa] conclusions can be drawn from the information
plotted in Figure 3. First, for low-loss applications like
reltigerator freezers, unitary air-conditioners and centri-
fugal chillers (also residential heat pumps, although this
is not shown), the direct contribution of the CFC alter-
native is only a small fraction of the TEWT, This is true
using either the 100 year or 500 year GWP values 1o
compute the TEWL In these applications there is little
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benefit to be gained from using refrigerants with lower
GWPs or technologies that do not use greenhouse gases.
Second, the greatest reductions of TEWT can be made by
using CFC alternatives in the applications that have
relatively high losses, retail refrigeration and automaohile
air-conditioning (it should be noted that this applies to
large centralized supermarket reftiperation systems; self-
contained display cases have TEWI similar to refrigera-
tar/freezers), In these cases the direct effect is still a Targe
[raction of the TEWT and it may be possible to reduce
TEWI even further by innovative or next-generation
technologies.

Finally, recent findings are throwing some doubt on
whether or not CFCsactually have a warming or cooling
effect on the atmosphere®. When these new questions are
finally resolved, the net result is that the GWDPs af the
CFCs and HCFCs listed in Table ! are likely to he
reduced, The consequence on this work is that the
energy-use contributions o TEWI will be even more
dominant than they are now, which only ¢mphasizes the
fact that the most effective way to reduce contributions
Lo global warming in the future will be to improve system
efficiencies and reduce energy use.
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