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Summary

Motivation of the present study on refrigerantsthe phase-out of presently used
cooling agents, mainly chlorofluorocarbons, flu@dmons, and hydrofluorocarbons, and
the necessity to find environmental benign and gnefficient replacements. Aim of the
present project is to compare the results of thdelyi used concept of life cycle
assessments (LCA) with those obtained by Discretathbmatics. Mobile air
conditioning (A/C) systems in passenger cars ams@m as an example for technical
application of refrigerants. The environmental imisadue to life cycles of different
possible substitute refrigerants are compared wthle presently used 1,1,1,2-
tetrafluoroethane (R134a). Additional refrigeranteluded in this study comprise
dichloromethane (R30), propane (R290), isobutan@0Q&), carbon dioxide (R744),
pentafluorodimethyl ether (E125), 1,1,1',1-tetradffodimethyl ether (E134), hepta-
fluoropropyl methyl ether (E7000), methyl nonaflobutyl ether (E7100), ethyl
nonafluorobutyl ether (E7200), and 1,1-difluoroeth@R152a).

The data interpretation is carried out by meansdépendent methods such as the
Dutch Handbook method (CMLO2), Eco-indicator 99 98I and Total Equivalent
Warming Impact (TEWI). According to the CML02 asseent method, R290, R600a,
and R744 have a lower environmental impact compavid R134a in the impact
categories “Stratospheric ozone depletion” (SOD)imate change” (CC), “Fresh water
aquatic toxicity” (FAETP), and “Terrestrial ecotoiry” (TETP). E125, E7000, E7100,
and E7200 are the refrigerants with the lowest ctg@n the categories “Acidification”
(AP), “Eutrophication” (EP), “Photo-oxidant formati” (POCP), and “Human toxicity”
(HTP). In the impact category “Depletion of abiotiesources” (ADP), R152a has a
lower impact than R134a. The operation phase isdtfrainant phase within the life
cycle. It accounts to > 79 % for impact categoryFAD1 — 99 % for CC, and > 50 % for
FAETP. By means of EI 99 and TEWI, R152a, R290, R6MR744, and E7200 have a
smaller environmental impact than R134a under @eeggperation scenario. According
to EI 99, the operation phase is with 43 — 63 % doeninating life cycle phase.
Comparing the assessment of refrigerants by thee threthods shows that each method
ranked E134 higher than R134a. E7200, E7100, E/RDB2a, R600a, R290, and R744
are ranked lower than R134a.

The fate of some persistent degradation productghef studied refrigerants is
modelled. The concentrations of perfluorinated caybc acids (PFCASs) in surface
freshwater systems in Germany due to the annuattdiefrigerant emissions of E7000,
E7100, and E7200 from the A/C system of a passarageare about the factor 1® 10
smaller than the precautionary limit of 0.1 pg/Ltleé Federal Environment Agency for
partly or non-assessable substances in drinkingrfatBA 2003). Assuming that all 46
million German passenger cars (Destatis 2006aequipped with A/C systems using
E7000, E7100, or E7200, the concentration of thgratkation products in German
surface waters will amount to 0.1 — 1 pg/L. Thaangeeven under the best-case scenario
the above mentioned precautionary limit will bectead and under worst-case scenario

Xl



exceeded. The acidification effect of degradatioodpcts of R30, R152a, E134, and
E125 is negligible compared with the contributiohtibe overall acidity from other
natural and anthropogenic sources.

The ranking of refrigerants due to the aggregatibsix substance-intrinsic properties
(critical temperature, heat capacity of vapourpglovarming potential, ozone depletion
potential, octanol-water partition coefficient, aaicological exposure limits) by means
of the mathematical model METEORIEThod of Evaluation byORder theory) was
performed for 15 refrigerants i.e. chlorodifluoraheme (R22), difluoromethane (R32),
pentafluoroethane (R125), 1,1,1-trifluoroethane 484), propene (R1270), ammonia
(R717), R134a, R152a, R290, R30, R600a, R744, E7200 the blends R407C and
R410A. A high rank is accompanied with a high eowmental impact. Considering a
selection of possible aggregations, R22 is ranke87t% within the five highest ranks,
followed by R143a with 85 %, and R32 with 71 %. fRefrants which are ranked
predominantly in the five lowest ranks include R188 %), E7200 (81 %), and R290
(74 %). R744 has in ca. 40 % of the selected agtjeets the highest rank and in 24 %
the lowest rank. Two third of the refrigerants shewmodification in their rank
distribution pattern when putting an extreme lowhah weight on the thermodynamic
properties critical temperature and heat capacity.

Additional to the results derived by the LCA conthatin this study, literature LCA
results comprising different refrigeration procesaed refrigerants were included in the
comparison with results from METEOR. In general, NBEOR does not agree with the
results from LCA. In summary, ranking of refrigeterbased on substance-intrinsic
properties using METEOR can only give a rough eatiiom about general environmental
impact of a certain refrigerant compared to otheélatdly any statement can be made
about the influence of the technical configurationwhich the refrigerants are applied.
This phenomenon is not alone due to the fact theah alifferent LCA studies show
contradicting results depending on the differergliaptions and conditions. Considering
A/C systems in passenger cars, R152a, R290, RG0®h,R744 appear as the most
recommendable replacements of R134a in this apjlicéaking into account the results
of the present LCA study derived by the three asseat methods and the fate modelling
of some refrigerant degradation products.
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Zusammenfassung

Grundlage der durchgefiihrten Studie an Kaltemitistirdie stufenweise Einstellung
der Produktion und Nutzung der derzeit verwendet&@ltemitteln, z.B.
Chlorfluorkohlenwasserstoffe, Fluorkohlenwassefstofund teilfluorierte  Kohlen-
wasserstoffe. Daraus ergibt sich die Notwendigkeitimweltfreundliche und
energieeffiziente Ersatzstoffe zu finden. Ziel derliegenden Studie ist der Vergleich
von Okobilanzergebnissen mit Ergebnissen, die ahham Methoden der Diskreten
Mathematik gewonnen wurden. Pkw-Klimaanlagen weralsnBeispiel der technischen
Anwendung von Kaltemitteln herangezogen. Die Unwiekungen der Lebenszyklen
verschiedener mdglicher Ersatzkaltemittel werdeh adenen des derzeit verwendeten
1,1,1,2-Tetrafluorethans (R134a) verglichen. Neli®t84a umfasst die vorliegende
Studie Methylenchlorid (R30), Propan (R290), Isalut{R600a), Kohlenstoffdioxid
(R744), Pentafluordimethylether (E125), 1,1,1',EBtiafluordimethylether (E134),
Heptafluorpropylmethylether (E7000), Methylnonaflowtylether (E7100), Ethyl-
nonafluorbutylether (E7200) und 1,1-Difluorethari §Ra).

Die Auswertung erfolgt anhand unabhangiger Methoden die Dutch Handbook
Methode (CML0O2), dem Eco-indicator 99 und dem Tdigluivalent Warming Impact
(TEWI). Nach der CMLO2 Bewertungsmethode haben RE&00a und R744 in den
Wirkungskategorien ,Stratospharischer OzonabbauOOy ,Treibhauseffekt” (CC),
~Aguatische SuRwassertoxizitat” (FAETP) und , Tetrisgehe Okotoxizitat” (TETP) eine
geringere Umweltschadwirkung als R134a. E125, EYEXL00 und E7200 sind die
Kaltemittel mit den geringsten Beitrdgen in den KAfiygskategorien ,Versauerung”
(AP), ,Eutrophierung” (EP), ,OzonbildungspotentigfPOCP), and ,Humantoxizitat”
(HTP). In der Wirkungskategorie ,Verbrauch abiotisc Ressourcen® (ADP) besitzt
R152a eine geringere Schadwirkung als R134a. Digudigsphase ist die dominierende
Phase des Lebenszyklus. Sie tragt zu > 80 % zutumiskategorie ADP, zu 70 — 100 %
zur Kategorie CC und zu > 50 % zu FAETP bei. GefaE&I® und TEWI haben R152a,
R290, R600a, R744 und E7200 im Durchschnitt eimsngere Umweltschadwirkung als
R134a. Bei EI99 ist die Nutzungsphase mit 43 — 63die dominierende
Lebenszyklusphase. Ein Vergleich der Kaltemittekdungen anhand der drei
unterschiedlichen Methoden zeigt, dass alle dreithbiden E134 ein grol3eres
Schadenspotential zuweisen als R134a. Des Weitmesitzen E7200, E7100, E7000,
R152a, R600a, R290 und R744 eine geringere Schadvgrals R134a.

Der Verbleib einiger persistenter Abbauprodukte detrachteten Kéaltemittel wird
modelliert. Die Konzentration an perfluorierten Bamsauren (PFCA) in
Oberflachengewassern in Deutschland, die aufgrured ghhrlich auftretenden
Kaltemittelemissionen an E7000, E7100 und E7200 auser einzelnen Pkw-
Klimaanlagen entstehen, sind um den Faktdrid® 10 kleiner als der Vorsorgewert von
0,1 pg/L des Umweltbundesamtes fir teil- oder nogwertbare Stoffe im Trinkwasser
(UBA 2003). Unter der Annahme, dass alle 46 Milkan deutschen Pkw
(Destatis 2006a) Klimaanlagen mit E7000, E71000r ddé200 betreiben, treten in
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deutschen Oberflachengewdssern PFCA-Konzentrationen0,1 — 1 pug/L auf. Dies
bedeutet, dass sogar unter einem best-case Szediarigenannten Vorsorgewerte
erreicht und unter einem worst-case Szenario sagarschritten werden. Hingegen ist
der Versauerungseffekt der Abbauprodukte von R3052R, E134 und E125
vernachlassigbar verglichen mit den Beitragen ausle@n natirlichen und
anthropogenen Quellen.

Ein Ranking der Kaltemittel infolge der Aggregatimon sechs stoffspezifischen
Parametern (kritische Temperatur, Warmekapazitégibhauseffekt, Ozonzerstérungs-
potential, Oktanol-Wasser-Verteilungskoeffizientluoxikologischer Grenzwert) mittels
des mathematischen Modells METEORIEThod of Evaluation by ORder theory)
wurde fur 15 Kaltemittel durchgefihrt (Chlordiflunethan (R22), Difluormethan (R32),
Pentafluorethan (R125), 1,1,1-Trifluorethan (R143&yopen (R1270), Ammoniak
(R717), R134a, R152a, R290, R30, R600a, R744, urdiROE sowie die
Kaltemittelgemische R407C und R410A). Ein hoher dR@mtspricht einem grof3en
Umweltschadigungs-potential. In der vorliegendendit wird eine Auswahl moglicher
Aggregationen betrachtet. Diese weisen R22 mit 8&i%én Rang zwischen 11-15 zu,
gefolgt von R143a mit 85 % und R32 mit 71 %. Kaltéeh die vorwiegend zwischen
Rang 1-5 liegen, schlieRen R717 (88 %), E7200 (Buf8d R290 % ein. R744 nimmt zu
ca. 40 % der ausgewdahlten Aggregationen den hdachstel zu etwa 24 % den
niedrigsten Rang ein. Zwei Drittel der Kaltemitteéigen eine Modifikation ihrer
Rangverteilung wenn die thermodynamischen Paramietéische Temperatur und
Warmekapazitat besonders hoch bzw. niedrig gewighgeden.

Neben den Ergebnissen aus der vorliegenden Okabtlasie wurden
Untersuchungsergebnisse aus der Literatur, die kaen fir andere Kélteprozesse
und Kaltemittel umfassen, zu dem Vergleich mit Brgssen von METEOR
hinzugezogen. Im Allgemeinen stimmen die Ergebnisee METEOR nicht mit
Okobilanzergebnissen tiberein. Zusammenfassendsiggssagen, dass ein Ranking der
Kaltemittel aufgrund stoffspezifischer Eigenschaftmittels METEOR lediglich eine
allgemeine Erstabschatzung hinsichtlich der Umwbkhldwirkung eines Kaltemittels im
Vergleich zu anderen geben kann, doch ist es miéglich, eine Aussage beziiglich der
technischen Anlagenkonfiguration, in der ein Kalitéeh eingesetzt wird, zu treffen.
Anhand der Ergebnisse aus der durchgefiihrten Sankhind der Bewertung mittels der
drei genannten Methoden sowie der Modellierungitmester Abbauprodukte konnten
R152a, R290, R600a und R744 als die besten ErmsHé&zston R134a in Pkw-
Klimaanlagen identifiziert werden.
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Introduction & aim

1 Introduction & aim

1.1 Introduction

Refrigeration and air conditioning (A/C) are immort aspects of today’'s life style.
Food conservation is one of the main applicatidngefrigeration enabling the transport
of food over long distances all year. Refrigeratisnalso used for comfort in A/C
systems. Besides comfortable effects, refrigerateomd A/C also influence the
environment by energy consumption and the use traffuorocarbons (CFCs) and
hydrochlorofluorocarbons (HCFCs) as refrigerants.

Since 1974, the destruction of stratospheric ozuae been observed. It is mainly
caused by CFCs whose chlorine atoms react catallytizvith ozone. The Montreal
Protocol and its amendments regulate the phasefdDEC-production by 1996 and the
phase-out of the production of HCFCs by 2030. Besmtratospheric ozone destruction,
climate change is an increasingly political asp&specially the contribution of energy
consumption to climate change is of interest. Adddlly, high energy prices encourage
investing in energy efficient systems. With regrezone depletion and climate change,
substituents for the so far used refrigerants rnegound.

1.2 Aim

Aim of the present project is to compare the rasoltthe widely used concept of life
cycle assessments (LCA) applied on different refagts with those obtained by
Discrete Mathematics. The main goal is to give stime&tion which refrigerant might be
the environmentally least harmful replacement f61CS in a certain application. Mobile
A/C systems in passenger cars are chosen as arpkexéon refrigerating systems. The
life cycles of different possible substitute refiignts are compared from production over
operation to disposal phase. The main focus isedlaen energy consumption and
environmental impacts. The data interpretationasied out by means of independent
methods such as the Dutch Handbook method (CMLB&)-indicator 99 (EI99), and
Total Equivalent Warming Impact (TEWI). In additibm the results derived by the LCA
conducted in this study, literature LCA results @oising different refrigeration
processes and refrigerants were included in thepadson with results derived by the
mathematical model METEORWEThod of Evaluation byORder theory) which is
based on Discrete Mathematics using refrigerannsit properties.

1.3 Layout of thesis

Background information about the environmental pgois caused by refrigerants,
their regulation by law, types of refrigerants, ssmn and production rates of certain
refrigerants and refrigerant techniques are desdrib Chapter 1.
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In Chapter 1, the scope of this work is specifiethuhe technical application and the
refrigerants of interest. Furthermore, the LCA esaibed in detail giving functional
unit, scope definition, allocations, and all asstions that were made within this work.
The impact assessment by means of CML02, EI99,T&\WI, the fate modelling, and
the theory of the applied discrete mathematicalet®dre described.

The results of the assessment (CML0O2, EI99, TEMWlje modelling, and the
mathematical model METEOR are included in ChapteDdminance analyses on the
impact assessment results were conducted in oodasdign the most relevant phases
within the life cycle.

Simplifications and estimations of the LCA, andalig the results are discussed in
Chapter 5. Sensitivity analyses were conductedviduate the importance of leakage
rates, damage factors, and operation time on thieommental impact. The results from
the different evaluation methods are compared wdbh other and with results from
literature that assess the environmental impacedfin refrigerants in A/C systems in
passenger cars.

Finally, in Chapter 6, a recommendation and outlaok given regarding the most
environmental friendly refrigerant for the applioatin A/C systems in cars.
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2 Background knowledge

2.1 Refrigerant types

In the present study, refrigerants from differehemical groups are included. The
LCA comprises hydrofluorocarbons, hydrocarbons,rbfyjdoroethers, dichloromethane,
and carbon dioxide. The METEOR study includes a&aludily mixtures of
hydrofluorocarbons and ammonium. In the followingragraphs, the different groups
will be shortly introduced.

Chlorofluorocarbons and hydrochlorofluorocarbons

Chlorofluorocarbons (CFCs) are hydrocarbons whgskedgen atoms are completely
replaced by chlorine or fluorine atoms. They havieigh ODP and GWP due to their
very long atmospheric lifetimes (Destatis 2006b).

Hydrofluorochlorocarbons (HCFCs) are hydrocarbohese hydrogen atoms are only
partially replaced by chlorine or fluorine atoms.deneral, their ODPs are much lower
than those of CFCs. GWPs of HCFCs are also coratjefower but can reach still
relatively high values in some cases. The main @i of HCFCs is the fact that they
are decomposed in the troposphere and only a saellof their emissions enters the
stratosphere (Destatis 2006b).

Fluorocarbons and hydrofluorocarbons

Perfluorocarbons (PFCs) are entirely fluorinatedbchydrates which contain no
chlorine. Hydrofluorocarbons (HFCs) are not congdietfluorinated, they contain
hydrogen atoms. Both substance classes are relavagibbal warming. GWPs of the
various substances may differ greatly (Table 3m).céntrast to CFCs and HCFCs,
fluorocarbons have an ODP of zero (Destatis 2006b).

Hydrocarbons

Hydrocarbons (HCs) are organic compounds that sbrsilely of hydrogen and
carbon. They all contain a carbon backbone withrégyein atoms attached to it. The
structure may be cyclic or aliphatic. The molecwiaucture of hydrocarbons varies from
the simple methane (GHto very heavy and complex molecules. Albeit thlass
consists of stable and unreactive molecules, grarfiability and the ability to react with
halons must be regarded (Destatis 2006b).
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Blends

Blends are mixtures from two or more compounds,ctvhtontain at least one
compound that has either an ODP or GWyRreater zero. They gradually replace the
restricted CFCs. The values of ODP and GWBre calculated on the basis of the values
of the individual substances of each mixture (Des006b). For example the GWP
for R410A which consist to 50 % of R32 and R12b6akulated as follows:

GWP100(R410A) =0.5*GWP100(R32) + 0.5*GWP100(R125) Equation 1
= 0.5*670 kg CQeq. + 0.5*3450 kg Cgkq. =
= 2060 kg CQeq.

Hydrofluoroethers

Hydrofluoroethers (HFES) are the third generatib@ BC-substitutes. They are partly
fluorinated ethers. Their physical and chemicalpprties are similar to those of CFCs
and HCFCs, but their hydrogen content results weloatmospheric lifetimes and lower
GWPyg0. They have a zero value of ODP, are low in toyjcéind are non-flammable.
(IPCC 2006, Tsai 2005)

Natural refrigerants

Air and water are natural refrigerants with zero FOIand GWHRy values.
Conveniently, HCs, ammonia, and carbon dioxidecargsidered as natural refrigerants
(Devotta et al. 2001, eurammon 2002, eurammon 2@Fammon 2005b).

Nomenclature of refrigerants

The chemical names of halogenated refrigerantsofie: very long. Therefore, a
nomenclature system was developed to identify ifierdnt substances. It is described in
DIN 8960 (1998). The number assigned to each k=g is related to its chemical
composition and consists of four digits (TableBach digit describes a characteristic of
the molecule:

- 1st digit: number of carbon to carbon double [fid0, not given)
- 2nd digit: number of carbon atoms minus one

- 3rd digit: number of hydrogen atoms plus one

- 4th digit: number of fluorine atoms

Any spare atoms are assumed to be chlorine unieesmse noted.
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For blends of refrigerants another nomenclaturegesysis used. Usually, non-
azeotropic mixtures are assigned numbers in thesé@i@és and azeotropic mixtures in
the 500 series in order of their commercial intrdchn. Blends containing the same
compounds but different mass proportions of them @distinguished by subsequent
capital letters.

Other organic refrigerants, which cannot be ideedifby the regular numbering
system because they contain nine or more hydrogemsa are assigned arbitrary
numbers in the 600 series. Inorganic refrigeramés alocated to the 700 series. The
molecular weight is used prefixed by the numben7Table 1 are for some refrigerants
the numbers listed which arise from DIN 8960 (1998)

Table 1: Example of the nomenclature of selected refrigarant

Refrigerant type Refrigerant number Fprmula Refrige  rant name
CFC R11 CCI3F Trichlorofluoromethane
HCFC R22 CHCIF, Chlorodifluoromethane
HFC R32 CHyF, Difluoromethane
HFC R125 CoHFg Pentafluoroethane
HC R290 CsHg Propane
HC R600 C4H1o Butane
R717 NH3 Ammonia
Blend R407C R32 (50 %), R125 (50 %)

Properties of good refrigerants

The requirements that a substance must meet i todbe considered as a good
refrigerant in vapour compression systems inclasi@bility to absorb high amounts of
energy by expanding its volume slightly, so tha¢ thork done by the compressor
remains relatively low ensuring an energy efficigmbcess and a comparable small
compressor. This is influenced by the parameteéenidneat of vaporisation and specific
volume. A good refrigerant should have a high latezat of vaporisation, which means
that the substance can absorb high amounts of yemdnte changing from its liquid to
its vapour phase. Additional, it should have a l@pour specific volume meaning that a
determined mass of refrigerant is occupying a redspace.

Furthermore, a refrigerant should have a low speb#at in its liquid phase but high
values in its vapour phase. The former guarantestshe refrigerants needs low amounts
of energy while increasing its temperature. Thisupporting its vaporisation. The latter
means that the vapour can take up large amourmsesfy but changes its temperature to
a lesser degree. This makes the vapour condendafore approaching the compressor
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and the condenser more unlikely.

All the above mentioned properties influence th&ciehcy of the refrigeration
process in thermodynamic terms. Besides those tymamic aspects, toxicological
and safety aspects should also be considered. Qomstty, a refrigerant should favour
low toxicity and low flammability as substance insic attributes. Also, cost aspects are
of relevance in economical terms.

2.2 Emissions & production rates of refrigerants

Consumption and emissions of refrigerants

The annual market demand for refrigeration in Eargpassumed to grow about 1 to
2 % per year from 2002 to 2015, the annual marleehahd in the sector of A/C is
growing about 4 % per year (IPCC 2006). For thetéthiStates of America (USA) the
annual market growth for that time period is beti@vo resemble the situation in Europe,
although the annual market growth in the sectoreatic and commercial refrigeration
are almost doubled (IPCC 2006). In Japan the anmaaket growth is supposed to be
about 1 % in most sectors and in the sectors dacreasi commercial refrigeration about
2 % (Table 2). For developing countries the anmelket growth is assumed to be much
higher than in Europe, USA, and Japan. Thus, theess#ty of finding more
environmental friendly refrigerants is of high ned@ce.

Table 2: Assumptions for the annual market growth of difféneefrigeration sectors (IPCC 2006)

Annual market growth 2002-2015 [%/yr]

Sector
Europe | USA | Japan | Developing countries

Domestic refrigeration 1 2.2 1.6 2 -48
Commercial refrigeration 1.8 2.7 1.8 26-5.2
Industrial refrigeration 1 1 1 36-4
Transport refrigeration 2 3 1 3.3-5.2
Stationary A/C 3.8 3 1 54-6
Mobile A/C 4 4 1 6 -8

The annual emissions of fluorinated greenhouse sgdBegases) from different
refrigeration and A/C sectors in Germany in 2002 strown in Table 3. The table gives
the mainly used F-gases in the different sectorshf@rz 2005). Emissions from
domestic refrigeration/freezing systems constitthie smallest part of the overall
emissions of F-gases from refrigeration. The F@asssions of the sectors refrigerated
vehicles, reefer containers, domestic refrigerdfieazing, and heat pumps amount
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together to approx. 100 t, surpassed by both si@tyoA/C and mobile A/C (without
passenger cars). Industrial and commercial refiiger and freezing systems emitted
together over 1300t F-gases in 2002. The majassom sources of F-gases were
passenger car A/C systems with emissions of abdQ01.

Table 3: Emissions of refrigerants from the refrigeratiord &/C sectors in Germany, 2002; mainly used
refrigerants (Schwarz 2005) (for description ofigerants see Attachment)

. Emissions
Category Refrigerants ltlyear]
Refrigerated vehicles R134a, R404A, R410A, R152a, 52
R218

Reefer container R134a, RA04A o
(German share)
Heat pumps R134a, R407C, R404A, R410A 22
Domestic refrigeration/freezing R134a 1
Stationary A/C
(> 60 kW cooling capacity) R134a, R407C 116
Passenger car A/IC R134a 1405
Mobile A/C without passenger cars R134a 173

. . . . R134a, R404A, R407C, R23,
Industrial refrigeration/freezing R227ea, R236fa, R116 222

. . . . R134a, R404A, R407C, R23,

Commercial refrigeration/freezing R125 R152a, R116, R218 814

Selection of exemplary refrigeration sector

A/C systems in passenger cars have high emissies. la combination with the high
fleet number of air conditioned cars, A/C systemsvehicles are the biggest single
source of fluorinated gases in Germany. As thegmdage of passenger cars equipped
with A/C will finally increase to about 95 %, thsector is of main interest in regard to
potential impact reduction due to ozone depletuigstances (ODSs). Consequently, the
main focus of the present study is laid on mobil€ As an example for the refrigeration
sector.
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2.3 Refrigeration process

At present, 1,1,1,2-tetrafluoroethane (R134a) (G2 1410, IPCC 2006) is used in
passenger car A/C systems. The common R134a passesrgA/C system consists of
compressor, condenser, accumulator, expansion ejegi@porator, tubes, and control
systems (Figure 1). All components are connectdtinva closed cycle. The A/C unit
extracts heat from the passenger’s cabin and chaitreutside. Usually the A/C works
with the compression technology. As soon as the Wii€is switched on at running state
of the motor the compressor sucks on the cold amseaus refrigerant from the
accumulator. The refrigerant is condensed, wheiieby heated, and pressed in the
condenser. The air stream of the moving car or faonextra ventilation system cools the
condensed, hot gas. As soon as the pressure depedee point is reached the
refrigerant condenses. The high pressure, liquiftigegant streams through the
expansion device and is injected into the evapordtere it releases tension and
evaporates. The required evaporation heat is tdle@n the air stream that streams
around the evaporation fins. In the accumulatas itollected, cleaned and dried. The
main leakage points are the shaft sealing of thmpcessor, the tube system and the
gaskets. (Schwaab et al. 2004)
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Figure 1: Scheme of the direct expansion R134a A/C systgmagsenger cars




Background knowledge

Some refrigerants are not safe in a system likeotteedescribed above because they
are flammable or to a certain degree toxic. In ¢hosses, a secondary loop is applied to
keep the refrigerant hermetically closed in theimmgompartment (Figure 2).
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2.4 Ozone depletion & climate change

Ozone depletion

Ozone plays an important role in the global climsgstem. Stratospheric ozone has
two characteristic properties. First, it has atreddy short chemical lifetime. Therefore,
it is not uniformly distributed within the atmospke The mixing of ozone in the
atmosphere is controlled by complex dynamical ahdntcal processes, which are
described in detail in IPCC (2006). Second, itslitgbto absorb ultraviolet (UV)
radiation leads to an increase in stratospheripégature with altitude. This results in a
strong resistance to vertical motion. Furthermdiee stratospheric ozone layer is
essential because it protects life at the Eartidase from harmful UV radiation.
(IPCC 2006)

Polar Ozone Depletion

Since 1974, the destruction
Antarctic Ozone Arctic Ozone .
\ South Pole (30°S) \\ soaankyia | Of the stratospheric ozone has

Finland {67°N)_|

a2 4.‘.‘»‘\\&\ 8\ been observed (Molina &

Rowland 1974). The strato-
spheric ozone concentration is
rapidly reduced in the 1980s
(Figure 3). ODSs often
contribute to the global
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Figure 3: Arctic and Antarctic ozone distribution (IPCC 2006)

The major ODSs are CFCs (Molina & Rowland 1974, nith et al. 2004) that are
used as refrigerants, cleaning solvents, propellaantd foaming agents. In the upper
stratosphere, the ozone destruction rate depentiseoroncentrations of radical species
and temperature. A reduction of temperature slowwndthe destruction of ozone
(IPCC 2006). In the lower stratosphere, reactiodnezone molecules with aerosols are
important (IPCC 2006). The process of stratosphezane destruction is explained in
detail in the IPCC report (2006) and thereforendsrepeated here.

Global warming potential

The Global Warming Potential (GWP) is a relativéuea used to compare the impact
of an emitted gas on the climate and its contrdsutio climate change. The standard
GWPi (Equation 2) is the ratio of the time-integratediiative forcing from a pulse
emission of 1 kg of a substance, relative to thfatl &g of carbon dioxide, over a

10
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100 year time period (IPCC 2006, Hanaoka et al220Bn emitted gas contributes to
the global warming relative to its absorption dpitio the long wave infrared radiation
over a specified time period. This ability depemwasits concentration and atmospheric
lifetime (IPCC 2006, Highwood & Shine 2000, Goodkt1998). GWk values can
change if the radiative efficiency or the lifetiaethe gas is updated (IPCC 2006).

TH
[ R dt

GWR,(TH = TS— Equation 2
[ oF dt
0

TH — Time horizon (integrated time)

F — Radiative forcing from a pulse emission of 1gkg

ref — Reference gas, GO

X — Gas of interest

The described methods are valid for source gas#s lamg lifetimes for which a
thorough mixing in the troposphere is to be expktiet not for source gases with very
short tropospheric lifetimes. Furthermore, theerdbd the direct impact of source gases
but do not consider degradation products which hee an additional impact on global
warming. The presence of the emitted gases and tlegradation products may
influence the distribution of other greenhouse gad®CC 2006)

2.5 International & national legislation

Global, European and national measures regulatphtage-out of production and use
of ODSs. The Montreal Protocol of Beijing (1999)quetely abandons ODSs according
to international law (UNEP 2000). The participaticguntries committed themselves to
stop production and use of CFCs, carbon tetraatdorand 1,1,1-trichloroethane by
January 1st, 1996. The Article 5 countries commiitteemselves to stop their production
and application of these substances gradually ly.20he Montreal Protocol does not
include the production and application of ODSsaas materials as - by definition - they
are not emitted to the atmosphere. The MontreatoPob allows the production and
application of CFCs after January 1st, 1996, feental-use such as medical sprays and
fire extinguishers. The production and applicattdrHCFCs will be gradually reduced
and finally stopped by 2030. The application of KESFshall be limited to facilities
where no environmental friendly substances arenieahavailable. The ODP is the main
discussed characteristic for refrigerants in the ntveal Protocol. The national
implementation of the Montreal Protocol in Germarythe CFC/Halon Prohibition
Ordinance (FCKW-Halon-Verbots-Verordnung 1991).

11
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Since October 1st, 2000, the European Ordinance2087/2000 (EU 2000) of the
European Parliament and Council appoints the pbasder the production of most
ODSs and their handling regulations. After 2026,A@S are not longer permitted for
production. Since January 1st, 2004, the applioatdb HCFCs as refrigerant in new
facilities, cooling and conditioning systems, arghthpumps has been prohibited. After
January 1st, 2010, the application of untreated E&Cfor servicing and operation usage
is prohibited. After January 1st, 2015, the appica of HCFCs as refrigerant is
prohibited. Besides the regulation of the productmd application the EU Ordinance
No. 2037/2000 regulates that ODSs have to be vettidrom certain applications and
have to be recycled or destroyed.

The Kyoto Protocol (1997) is an international anmaedt to the United Nations
Framework Convention on Climate Change (UNFCCC) €hvironmental focus was
laid on global warming and equivalent emissionsabon dioxide into the atmosphere.
Countries that ratify this protocol commit themsaivto reduce their emissions of carbon
dioxide, methane, nitrous oxide, HFCs, PFCs, arnghsu hexafluoride. The Kyoto
Protocol excludes CFCs, HCFCs, hydrobromofluoramasb (HBFCs), and
bromofluorocarbons (BFCs) on purpose, althouglrethessions of these substances were
15 % of the worldwide greenhouse gas emission9801The intention for excluding
those substances was not to disturb the globaleptais process of ODSs under the
Montreal Protocol (Schwarz 2004). The industryedatommitted themselves to reduce
their combined emission by 5 % of the emission4980 or 1995 for the F-gases. The
EU has agreed to cut their emission levels by &#ofies et al. 2005, EG 2002). In the
burden sharing agreement 2002/358/EG (EG 2002} regulated that Germany will
reduce its emission levels by 21 %.

In relation to the Kyoto Protocol, the European @ussion presented a Proposal for
a Regulation of the European Parliament and of Gloencil on certain fluorinated
greenhouse gases on August 11, 2003 (COM 2003)rtimer readings it was suggested
to divide the regulation into two parts. First, theective related to emissions from A/C
systems in motor vehicles (EU 2006), and second, rédgulation on certain F-gases
(EC 2006). The first directive regulates the prdiob of F-gases with GWig, greater
than 150 for new car models produced from 2011 otgsvaBut according to this
directive those refrigerants may be used if theuahteakage rate does not exceed 40 g
of F-gases (if only one evaporator is present) @mgGoer year (if two evaporators are
present).

After January 1st, 2017, F-gases with a GWBreater than 150 will be prohibited for
all new cars, alternative refrigerants have to dedunstead. The second ordinance will
address security of system containment, recovefrgdses for recycling or destruction,
training and certification of staff, data collecti@and reporting of emissions, labelling,
and marketing of products containing F-gases.

The EU Directive No. 2000/53 (EC 2000) is the bafis a uniform European
utilisation of end-of-life vehicles. Crucial points$ this ordinance are collection, reuse,
and recycling of old cars. The directive states #iter January 1st, 2006, not less than

12
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85 % and after January 1st, 2015, at least 95 #eof/ehicle weight must be reused or
recycled. Furthermore, the member states shallrerntbiat vehicles put on the market
after July 1st, 2003, are free of dangerous substalike lead, cadmium, mercury, and
hexavalent chromium. The requirements for dismagtlreuse, and recycling of end-of-
life vehicles and their components should be irgegt in the design and production of
new vehicles. The EU Directive was implemented &r@an law within the End-of-Life

Vehicle Ordinance (BGB 2006).
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3 Scope of work
3.1 System

Technical application

As explained in the previous chapters the A/C sysite passenger cars will be the
exemplary system for assessing the environmentphéinof possible substitutes for
HFCs. In the following chapter, the selection dfigerants applied to the LCA of A/C
systems is laid out. The technical outlay of thebilgo A/C system is based on the
principle of vapour compression and liquid evaporat

Refrigerants

The Regulation of the European Parliament and ef@ouncil on certain F-gases
(COM 2003) prohibits R134a in A/C systems of newscafter 2017 because it has a
GWP oo almost 10 times higher than 150. Therefore, th®raabile industry needs
substitutes for the momentarily used R134a. Prgsecarbon dioxide (R744), 1,1-
difluoroethane (R152a), and some HCs are regarsigubssible replacements. HFEs are
of increasing interest due to their thermodynammaopprties and therefore five HFEs
were applied to the present LCA. Besides the us&tyerant with its physical/chemical
properties, several controversial aspects havesttaken into account: the main factors
are weight, size, energy efficiency and coolingacdty of the whole unit, further ones
are politics, costs, safety issues, and export etakalyses.

The refrigerant R152a is regarded as a possiblstitute because of its rather R134a
like thermo-dynamic properties and lower GWP (GWE 122, IPCC 2006). Being a
HFC like R134a, R152a is easily adaptable to thstieg technique. Merely some parts
have to be changed (valves) or added (sensoffjaitsnability might make it necessary
to add a second refrigerant circuit if the caroi9é sold in countries that have stringent
safety regulations like the USA. In consequenceb5Zlis not economic efficient at
present. Besides, the European Union plans to eethee GWRyglimit further to 120
instead of 150, and then R152a will also be proédbi

Research and development have focused to a gregit @n the climate-neutral R744
as refrigerant in A/C units in passenger cars (@4 1). The R744-based A/C system
is a high pressure cooling cycle with pressuresaid35 bar (Sumantran et al. 1999,
UNEP 2002). It involves super critical pressuretefaand therefore requires an
intercooler (= interior heat exchanger) to improwapacity and coefficient of
performance (COP). All components have to withsthigh pressures and had to be
newly developed for this system (Sumantran et@9). With additional equipment the
A/C system can also be used as heat pump whichheah the passenger’s cabin
efficiently and makes other electrical heating syst dispensable which would also save
weight. Presently, the costs of the individual R144t are still higher than those of a
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comparable R134a unit (Schwaab et al. 2004). Coeqgoimprovements and mass
production will make those systems economical ieffic In prototypes R744-based A/C
systems have shown their potential efficiency. Bome studies reveal a lack of
efficiency in warmer climates (Hill & Papasavva B80@®nother problem might be the
toxicity of R744 in higher concentrations, espdgialith regard to export to countries
with high safety standards.

The replacement of fluorocarbon by HC refrigerantgassenger car A/C systems
began in 1993. Reasons were the much lower GY(Rbout 20) and the ODP of zero
together with good refrigeration properties. Bug flammability of HCs requires extra
safety measures. HCs are more explosive than RTs2kay's system designs were not
developed for the save use of flammable refrigeraRtuture systems may use direct
expansion systems with additional shut-off valveésuee secondary loop technique.
Sometimes mixtures of propane (R290) and isobuf®6€0a) are used, but R600a and
R290 can also be used as pure refrigerants. R2®igidy compatible with existing
R134a system materials but due to its extreme flabirty it might be restricted to
secondary loop systems.

HFEs represent the third generation of CFCs replaotés. They have an ODP of zero
and physical chemical properties that are simdahbse of CFCs and HFCs. Their ether
function causes lower atmospheric lifetimes andelow@WPs for certain HFEs. The
problematic of HFEs might be the fact that theynfgperfluorinated carboxylic acids
(PFCAs) during degradation in the atmosphere, whiehhighly acidic and persistent.
This is presently not fully studied. Exemplary tbe HFEs, E125, E134, E7000, E7100,
and E7200 are included in the present study. Fasome of comparison, the impact from
one hydrochlorocarbon (HCC) namely R30 with low GW¢Hs applied to the present
LCA of A/C system as well.

Besides the used technology and refrigerant, theiesfcy of the system depends on
several parameters like ambient air temperatutative air humidity, and driving cycle.
Not every system has the same efficiency in diffedimates and under different user
profiles. Simplifications have to be made in thenfe of this work. The main focus will
be laid on Germany and Europe. But as the introolucif a system depends strongly on
the main export markets, US or Asian climates,idg\cycles and safety standards might
also be taken into consideration in further studies

15



Scope of work

3.2 Life cycle inventory

3.2.1 Introduction

LCA is the systematic analysis of the environmentapact of products and
substances. The scope of the system comprises ampltoutput during production,
operation, and disposal phase of a product or anbst(Figure 4). Life cycle inventory is
one main step within a LCA. It gives informationoalb the modular structure of the
system, the material and energy flow within thastegn, and the system boundaries
(ISO 14040, ISO 14044, 2006). The present studydes on a comparative LCA.

I nput: R R . Output:
i Production of ! . i Production of |
' refrigerant i Production | AIC facilities
Resources . ! Rl EEEEEEEEE : Emissions
Materials [ ¢ Waste
Energy r R E TR LR LR TR "
' Assembly of refrigerant!
i and A/C system
P Operation / Servicing "
» Recycling/ Disposal *

Figure 4. Schematic of the life cycle of A/C system

3.2.2 Functional unit

The functional unit used for comparing the LCA pemfiance of different refrigerants
in the present study is an A/C system in a mediimmds vehicle like a Golf from
Volkswagen. Its function is to keep the passengampartment at a comfortable
temperature of about 18-20 °C. Different refrigeésaare applied to the A/C system, e.g.
R30, R134a, R152a, R290, R600a, R744, E125, E1300& E7100 and E7200
(Table 4). The system is operated with respectverage climate conditions of some
European countries. Germany was taken as exampke feoderate, Sweden for a cool,
and Spain for a warmer European climate region. Sjstem is operated 10 years and
than finally disposed. The compressor is drivem lmyotor running on petrol.
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Table 4: Refrigerants applied to A/C system in the preséIstudy

Refrigerant  [Chemical structure ~ Chemical name kg C(:;C\)Aiptela(.)/kg]
R30 CH,Cl, Dichloromethane 10°
R134a CoHyF, 1,1,1,2-Tetrafluoroethane 1410°
R152a C2H4F> 1,1-Difluoroethane 122°
R290 C3Hs Propane 3¢
R600a CsHio Isobutane 3°
R744 CO, Carbon dioxide 1¢
E125 CF3-O-CHF, Pentafluorodimethyl ether 14800 °©
E134 CHF,-O-CHF, 1,1,1',1'-Tetrafluorodimethyl ether 5760 °
E7000 C3F7-O-CHjs Heptafluoropropyl methyl ether 450 °©
E7100 C4F4-O-CH, Methyl nonafluorobutyl ether 410 °
E7200 C4Fg-O-CyH5g Ethyl nonafluorobutyl ether 60 °©

3 PCC 2001, ® IPCC 20086, ° Bitzer 2004, ¢ Devotta et al. 2005, © Tsai 2005

3.2.3 Scope definition

The life cycle system comprises the following plsas@roduction, operation
(including servicing/refilling), disposal, and thate of (highly) persistent degradation
products (PFCAs, trifluoroacetic acid (TFA), and.OF of emitted refrigerants. Some
life cycle elements are not included in the scdygeause they are not significant and/or
relevant to the main question. Thus, the transpbthe refrigerant and the A/C system
from the manufacturer to the car production facilg not accounted for, because it is
supposed to be the same for 1 kg refrigerant ardAd@ system, respectively. Assuming
that the energy consumption of the transport medrgegligibly greater due to the 2 kg
extra weight of a secondary loop A/C system, tlaedport of the new car to the end
consumer is neglected. Because the focus of thidyss the performance of different
refrigerants as cooling agents in A/C systems, meentory was conducted for the
passenger car itself. As data about productiondasbsal of different A/C systems are
rare or missing they are only partly included iis ttudy.
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Production phase

Production of refrigerants

Inventory data for refrigerant production are takBom Frischknecht (1999b),
McCulloch & Lindley (2003), Krieger et al. (2004%;0ver et al. (1996), Kirk-Othmer
(1993), Wells (1991), ECETOC (2004, 2006), and sdvatents (Simons 1950,
O’Neill & Holdsworth 1990, Behr & Cheburkov 2000, uBont 2002). The inventory
tables are included in the attachment (Table 3Bafale 43). Electricity values (medium
voltage) were converted from MJ to kWh using thetda 3.6 (BFE 2007).

For the production of R134a three different invele® were found
(Krieger et al. 2004, McCulloch & Lindley 2003, &chknecht 1999b). Frischknecht is
the only one who includes emissions of R113 and4RB&cause such emissions are
crucial for the environmental impact, it was dedid® take the inventory from
Frischknecht for comparison with other refrigerantBhe inventory of R152a
(Krieger et al. 2004) was supplemented by hydraddarbons (HCCs) and HCFC
emissions that are stated in the patent from Du2@2).

For the HFEs, the production energies were estonyecalculating their similarity
with refrigerants for which the energies are kno®ach refrigerant was described by its
molecular weight, boiling temperature, freezingnpooctanol-water partition coefficient,
critical temperature, critical pressure, criticablume, atmospheric lifetime, global
warming, and ozone depletion potential. These ptigsewere normalized and the
similarities were calculated using the Euclideastatice and single linkage technique of
aggregation. It was found that all HFEs are mastilar to R134a. Material input and
emissions were calculated using information from teps (Simons 1950,
O’Neill & Holdsworth 1990, Behr & Cheburkov 2000uBont 2002). The result of those
calculations are listed in the attachment (Tabléa3Bable 43)

Refrigerant charges of A/C systems

Refrigerant charges used in this study (Table &)taken from recent literature and
resemble average values for A/C systems in a gstdndpassenger car
(Barrault et al. 2003, Maclaine-cross 2004, Thuh@@05). For the HFEs and R30, the
refrigerant charges were estimated by calculativegr tsimilarity with refrigerants for
which the charges are known. Each refrigerant vegsribed by the same properties that
were used for the similarity analysis of energystonption during the production of
refrigerants. These properties were normalisedtb@dimilarities were again calculated
using the above mentioned technique. It was fohatl R30 is most similar to R152 and
all HFEs are comparable to R134a.
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Table 5: Nominal refrigerant charge of A/C systems in ad#ad passenger car

Refrigerant |Nominal charge [kg] Refrigerant Nominal charge [kg]
R30 0.45° E125 0.75°
R134a 0.75°" E134 0.75*°
R152a 0.45° E7000 0.75°

R290 02 ¢ E7100 0.75°
R600a 0.2 ¢ E7200 0.75°

R744 04 ¢

2 Similarity analysis, ® Barrault et al. 2003, ¢ Thundiyil 2005,
 Maclaine-cross 2004

Direct refrigerant emissions (production phase)

During refrigerant production, loading of tanks dradtles, and finally charging of the
A/C system, direct emissions of refrigerant occline refrigerant leakage within the
production phase is defined independently of thiggerant. Three different scenarios
are created; worst-case, best-case, and averagsie@mgscenario. The leakage rates are
shown in Table 6. They represent literature valugsd own assumptions
(Barrault et al. 2003, Petitjean et al. 1999, Frksecht 1999b).

Table 6: Direct refrigerant emission scenarios during praidncphase

Worst-case | Average Best-case
Refrigerant emissions
[% nominal charge]
Refrigerant — production 1@ 05¢ 0.1°
Loading of tanks and bottles 5° 2 P 1 °
Charging of A/C system 5¢ 2 ° 05°

2 Frischknecht 1999b, ° Barrault et al. 2003, © Own assumption: comparable to
loading of tanks+bottles, 4 own assumption: mean value, ¢ Petitiean et al. 1999

Production of A/C systems

Due to scarce information about input and outputprdduction of different A/C
systems, one average energy value is includedeimtrentory. In average, 1 675 MJ are
used for the production of a standard A/C systemir(dd 2003). The contribution of the
energy consumption of the A/C system can be ewaduatithin the life cycle. In all
cases, emissions arising from the production enargynsignificant compared with that
from operating the A/C system (Campbell & McCulld908).

19



Scope of work

Operation phase

Additional fuel consumption due to weight of A/Csssm

Regarding one standard passenger car, the additi@nght of the A/C system results
in increased fuel consumption. Based on differgatdture values (Fischer & Sand 1997,
Petitjean et al. 2000, Barrault et al. 2003, Ha#tal. 2004), different weights are
defined for direct expansion cycles and secondaop Isystems. R134a, E125, and
E7100 are used in a direct expansion system (Figurehich weighs approximately
15 kg; R30, R152a, R290, R600a, R744, E134, E780®,E7200 are preferably applied
to secondary loop systems (Figure 2) with a systeeight of about 17 kg. The
established additional fuel consumption of 57 L® k@/ 10,000 km is taken to calculate
the resulting increase in litre fuel consumptionirfantran et al. 1999). The kg ¢€x.
emission from combustion of petrol is assumed t8.88 kg/L (Fischer et al. 1994). This
emission factor is developed based on the fuelat loontent, the carbon content
coefficient, and the carbon fraction in the fuedttis oxidized, which is assumed to be
100 % (generally approximately 99 %) (GHG 2005).

Additional fuel consumption due to compression

For simplification, the additional fuel consumptidae to operating the A/C system is
specified as the amount of energy necessary to i@swnhe refrigerant under defined
conditions. The energy input is represented bycti@nge of enthalpy of the refrigerant
during compression. The change of enthalpy is &Gated using the "Thermophysical
Properties of Fluid Systems” model from the Natloiastitute of Standards and
Technology (NIST 2005), and thermophysical propeiya derived from the database
DIPPR (Heberle 2007) and from 3M (2007). It is &ssd that the A/C circuit's
temperature profile and the efficiency of the A/@mpressor are constant for each
refrigerant. Furthermore, it is supposed that souagompression cycle is most effective
under certain pressure-/ temperature-conditions,canresponding refrigerant mass flow
rates. Therefore, it seems justified to use th@eaetsve pressure/temperature profiles
from Ghodbane (1999) although A/C systems changediderably in weight, size, and
refrigerant charge during the last 10 years. Fod&R7Aemperature/pressure values
provided by Delphi Corporation (2006), and a redfrgnt mass flow rate from Hill (2006)
are used in this study. Considering the speciernttophysical phase states of HFEs and
R30, it was tried to use pressure and temperatatessat the inlet and outlet of the
compressor which are similar to those of R134as$ne/temperature profiles for the
studied refrigerants are expressed in Table 7.
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Table 7: State description of A/C system depending on us&djerant

R134a | R152a | R600a | R290 | R744 | R30

Suction pressure (kPa) 300 295 164 494 3000 | 103
Inlet temperature (T) 3.6 4.4 3.9 4.4 17 3.8

Discharge pressure (kPa) | 1724 1544 881 2151 12800 |400

Outlet temperature (TC) 90.6 107.2 81.7 84.4 145 | 92.8

E134 E125 | E7100 | E7200 | E7000

Suction pressure (kPa) 103 103 10 10 10.0
Inlet temperature (T) 3.8 3.8 6.8 5.9 6.9
Discharge pressure (kPa) | 903 903 400 400 400

Outlet temperature (TC) 92.8 92.8 | 110.8 99.4 96.7

Energy consumption due to operating fans and puarpsneglected as they are
assumed to be not depending on the refrigerant. @hergy consumption for
compression (kWh/h) is multiplied with the operatiime of the A/C system. To
estimate the system’s operation time the A/C opegatmodel for Europe
(Duthie et al. 2002), the average monthly tempeestun some European countries
(WMO 2006), and the New European Driving Cycle (NEDare used. Often people
operate their A/C system all the time, although theside air temperature does not
justify it truly. The study concentrates on the loogp process and is neglecting the
defrosting mode of A/C systems. Considering thatAhC system has to work efficiently
only at temperatures higher than the desired cabitemperature, the 90 %-percentile of
the A/C operating model (Duthie et al. 2002) isetalas approximation. In Europe, 90 %
of the drivers turn on their A/C system at an alésair temperature of 22 °C. For
instance in Germany, 2 months or sixty days havenarage daily temperature of or
above 22 °C. The average mileage driven per yea6,800 km, of which 2/3 is urban
traffic (ca. 20 km/h) and 1/3 is extra-urban tmaffca. 60 km/h). Thus, typical driving
conditions in Germany are 1.5 h per day under ur@ad 0.2 h under extra-urban
conditions. Consequently, the A/C system runs ald@®4th per year in this particular
scenario. To estimate the influence of the opematime of the A/C system on the
amount of indirect emissions, average monthly teatpees for a warm (Spain), a cool
(Sweden), and a moderate (Germany) European cliraggeconsidered (Table 32).
According to the above calculation, in Germanygistem is operated 104 h, in Sweden
it is operated 10 h, and in Spain 260 h per year.

To account for the impact categories, the energgdmpression was converted from
kWh to kg CQ eq. and L petrol. The amount of kg £€¥. associated with the energy
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input (kWh) is 0.243 (Fischer et al. 1994). The antoof kg CQ eq. was converted to
L petrol using the fuel conversion factor of petwbR.32 (Fischer et al. 1994).

Direct refrigerant emissions (operation phase)

Like in the production phase, the refrigerant Igmkavithin the operation phase is
defined independent of refrigerant properties. €hckfferent scenarios are created
(Table 8) using literature values and own assumpti®@arrault et al. 2003, Schwarz &
Harnisch 2003). Emissions during operation aredeiiinto regular, irregular and into
emissions from servicing/refilling. Regular emig®ooccur because of the aging of the
material and the constant vibrations and movemehtie A/C components. Irregular
emissions are caused by e.g. accidents and st®efhll00 % emission was assumed
for the worst-case scenario for irregular and rageimissions. For best-case scenario,
irregular emissions of 0% of nominal charge andul@ emissions of 30 %
(Barrault et al. 2003) are supposed. Emissions eavigng/refilling depend on the
facilities used for recovery and refilling. Theredpthey represent constant values rather
than fractions of the refrigerant charge of the AfStem (Schwarz & Harnisch 2003).
The system is emptied and refilled again with neWigerant. It is assumed that 100 g
refrigerant are emitted per servicing (Barraukle2003). In the average scenario,
servicing/refilling takes place in the 3rd and Atear. In the worst-case scenario,
servicing/refilling takes place every second ye2l’, (4", 6", 8"). In the best-case
scenario no servicing is necessary. The maximaluam@ossible to recover during
servicing is the nominal charge minus the annuakdge multiplied by the years
between servicings (Table 8) and minus 0.1 kgahaemitted during servicing.

Table 8: Leakage scenarios during the 10 years operatian éf/C system

Worst-case Average Best-case

Refrigerant emissions
[% of nominal charge]

Regular emissions 100 77° 30°

Irregular emissions 100 33°? 0
[ka]

Emissions at servicing/refilling 04% 0.2 0"

# Barrault et al. 2003, * Four servicing,  Two servicing, ~ Zero servicing
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Disposal phase

Emissions due to refrigerant disposal

Like during servicing, used refrigerant is recowkeruring disposal processes. For
example under average scenario, 50 % of the nomhsige is supposed to emit to the
air and is subtracted from the charge remaininpénsystem in the last year resulting in
the recovered refrigerant amount. The recoveratigesants are treated differently. The
partly halogenated hydrocarbons (R134a, R152a, ,R8@yofluoroethers (E125, E134,
E7000, E7100, E7200), and hydrocarbons (R290, R&@@aburned under best available
technology assuming total combustion. R744 is matdptreated but rather released into
the atmosphere. Emissions (moles) based on the usimb equation below are
converted to kg C®eq./ refrigerant charge and added to the invenfoaple 47). The
actual amount of the incineration products HF a tHat are emitted to the atmosphere
is set to 1 % of those in Table 47. TheCHand CQ from incineration processes are
completely released to the atmosphere. In the Viatlg, equations of complete
combustion are given:

R30: CHCIl, + O, > 2HCl+ CQ

R134a: CHFCR+3H+2 0O >4HF+2H0O+2CQ
R152a: CHECH; + H, + 3 O >2HF+2HO +2CQ
R290: GHg+5 0O > 4H0+3CQ
R600a: GH10+6%Q 2> 5H0+4CQ

E125: CROCRH+3H+20 >5HF+HO+2CQ
E134: CHF20CHF2+2H2 G, > 4 HF + HO + 2 CQ
E7000: GFROCH;+3H+40, >7HF+RHO+4CQ
E7100: GFOCH; +4H+50 >9HF+HO+5CQ
E7200: GFOCGHs+3H+6 QG > 9HF+HO+6CQ

Direct refrigerant emissions (disposal phase)

The end-of-life vehicle directive requires that %5o0f a passenger car have to be
reused and/or recycled (BGB 2006). With regardh® refrigerant, this means that in a
best-case scenario only 5 % of the nominal refaigecharge are being emitted during its
disposal phase. Almost 46 % of the A/C systemsehtdr the disposal phase are already
empty (Schwarz 2005). This accounts for 50 % emms@f refrigerant in the average
scenario. The worst-case scenario includes therexyp@a car into countries where no
legislation exists, that would regulate the recgwarrefrigerants from A/C systems, and
therefore, a 100 % emission of the refrigerant ghamto the atmosphere occurs.
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Disposal of A/C systems

As there are only scarce information about inputl autput during disposal of
different A/C systems, one average energy valuecisded in the inventory. In average,
837.5MJ are used for the disposal of a standar@ system (Vainio 2003). The
contribution of the energy consumption of the AABtem disposal can be evaluated
within the life cycle.

3.2.4 Allocation

The by-products of refrigerant production which @&@d are not included in the
assessment.

3.3 Impact assessment

The LCA tries to give a realistic and comprehengvaluation of the environmental
impact of a product. Life cycle inventory data wik assessed by means of the three
already mentioned assessment methods. Each methaeded upon a different approach.
In the following chapters, the methods will shotiky introduced.

3.3.1 CMLO2

Introduction

The CML02 method has a problem-oriented approachinmipact assessment,
modelling the impacts at a midpoint somewhere ia #@nvironmental mechanism
between emissions and damages and is thus calledpomi approach
(Guineé et al. 2001). In this study, ten impactegaties from the Dutch Handbook
Method (CMLO2) were considered evaluating the emumental impact of certain
refrigerants in A/C systems in cars:

* Demand of non-renewable primary energy (PE)
» Depletion of abiotic resources (ADP)

* Climate change (CC)

» Eutrophication (EP)

e Stratospheric ozone depletion (SOD)

e Human toxicity (HTP)

» Fresh water aquatic toxicity (FAETP)

» Terrestrial ecotoxicity (TETP)
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* Photo-oxidant formation (POCP)
* Acidification (AP)

In the following chapters, reasons for the selectbthose ten impact categories are
given and characterization factors are given.

Selection of impact categories & impact factors

Demand of non-renewable primary energy

The energy efficiency is in many studies a maireagsome even restrict their results
to the primary energy demand (Frischknecht 199Bagrefore, the category “Demand of
non-renewable primary energy” was chosen as andingategory separate to another
resource oriented indicator. It covers part of shudbject of resource protection. The
impact factors in Table 9 were applied to the inpuénergy amounting to one indicator
value of “Demand of non-renewable primary energy”.

Table 9: Impact factors for the impact categoBemand of non-renewable primary energy*

Natural resource . PE
[kg antimony eq./kg]

Crude oil 0.0201
Natural gas * 0.0187

Hard coal 0.0134

Soft coal 0.00671
Fossil energy ** 0.000481
Uranium 0.00287

Data from Guinée et al. (2001);
* (kg antimony/m3 natural gas); ** (kg antimony/MJ fossil energy)

Assuming the German share of total primary enerwgpply of 2006 (BMWi 2007),
the impact on this category that comes from thelpcton of energy input in form of
“primary energy sources” and “electricity” was adlted. The energy input was
subdivided into the following parts: 23 % naturalsg36 % oil, 13 % hard coal, 11 %
soft coal, and 13 % nuclear. Contribution from reakle and other sources (4 %) was
neglected because they account not for “non-reniewsdiurces”. The contribution of
each primary energy sector (MJ) was converted tasgg the energy content of each
fuel (Goedkoop & Spriensma 2001, Frischknecht 199@able 10). For example, a
consumption of 3.7 MJ electricity results in 1.33 Merived from oil. According to
Table 10, 0.032 kg oil are needed for that amotiehergy.

25



Scope of work

Table 10: Energy content of some primary energy sources

Fuel Energy content [MJ/kg]
Natural gas 30°
Qil 42°
Coal 29°
Uranium 460000 *

% Goedkoop & Spriensma 2001, ® Frischknecht 1999b

* Equals the energy that is released from modern light water reactor, taking into account
the percentage of fissionable U-235, not accounting for the uranium that is produced
during enrichment and has to be disposed of

Depletion of abiotic resources (excluding energpuin

The resources necessary within the life cycle aedain product are affecting its
overall environmental impact. Therefore, next te #nergy input, the “Depletion of
abiotic resources (excluding energy input)” wassemas a second resource oriented
impact category in this study (Table 11).

Table 11: Impact factors for the impact category “Depletidrabiotic resources (excluding energy input)”

Alpha Name Exergy | Taken for substance Molar mass ADP :
elements [kd/mol] | (present study) [g/mol] [G)S;Eé]m
CO, Carbon dioxide 20 |R744 44 452
C,Cl, Perchloroethylene 1088 | Perchloroethylene 166 6561
FH Hydrogen fluoride 80 |HF 20 3998
FK Potassium fluoride 62 |KF 58 1071
F, Fluorine 466 |F, 38 12271
cl, Chlorine 87 |Cl 71 1228"
CH, Methane 832 (Ng"z‘)t(% ?}Lg&sa‘;eee)dsmc" 16 51852
C3Hg Propane 2154 | R290 44 48844
CsH1o Isobutane 2804 |R600a 58 48245
CsH1o Butane 2806 58 48276
C,CIH; Chloroethylene 1290 | Vinylchloride 63 20640
C,CIzH Trichloroethylene 1144 | Trichloroethylene 131 8707

Perfluorobutyric acid

pentafluoropropionic acid
C,HgO Dimethyl ether 1420 | Dimethyl ether 46 30812
CsH1,0, Ethyl propionate 2905 | Methoxyfluoroisobutene 102 28443
CeH 120 l'l"e‘ighny; isobutyl 3763 | Ethoxyfluoroisobutene 100 37569
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CeH1406 Sorbitol 3205 | Diglyme 182 17592
Petrol Petrol 95 43543 %
Diesel Diesel 220 42960 #
H, Hydrogen 331° H, 2 165500
0, Oxygen 234" |0, 32 7313"
HCI Hydrogen chloride 85" | HCI 36 2361"
C,HsOC,Hs | Diethyl ether 2707° 74 36581"
H,O Water 1° |H,0 18 56"

Data from Guinée et al. (2001) or otherwise indicated,; 4BMWi (2007); b Ayres et al. (1996);
Recalculated from exergy (kJ/mol) values with molar mass

The calculation of the ADP factor for e.g. oxygeasvas follows:

exergy{kJ/mol] _ 234kg/mol

ADP(oxyger) = =
molar masgkg/mol] 0.032kg/mol

=7313kJ/Kkg Equation 3

Climate change

The fact that some HFCs and HFEs possess a coasidadirect GWP and some
systems require a high amount of energy input teraip justify the consideration of
“Climate change” (CC) as an individual impact caigg(Table 12). For substances
contributing to this category, the G\are taken from IPCC (2006). The GYy§for
the HFEs are taken from Tsai (2005). During the sifiEoduction, other fluorinated
ether and hexafluoropivaloyl fluoride emit to thenasphere. For those substances a
GWPy of 1000 was assumed as a first estimation, aawbege GWR of the ethers
in Table 12 is in the range of thousands.

Table 12: Impact factors for the impact category “Climate rofpel’

Substance Compartment kg C(:;C\)Ai Pel(;?/kg] ;I'parléizrl:?rstsuudk;s)tance
Carbon dioxide Air 1 R744

Dimethyl ether Air 1

Dichloromethane Air 10 R30

Methane Air 23 CHy, natural gas (90 % methane)
R113 Air 6030 R113

R124 Air 599 R124

R141b Air 713 R150

R142b Air 2270 R151a

R134a Air 1410 R134a

R152a Air 122 R152a

E125 Air 14800 * E125
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E134 Air 5760 * E134

E7000 Air 450° E7000

E7100 Air 410° E7100

E7200 Air 602 E7200

Other fluorinated ether | Air 1000 " Other fluorinated e_ther from d_imethyl
ether; hexafluoropivaloyl fluoride

Perfluoropropane Air 8690 Hexafluoropropane

Data from IPCC (2006) or otherwise indicated; ® Tsai 2005; b Assumption

Eutrophication

NO, from the combustion of petrol contribute to thérephication process. RO was
taken as reference substance for the eutrophicktaar. In the present study, the impact
factor of NQ, which is 0.13 kg Pg¥eq./kg, was taken as approximation for ,NO
(Guinée et al. 2001).

Stratospheric ozone depletion

HCFCs and HFCs are substitutes of the CFCs whigk hagh ODP. As this study is
assessing the environmental impact and occurrifigreinces of proposed substitutes of
HFCs the impact of ODP is considered.

Trichlorofluoromehane (R11) was taken as refereudsstance for SOD impact factor
values. SOD values (Table 13) are mainly taken filBRC (2006). For calculating the
impact from hexafluoropropane, the factor of perfbpropane was taken as a first
approximation.

Table 13: Impact factors for the impact category “Stratosjhezone depletion”

Substance Compartment SOD Taken for substance
[kg R11 eq./kg] (present study)

R141b Air 0.12 R150

R142b Air 0.07 R151a

R134a Air 0.000015 R134a

R113 Air 1.0 R113

R124 Air 0.02 R124

Data from IPCC (2006)

Human toxicity

Some by-products formed during refrigerant manui@ctpossess a considerable
toxicity potential to humans (Table 14). Also, dmdmtion products of some refrigerants
like HF, HCI, CRO, TFA, and PFCAs might pose a risk to human heAlshdegradation
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products are not explicitly included in the CMLOZtiod, an extra fate model (for
details see Chapter 3.4) was performed assesssgntpact from TFA, CO, and
PFCA.

Table 14: Impact factors fort he impact category “Human tayic

Substance Compartment HTP 10 Taken for substance
[kg 1,4-DCB eq./kg] | (present study)

1,1,1-Trichloroethane Air 16.0 R113

1,2-Dichloroethane Air 6.8 R124, R150

Nitrogen dioxide Air 1.2 NOx

Dichloromethane Air 2.0 R30

Hydrogen chloride Air 0.5 HCI

Hydrogen fluoride Air 94.0 HF

Data from Guinée et al. (2001)

Ecotoxicity

Some partly halogenated refrigerants degrade tamFHCI, others form persistent
degradation products like TFA and PFCAs, which iotpaategory was investigated in
the fate model of Chapter 3.4. For assessing thieagmmental impact of refrigerants, the
ecotoxical potential to fresh water and terrestisgstems is of great importance

(Table 15).

Table 15: Impact factors for the impact categories “Freshewatjuatic toxicity” and “Terrestrial
ecotoxicity” of the compartment air

Substance FAETP 100 TETP400 Taken for substance
[kg 1,4-DCB eq./kg] | [kg 1,4-DCB eq./kg] | (present study)

1,1,1-Trichloroethane 0.00012 0.00018 R151a

1,2-Dichloroethane 0.00012 0.000026 R150

Dichloromethane 0.000033 0.0000043 R30

Hydrogen chloride HCI

Hydrogen fluoride 4.60 0.0029 HF

R134a 21° R134a

R124 49° R124

Data from Guinée et al. (2001) or otherwise indicated; * Frischknecht 1999b
FAETP - Fresh water aquatic ecotoxicity; TETP - Terrestrial ecotoxicity
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Photo-oxidant formation

Some substances are precursors of the tropospbmsice formed in summer. The
photochemical ozone creation potential (POCP) issictered to quantify the impact of
certain substances to the environment. Ethylertakisn as reference substance for the
POCP factors (Table 16).

Table 16: Impact factors for the impact category “Photo-oxid@rmation” for the compartment air

Substance POCP Taken for substance
[kg ethylene eq./kg] | (present study)

1,1,1-Trichloroethane 0.009 R151a

Acetic acid 0.097

Butane (unspec.) 0.352

Dichloromethane 0.068 R30

Diethyl ether 0.445

Diisopropylether 0.398

Dimethyl ether 0.189

CO 0.027

Formic acid 0.032

Isobutane 0.307 R600a

Methane 0.006 CH,

Methyl chloride 0.005

Methyl tert-butyl ether 0.175

NO, 0.028 NOx

Pentane 0.395

Propane 0.176 R290

Propanoic acid 0.15

Hydrofluoroether 0.1°2 E125, E134, E7000, E7100, E7200

Hydrocarbons 0.333° Hydrocarbons (unspec.)

Data from Guinée et al. (2001) or otherwise indicated;
% Assumption, b Averaged value from hydrocarbons C1-C11

Acidification

The incineration and degradation products HCI afddfl some partly halogenated
refrigerants possess acidification potential (Tabl¢. The pH reduction even in highly
buffered fresh water and soil systems due to thissoms of those and other acidifying
substances can facilitate the mobilisation of heaeyals. Thus, this impact category is
important to assess the overall environmental impbaone refrigerant. SPQwas taken as
reference substance for the acidification factdte acidification potential of TFA and
PFCAs were modelled in chapter 3.4.
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Table 17: Impact factors for the impact category “Acidificatl’ for the compartment air

Substance AP Taken for substance
[kg SO, eq./kg] | (present study)

Hydrogen chloride 0.88 HCI

Hydrogen fluoride 1.6 HF

NO, 0.7 NOXx

Nitric acid 0.51°

Phosphoric acid 0.98%

Sulphuric acid 0.65°

SO, 1

R123 0.42 R113

R124 0.48 R124

R125 1.35 Hexafluoropropane

R134a 0.96 R134a

R141b 0.82 R150

R142b 0.95 R151a

R152a 0.97 R152a

R22 1.11 R30

Data from Frischknecht (1999b) or otherwise indicated; * Guinée et al. (2001)

General assumptions

In this study, fuel consumption is not considers@arimary energy but as an abiotic
resource. Thus, transport input during refrigegaotuction were converted from tkm to
kg CO, eq. and kg diesel. A light truck (28 t) run by skeconsumes 15.7 L/100 km, a
heavy truck (40t) run by diesel consumes 33.6 LMD (GHG 2005). Hence, the
amount of L diesel used was calculated and conveaeg diesel, based on the density
(0.84 kg/L) of diesel (ARAL 2004). The amount odlesel was converted to emissions
of kg CG, eq. using the fuel conversion factor of diese2. &8 (GHG 2005).

Accordingly, the energy for compression was coraceftom kWh to kg C®eq. and
L petrol. The amount of kg G{&q. associated with the energy input [kKWh] is 8.24
(Fischer et al. 1994). The amount of kg#9. was converted to L petrol using the fuel
conversion factor of petrol of 2.32 (Fischer etl£194).

Thus, diesel and petrol consumption are contrilgutinthe impact classes “Depletion
of abiotic resources (excluding energy input)” d@limate change”. The exhaust-gas
limit Euro 4 (EG 1998) was taken to calculate thassions of C@ HCs, CO, and NQ
for assessing the impact of burned petrol.
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3.3.2 EI99

Introduction

The Eco-indicator 99 is a damage-oriented impasessnent method for LCA
(Goedkoop & Spriensma 2001) which aims at modeltiaghage to the protection areas:
Human Health, Ecosystem Quality, and Resources.nidittod is divided into different
steps such as fate, exposure, effect, and damadysisn The scheme of calculating EI99
is shown in Figure 5.

Damage to -
mineral and ‘/I Surplus energy for future extraction Concentration minerals |4— E>l<tract|on of
minerals and

fossil resources -
[MJ surplus ‘\| Surplus energy for future extraction |<—| Fossil fuel availability (per type) |4— fossil fuels

energy]

Regional effect on vascular plant specie Change in habitat size Land-use:

occupation and
Damage to eco Local effect on vascular plant species le transformation
Eco- system quality P p .
Indicator i M=l e Acidif./ eutr. (occurence target species) |<—| Changed pH and nutrient avail.
species * km2 * NO,
vl '\‘ Ecotoxicity; toxic stress (PAF) |<—| Concentr. urban, agri., nat. soil SQ,
NH,
Climate change (diseases and dis| Iacenln)— Concentration greenh. gases Pesticides
Damage to ‘/I ge 2 s E Heavy metals
hLllmar)'heaIth <—| Ozone layer depl. (cancer and cataract) Iq— Concentration ozone depl. gases Co,
[disability HCEC
adjusted life V\‘ loniz. radiation (cancer cases and type) |<—| Concentration radionuclides Nuclides (Bq)
years (DALY)] SPM
\ Respiratory effects (cases and types) <—| Concentration SPM and VOC's VOC's
. ) ___ PAH'
Carcinogenesis (cancer cases and type)<—| Concentration in air, water, food S

Resource analysis
Land-use analysis
Fate analysis

Normali_satign Damage analysis Exposure anq
and Weighting Effect analysis

Figure5: Scheme of Eco-indicator 99 (Goedkoop & Spriensn@l20

The aggregation of the results from the inventarg anpact assessment leads to a
one-dimensional value. The aggregation includesghigig factors which affect the
contribution of each damage category. Besides, damage model determines the
contribution of an impact category within a damageegory. EI99 offers the opportunity
to operate with three different cultural perspessivwhich arise from the Cultural Theory
of risk (Thompson 1990) that states that differsmtieties fear different sorts of threats
and that this is based in the different social dtes. In this study, the hierarchist
perspective is used as damage model combined Wwa&hdefault weighting factors
(Goedkoop & Spriensma 2001). Hierarchists expedenqature as “tolerant”
(Thompson 1990): within certain limits nature candxploited, beyond those limits the
environmental system will collapse. The hierarcpistspective focuses between a short
and long term time view on possible damages.
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Selection of damage factors & calculation

The EI99 was calculated using inventory data, weigitdamage factors listed in the
“Methodology Report” (Goedkoop & Spriensma 2001y atandard indicators from the
“Manual for Designers” (Pré 2000). The weighted dgm factors and standard
indicators used for this study are listed in Table They include fate, exposure, and
damage analysis as well as normalisation and wamland have the unit ecopoints per
kg (Pt/kg). The following example shall demonstratee principles of the EI99
calculation.

If 1 kg of refrigerant R22 is emitted to the atmlespe, one has to take the weighted
damage factors of the categories to which R22 turigs, here to the category
“Damages to human health caused by climate cha(@27 Pt/kg) and “Human health
effects caused by ozone layer depletion” (1.09dgyt/Each weighted damage factor is
multiplied with 1 kg R22. Finally, the contributisnare summed up to 8.36 Pt/kg
(Equation 4). Consequently, for 200 g R22 emisdioa,EI99 is 1.67 Pt/kg.

EI99=Y" f, [& = (7.27Pt/kg(Llkg) + (1.09Pt/kg1kg) = 8.36Pt Equation 4

with
fic — Impact factor of certain impact category

e — Refrigerant emission [kg]

That kind of calculation is done for each emissamd for material, transport, and
energy input. The contribution from material ingat calculated by multiplying the
average standard indicators with the respectiveuamof material input needed. The
input of transport is multiplied with the assocthtgtandard indicator (15 mPt/tkm) and
added to the previous results. The contributionrmfrenergy input is derived by
multiplying the weighted damage factor with theregponding input of energy source,
and adding it to the product or multiplying the attesity amount (converted to kWh)
with the associated standard indicator (23 mPt/kWine material output is calculated
by multiplication of the amount of emitted substasevith the weighted damage factors
of categories to which those substances contribute.

The “Methodology Report” and the “Manual for Desegsi’ do not include damage
factors and standard indicators for all substantiesrefore, preliminary estimates had to
be defined. Main intention was to take damage fadtom substances that are similar in
respect to their chemical structure. E.g., the iteid damage factor of “HCFC-141b”
(“Damages to human health caused by climatic changas taken for R151a, a by-
product of the R152a production. The weighted damfagtor of “GHy halogenated”
(“Respiratory effects on humans caused by organibstances”) was taken for
hexafluoropivaloyl fluoride and hexafluoropropan®y-products of the manufacture of
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E7000, E7100, E7200), R151a, R113, R124, R134aRdm®a. Table 51 and Table 52
show which damage factors and standard indicaters waken for each substance (right
column) in the present study. The weighted damagetof for hydrocarbons
(“Respiratory effects on humans caused by organmibstances”) was derived by
averaging over the weighted damage factors of jlagedearbons (methane to dodecane)
that are included in the list of Goedkoop & Sprieas(2001).

In some inventories (e.g. production of R152a, R13C system), the energy input
is in form of one accumulated value (“Primary elyesgurces”). In this case, the German
share of total primary energy supply of 2006 (BM20D7) was assumed to calculate the
Eco-indicator 99 that comes from the productiorenérgy input. The energy input was
subdivided into the following parts: 23 % naturakg36 % oil, 24 % coal, 13 % nuclear,
and 4 % other sources following the same procedsriem CMLO2. The resulting energy
amounts were multiplied with their specific weightelamage factors (“Damage to
Resources caused by extraction of fossil fuelstje Eontribution from nuclear, wind,
water, photovoltaic, and other sources were sumopedFor this group, a weighted
damage factor was calculated by averaging the darfeors of oil, natural gas, and
coal. Electricity (medium voltage) was convertednir MJ to KkWh using the factor 3.6
(BFE 2007).

For EI99 calculation, the energy input for compr@sf the refrigerant [kWh] was
converted to kg C®eq. emissions using the conversion factor 0.24(fer et al. 1994)
as the car is running on petrol.

To account for the production of fuel used durihg life cycle, the standard indicator
(Pré 2000) was converted to mPt/L assuming thap#ttol weighs 0.75 kg (DIN 2006).
The calculation is further based on the assumpmtéstribed in Chapter 3.3.1.

3.3.3 TEWI

Introduction

The so called Total Equivalent Warming Impact (TEWH the sum of direct and
indirect impacts on global warming. The direct TE@dmponent is determined by the
refrigerant loss created by leakage and recovesy, Ithe indirect one by the energy
consumption of the system during operation phakes doncept has become widely used
in valuating the environmental impact of refrigdraystems (Fischer & Sand 1997,
Petitjean et al. 1999, Petitjean et al. 2000, Dagi€Caretta 2004, FKT 2005). It covers
an important aspect of the environmental impacthoaigh it neglects some other
contributions (Frischknecht 1999a).
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Computation formula

The TEWI is calculated according to Equation 5 tu&ion 7. TEW{iec is the total
amount of kg C@eq. due to refrigerant loss during the whole tfele (Equation 5).
TEWIingirect (EqQuation 6) is considering the energy consumptibthe system. TEWI is
the overall impact on global warming (Equation 7).

TEWly,e ={(L/L00)IMLT [BWRo} +{z X [BWR,} +{GWR, tinC{(c +d)/100}  Equation 5

TEWlndirect :{E |:SL mi Er} Equation 6
TEW' = TEVVIdirect + TEVViLdirect Equation 7
L — Average annual loss of refrigerant [% of rgétiant charge]

m — Refrigerant charge [kg]

T — Lifetime [years]

GWPy — Global warming potential in units kg €€q., time horizon of 100 years
— Number of recharges/servicings per lifeting [k

— Refrigerant loss during recharge/servicing [kg

— Refrigerant loss during production and chayd@t of refrigerant charge]
— Refrigerant loss during disposal [% of refrage charge]

— Energy consumption [kWh/h]

— Annual operation hours [h/yr]

- mmea o x N

— Emission of C@+ other greenhouse gases by energy generaticd@kaq./kWh]

To evaluate the impact of different parameterstenranking by TEWI, only one of
the parameters in Table 18 is changed at a timde e other parameters are set to
average values. Four sets with three scenarioss{wase, average, best-case) are created
(Table 59). The average scenario is the same lffowal sets. In set A, the operation time
(S) differs notably due to different climate situaio In set B, the annual refrigerant
leakage ratel() is defined in three emission scenarios. In sete@jssions due to
servicing/refilling @) differ. Factor x, which accounts for the refriget loss during
servicing/recharge, is 0.1 kg per servicing. In Betemissions during production and
disposal phasec(@ndd) are defined for three scenarios. The lifetimawfA/C system is
set to be ten years. Factor r, which accountsas&ons of C@ and other greenhouse
gases by energy production, is 0.249 kg@@./kWh calculated from the energy content
of petrol (0.0693 kg C®eq./MJ) and the conversion factor 0.28 kwh/MJ @PZDO6).
The parameter values for the different emissionnages are shown in Table 18.
Parameters related to the refrigerants are givarabie 19.

35



Scope of work

Table 18: Parameter for TEWI calculation

Table 19: Refrigerant properties for TEWI

for different emission scenarios calculation

o . . GWP g m E

N Emission scenario Refrigerant [kg CO, eq./kg] kg] [KWh/h]
Worst- Average Best- R30 10°% 0.45 12.22
case case R134a 1410° 0.75 3.20
c [%] 11 4.5 1.6 R152a 122° 0.45 2.98
d [%] 100 50 5 R290 3¢ 0.2 3.34
z 4 2 0 R600a 3¢ 0.2 3.47
L [%/yr] 20 11 3 R744 1¢ 0.4 4.48
S, [hiyr] 260 104 10 E125 14800 °© 0.75 1.83
E134 5760 °© 0.75 8.95
E7000 450 © 0.75 2.35
E7100 410 ¢ 0.75 2.66
E7200 60 °© 0.75 2.40

2 |PCC 2001, ° IPCC2006, °© Bitzer 2004,

4 \WMO 2003, ® Tsai 2005

The indirect and direct components of the TEWI #meltotal TEWI were calculated
(Table 59). The TEWI of set A for R30 is exemphartlalculated under the worst-case
scenario:

TEW= { LLMIUGWR} +{ 2 GWe +{  Gwi (fif +c)/oo)}+{ DEs1)=

={0.11yr ™ [D.45g (10yr (1kg CQ /kg¥ {200.1 k§110 kg CO/ kg
{10 kg CQ/ kgD.45 kgl0.045 0.5 {12.22KWH 260 h/ ¥i 0.249kg GO / K\WEh 10

=7920.6kg CQ
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3.4 Fate modelling

Introduction

Due to the fact that TEWI and CMLO2 do not accolantthe persistent degradation
products of the refrigerants and EI99 does not atctor the PFCAs, a fate model was
conducted to assess the environmental impact aketlsabstances. First the distribution
between the compartments air, water and soil wadeitesnl and then the concentrations
of the degradation products in each compartment voaiculated. In the following
chapters, the degradation of the studied refrigerasnshortly described and summarized
in Table 53.

Degradation of refrigerants

R30

Initiating the degradation, hydroxyl (OH) radicalsact with R30. Carbon dioxide
(CO,) and hydrogen chloride (HCI) are the major product the atmospheric
degradation of R30 (WHO 1996). HCI is removed frdma atmosphere by wet and dry
deposition.

CX3CXYH

R134a, R152a
OH ——— H,0

The tropospheric de-
gradation of R134a is most
effectively initiated by OH
radicals to form the

CRCHF radical (Franklin CXLCOX(¥=H)

1993). A general scheme * HO, A

for the atmospheric| CX,CXYOOH 4_: CX3CXYOONG,
degradation of halogenate OH NO,

organic compounds is given N NO —NO,

in Figure 6. The new

radical reacts further with

O; to form the CECHFG; @

radical, which reacts with A A
/ o, \A

e.g. NO forming the alkoxy CX;+ C(O)XY CX3C(O)X + Cl
3

radical CRCFHO. This 0, CXC(0)X (Y=Cl)
radical decomposes and + HO, (Y=H)

(Y=
reacts with @to CRC(O)F CX30,

nd H radicals. nder Figure 6: Genera!ized scheme for the atmospherig oxida’gicbn 0

and Q ,ad cais U, _de halogenated organic compounds (X, Y = H, Cl ortFnsient radical

atmospheric conditionSintermediates are enclosed in ellipses, producth W@ss transitory
existence are given in the boxes (IPCC 2006)
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7-20 % of the CECFHO radicals react with Oto form CRC(O)F, the remainder
decompose into GFradicals and HC(O)F (Wallington et al. 1996). ;Qfadicals are
eventually degraded to @B. After its uptake in atmospheric clouds, s;CEO)F is
hydrolysed to trifluoro-acetic acid (TFA, @E&O)OH), a persistent degradation product
that partitions into aqueous compartments of theirenment (Bowden et al. 1996,
IPCC 2006). The average yield of TFA from R13440%, from HC(O)F + CJO + HF

60 % (Franklin 1993).

Atmospheric oxidation of R152a is initiated by OHdicals forming CHCFRO,
radicals. The dominant atmospheric degradation ywmbdof R152a is ClO
(Hashikawa et al. 2004). Thereby, over 75 % areeggad directly from R152a and less
than 25 % indirectly via CHIE(O)H (Taketani et al. 2005). A 92 % yield of £LFis
assumed according to Tuazon & Atkinson (1993).Itmi@d water, CFO degrades further
to CQ, and hydrofluoric acid (HF) (Cavalli et al. 1998pd@3l et al. 1999). But there is
still discussion about the importance of the uptakeloud water (Franklin 1993).

R290, R600a, R744

Under atmospheric conditions, the main degradagimmtesses for alkanes include
reactions with OH and to a lesser extent withsN@&icals (Atkinson 1997, Atkinson et
al. 2005). Under certain conditions, alkanes reatlt chlorine atoms (Atkinson 1997).
The first reaction of alkanes with those three rooles is an initial H atom abstraction
from C-H bonds resulting in the formation of alkgidicals. Those react further to alkyl
peroxy and alkoxy radicals and in subsequent steptkyl peroxynitrates, alkyl nitrates,
carbonyls, alcohols, and hydroperoxides (Atkinsorale 2007) leading finally to the
formation of CQ and HO.

Propane (R290) oxidises in the atmosphere viaigeaetith OH radicals and chlorine
atoms. During the atmospheric degradation of R2@@ious carbonyl compounds are
formed, like acetone, acetaldehyde, and propiohgitle Those carbonyl compounds are
relevant because of their toxicity and ability tmguce free radicals by photolysis. The
exact mechanisms of the degradation pathways ofOR2&e not been properly
characterised yet (Claudette & Francisco 20075 #ssumes that R600a follows similar
degradation mechanisms. For the present study @ssumed that R290 and R600a
degrade completely to G@nd CQ (R744) is defined as not further degraded.

E125, E134

The atmospheric oxidation of E125 ({CKCF,H) and E134 (CHFOCHEF,) is initiated
by reaction with OH radicals to form the £FCF, (Inoue et al. 2001) and CHBCF,
radical (Good et al. 1999), respectively. The danindegradation processes of those
radicals are either CO-dissociation reaction tonf@FR and CEO or oxidation with @
resulting in alkylperoxy radicals, @GBCFR0, and CHFLOCF0, (Good et al. 1999).
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Those radicals are degraded tosOFand CERO. Under atmospheric conditions, £&nd
CFR:0 radicals can be further oxidized to LOF(Good et al. 1999). The overall molar
yield of CRO for E125 is 1.52 and for E134 it is 2 (Good etl&99). CELO is the major
product of the atmospheric degradation of E134 BAA5. It is removed from the
atmosphere by its heterogeneous reaction with wagsulting in HF and CO
(Cavalli et al. 1998, Good et al. 1999).

E7000, E7100, E7200

The degradation of E7000 (n&OCH;), E7100 (GFOCHs), and E7200
(C4FsOC,Hs) is initiated by OH radicals forming the alkyl fedls, n-GF/OCH;,,
C4FOCH,, C4FOCHCH;, and GFsOCH,CH,, respectively. The scheme for
atmospheric degradation of E7100 is given in Figure

C,FOCH;

OH %’ H,O

C4FsOCH;,

0,

C,FsOCH,O0H HO,
<4— C,F;,OCH,0,

C.FsOCHC o

NO NO,

C4,FoOCH,O.NO,

Bih

C4,FOCH,O

102

C,FOCHC

l Hydrolysis

"
’

Figure 7: Scheme for atmospheric E7100 degradation (IPC®&)200

The alkyl radicals are further oxidized by @ the peroxy radicals, nsE;OCH,0O,
(Ninomiya et al. 2000), £OCH,O, (Wallington et al. 1997), f£,0CHOOCH;, and
C4FgOCH,CH,0O0 (Christensen et al. 1998). The peroxy radica#t with e.g. NO to
the alkoxy radicals €¢OCH,O (Ninomiya et al. 2000), £,0OCH,O (Tsai 2005),
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C4F9OCHOCH;, and GFsOCH,CH,O (Christensen et al. 1998). The dominant loss of
the first two radicals is the reaction withh Gnder formation of perfluoropropyl formate
C3sF,OC(O)H (Ninomiya et al. 2000) and perfluorobutyl rifate GFsOC(O)H
(Tsai 2005). Degradation of the ;&gOCHOCH; radical results in the ester
C4FOC(O)CH;, whereas the fF,OCH,CH,O radical forms perfluorobutyl formate
C4FsOC(O)H (Christensen et al. 1998).

The perfluorobutyl formate, £yOC(O)H, and the perfluoropropyl formate,
CsFOC(O)H, are relatively unreactive toward ClI atomsida OH radicals
(Wallington et al. 1997, Christensen et al. 1998)he main atmospheric removal
processes for those formates are wet/dry deposit@o possibly photolysis
(Wallington et al. 1997, Ninomiya et al. 2000). the moment, the latter aspect is rather
insufficiently investigated. Nohara et al. (2001yegented results suggesting that
perfluoroalkyl formates are gradually hydrolysed R&-CAs which have high acid
strength, high persistence, and are likely to aedata in the hydrosphere.

Model description

Using the distribution model EXTND of the software E4CHEM
(Briggemann et al. 1996), the thermodynamic equilib distribution of persistent
degradation products of emitted refrigerants iswated assuming a three compartment
model.

Two different models are developed when regardiggfate of persistent chemicals.
The first model describes three different medighie atmosphere; air, liquid water, and
aerosol particles, and the distribution of the civals between those atmospheric
compartments. Thereby, for the liquid water contgWC) different values are taken,
resembling the LWC in aerosol patrticles, fog, aashing clouds (Winkler 1986). The
second model describes the distribution betweemitim@sphere over, and the hydro- and
pedosphere of Germany. In the following paragrafies,models are described in detail
(Table 20).

As TFA and PFCAs are persistent substances, tloamogenous distribution within
the troposphere is assumed. Controversial statsnwnthe uptake of GB by cloud
water exist (Franklin 1993). Hence, £Fis treated differently. In a first step, £Fis
regarded as a persistent substance. Thus, thibdigin of CRO is modelled in the same
way as it is done for TFA and PFCAs. In a secoep,sthe degradation of @B to HF
and CQ is considered and their distribution modelled Wise.

Air

The troposphere is in close contact with the serfafcthe earth. It extends to a height
of 10 km. With increasing height, temperature, pues, and density of the atmosphere
decrease. For modelling purpose, a uniform dendit® kg/m3) at a pressure of one
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atmosphere is assumed, resulting in a reduced theflthe atmosphere of 6 km
(Mackay 2001). Thus, over Germany with an area%f,300 km2 the volume of air is
2.14*10 kmg.

Aerosols in the atmosphere

Aerosols are ubiquitous in the atmosphere andnapeitant in determining the fate of
certain chemicals. The aerosol particles vary asrably in size and composition. They
can consist of water (fog, cloud droplets), dustipl@s (organic matter, mineral soil),
and smoke (organic combustion products). For modglpurposes, the density of
1.5 g/cm?® and the concentration of |8m?3 are assumed, corresponding to a volume
fraction of particles of 2*1®" (Mackay 2001). Consequently, in an air volume of
2.14*10 km3 over Germany the volume of solid material.B8410° km3.

Liquid water content in the atmosphere

The LWC of the atmosphere depends on relative hityniéFor calculating the
distribution of chemicals in the atmosphere, thid#ferent LWC are assumed: 3@/m3
in aerosol particles, 255 mg/m3 in fog, and 1 gim¥aining clouds (Winkler 1986).
Thus, in an atmospheric volume of 2.14%*®n3 the LWC is 6.43*10 km?,
5.46*10" km3, and 2.14 km3, respectively.

Hydrosphere

Two percent of Germany are covered by water susfagBaumgartner &
Liebscher 1996), resulting in an area of round U K®2. The average water depth is
assumed to be 2 m. This yields a water volume dt ksh3. The water is being regarded
as pure water, e.g. containing no dissolved elbté®and suspended particles.

Pedosphere

For modelling purposes, the pedosphere is notitiedsnto air, water, mineral and
organic matter, but is regarded as homogeneousamitensity of 1.5 g/cms3. The area is
349,900 km2 and the depth to which chemicals imredfectively is set to 10 cm,
yielding a soil volume of 34.99 kms3.
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Table 20: Compartment properties for modelling the distribntfate of persistent degradation products

Compartment Area [m?] Depth [m] Density [kg/m?3] Volume [m?3]
Water - Germany 7.10%10° 2 1000 1.42*10"°
Soil — Germany 3.50*10" 1*10" 1500 3.50%10"
Air 3.57*10" 6*10° 1 2.14*10"
Compartment Concentration [kg/m3] Density [kg/m3] | Volume [m3]
Aerosol — atmosphere 3*10® 1500 4.28*10"
Water — aerosol particles 3*10® 1000 6.43*10"
Water — fog 2.55*10 1000 5.46*10°
Water — raining clouds 1*10° 1000 2.14*10°
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3.5 Partial order theory

3.5.1 Introduction

The partial order theory offers the possibility doalyse a set of substances (e.g.
refrigerants) which are all characterised simultarsty by several parameters (e.g.
refrigerant-intrinsic properties). This method fsaglvantage as the parameters often do
not have a common scale (Briiggemann & Bartel 1999).

A partial order on a set G, called poggrtially orderedset), with the substances x, vy,
and z is defined according to the following axioofi®rder (Briiggemann et al. 2007):

i) reflexivity: xS x

(a chemical can be compared with itself)

ii) antisymmetry: ¥ yandy= x = x =y

(if x is better or equal than y and y is betteequal X, this implies: x equals y)
iii) transitivity: xS yandy= z = x<z

(if x is better than y and y is better than z, tlas better than z)

The order relations are analysed component-wis#) Wi{(x) being the numerical
value of the i-th attribute of the chemical x. If parameters of x are lower than the
respective ones of y, then x is ranked lower thdh B (x) < P(y) for some indices i and
P(y) = R(x) for some other indices, then x and y are “inpanable” (Briiggemann &
Bartel 1999).

3.5.2 Hasse diagram technique

The graphical representation of posets is calledsklaliagram. In a Hasse diagram
each substance is represented by a circle. The cetigion of each pair of objects is
shown by a line between them, whereby the substahash is higher ranked is placed at
a higher vertical position. The diagram is grealynplified by only drawing next
neighbour links due to the transitivity relation pbsets. The softward/HASSEand
PyHasse (software can be obtained from R. Briiggemann) petm draw Hasse
e a Q diagrams. The versatility of the Hasse diagram repre

permits to combine the complete information of cleais in

order to take a decision about the priorities eslato the
0 chemicals. For instance, if a set of 6 fictitioefrigerants a, b, c,

d, e, and f is defined by three parametetsP,, andP; the
G G Hasse diagram shown in Figure 8 can be obtained.

Figure 8: A Hasse diagram
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From this diagram can be concluded that the maitpat refrigerants are a, d and f
since high values d?1, P,, andP3; imply high pollution degree. In contrast, c andre
the most environmental friendly refrigerants. Irdéidn, the Hasse diagram reveals that
all the refrigerants except c are more pollutaanthb.

3.5.3 METEOR

METEOR METhod of Evaluation byORder theory), a mathematical method for
assessing parameter prioritisation and its effadhe ranking of substances, was used to
evaluate the environmental impact of refrigeraiisis method is based on the Hasse
diagram technique (Briiggemann & Bartel 1999, Bridggen et al. 2007, Restrepo et al.
2008). In principle, METEOR allows a step-by-steggregation of parameters by
forming weighted sums about subsets of paramefmsggemann et al. 2007), thus,
providing the possibility to analyse the effectpafameter weights.

In the present work, the idea of METEOR was apptiedsidering six refrigerant-
intrinsic properties (critical temperature, heatpawgty of vapour, global warming
potential, ozone depletion potential, octanol-wgi@ntition coefficient, and toxicological
exposure limits) for a selection of 15 refrigerante. chlorodifluoromethane (R22),
difluoromethane (R32), pentafluoroethane (R125)1,1ttrifluoroethane (R143a),
propene (R1270), ammonia (R717), R134a, R152a, RR3S0, R600a, R744, E7200,
and the blends R407C and R410A (Table 31). Thegemnts are used in different
cooling and A/C applications.

The first step using METEOR was to normalize thiiea of the refrigerant-intrinsic
properties to a [0,1]-scale using Equation 8 andetwient the normalised values using
Equation 9 where necessary, so that high valuesaas®ciated with a negative
environmental impact (Table 21).

P'(X)—min P’
P(x) =— : i
.( ) maxR'—min R, Equation 8
Pre()=[R(X)L-D]+1 Equation 9

For Equation 8and Equation 9 P'(x) is the value of property of refrigerantx and
minP' and maxP, ' are the minimum and maximum valud%(x) is the reoriented,
normalised value oP'(x .)
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Table 21: Normalized and reoriented data values of refrigisrased in the present METEOR study

Refrigerant te Cp GWP ODP Cow TWA
R22 0.6837 0.6876 0.4045 1 0.5892 0.9091
R30 0 0.7814 0.0023 0.01 0.6308 1

R32 0.7718 0.9210 0.1523 0 0.3741 0.8081
R125 0.8300 0.0024 0.7841 0.0006 0.8875 0.8081
R134a 0.6596 0.1690 0.3205 0.0003 0.5844 0.8081
R143a 0.7980 0.4512 1 0 0.7506 0.8081
R152a 0.6019 0.4733 0.0277 0 0.5086 0.8081
R407C 0.7281 0.2373 0.00001 0 0.5623 0.8081
R410A 0.7985 0.6144 0.0001 0.0004 0.5330 0.8081
R290 0.6805 0.3801 0.0045 0 0.9022 0.5051
R600a 0.4951 0 0.0045 0 1 0.8485
R1270 0.7038 0.5544 0.0007 0 0.7579 0.8768
R717 0.5048 0.2861 0 0 0.3814 1
R744 1 1 0.0002 0 0 0
E7200 0.1359 0.3476 0.0136 0 0.5826 0.9697

t. — Critical temperature, Cp - Heat capacity of vapour,
GWP - Global warming potential, ODP - Ozone depletion potential,
Cow - Octanol-water partition coefficient, TWA - Toxicological exposure limits

The second step was to aggregate two properties following Equdliem Equation
12 using the modébtability of the softwarePyHasse The critical temperaturd ] was
aggregated with heat capacity of vapoGp)(resulting ingl, global warming potential
(GWB with ozone depletion potentiaDDP) resulting ing2, and octanol-water partition
coefficient €on) With exposure limit (TWA) resulting in3.

¢1(X) =g, 0. (x) + 1-9,)[C,(x) Equation 10
$2(x)= g, [GWR(x) + (L- g,) [ODP(x) Equation 11
$3(x) = 93 (€, (¥) + (1- ;) TWA(X) Equation 12

whereg and (1¢) are the selected weights for the properties. The sum of the weights
must be equal to 1. An important valuegak achieved when(x) = ¢(y). This particular
g-value is called “crucialg-value for the pair X,y} (Restrepo et al. 2008).
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The aggregation of METEOR followed the scheme in Figure 9. Thestextwas to
aggregate2 andp3 to ¢4, and finallyp4 with ¢1 resulting ing5.

Step 1 ‘ Step 2 ‘ Step 3

Figure 9: Aggregation scheme of METEOR calculation
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4 Results
4.1 Impact assessment

4.1.1 CMLO2

The assessment based on CMLO2 includes 10 impact
categories. In order to be able to show two impact categories in _\worst-case scenario
one figure, the results were drawn using normalised imp
values. The filled bar represents the average scenario, the upper
whisker the worst-case scenario, and the lower whisker the
best-case scenario (Figure 10). Although two impact categories| Best-case scenario
are placed in one figure they are not comparable to each o
This means that, if one refrigerant contributes more to impact
categoryA than to impact categoB, the contribution fromA ;'(ge‘t‘éﬁ %)?: d'f;qergﬁ'ary
does not necessarily exert a greater negative impact on the

environment tham. In Table 55 the non-normalised values of each category are listed.

Average scenario

In Figure 11, the HCs R290 and R600a have a contributiohetontpact category
“‘Demand of non-renewable primary energy” (PE) of about the factor 1 000 © 4 00
smaller than those of other refrigerants. The contribution of R152%4,Rind R30 to
this category that is up to 2-times smaller than those of R13fttharHFES. Applying
best-case or worst-case scenario does not change the ranking order of the rafrigerant

B ADP |17
I PE

0.01 7

Norm. values

0.001 7

0.0001 -
S o 0 N O  ,n 2 0 o _ph 00
oF 6\00 ?3\’0 ?37'0 & @ e ?3’00 <« «©

Figure 11: CMLO2 results of the impact categories ADP and PE
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R152a has the smallest impact on the category “Depletion of abiotbcrces

(excluding primary energy sources)” (ADP) of the studied refrigerants under averag

scenario, followed by R290, R600a, and R744. E134 has thedtigontribution in this
category. The other HFEs have a contribution similar to that o##&1Bhe impact of
R30 is smaller than that of E134 but greater than that of R13lar¢FL1).

Merely R134a and R152a contribute to the impact category “Stratosplmnie o
depletion” (SOD). The impact of R134a is in all three scenarios léstingher than that
of R152a (Figure 12). Considering the total life cycle, R152dHesmallest input to the
category “Climate change” (CC) followed by the HCs R290 and R600a,Radd
(Figure 12). E125 and E134 have a greater impact in this categorRii3da, R30, and

the other HFEs.
BN CC
BB SOD
0.1 A
0.01
0.001 A
17,@ b( a ?:Lo}) 60()’& /\bcb‘l ?\'BQI

Figure 12: CMLO2 results of the impact categories CC and SOD

Norm. values

The ranking of the refrigerants is the same in the two impact categoigese(A 3)
“Acidification” (AP) and “Eutrophication” (EP) because those impact categaies
mainly based on fuel consumption due to compression and addditi@ight. Under the
average scenario, E125 has the lowest impact (0.05) and R30 the graat€¢8t4) in
those categories. E134 (0.3) has an impact close to R30, whereasEeetHhe 7000-
series, the HFCs, the HCs, and R744 are in the range of 0.3 th0rmalised values).
Under the best-case scenario, E125 remains the least problematic refrigdoamedfdly
E7100 and R134a. R30 and E134a continue to be the twopnofdématic ones.
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Figure 13: CMLO2 results of the impact categories AP and EP

The ranking of the refrigerants in the impact categories “Photo-oxidanatiomh
(POCP) and “Human toxicity” (HTP) is the same as in the categoriemAEP because
those values are also based almost solely on the additional fiseingption (Figure 14).
The relative ranking order of the refrigerants changes equally to AP and Hfe
different scenarios.

I POCP
. HTP
0.1
[%)]
(O]
3
g
. 0.01
£
o
z
0.001

[N
?/:&'7/6 ?/,&'BD‘ ?:\000 ?:\»\‘00 17’00 @'\«Ibb‘% @'\«cﬂ;a ?ﬂ/gg @600’6 ?:\D( ?:_))0

<
Figure 14: CMLO2 results of the impact categories POCP and HTP
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Figure 15 depicts that R134a has the greatest impact in the catéfoess water
aguatic toxicity” (FAETP) and “Terrestrial ecotoxicity” (TETP) of all sed
refrigerants due to direct emissions. R290, R600a, and R744tdmminibute to those
categories. R30 only contributes to TETP. The HFEs and R¥\&aimpact values on
FAETP and TETP which are about the factor-10° smaller than those of R134a. The
relative ranking of the refrigerants does not change when regarding worstrdass-o
case scenario.

1
I FAETP
I TETP
0.1 A
0.01 -
(%]
S
< 0.001 A
>
£
o 0.0001 A
P
0.00001 A
0.000001 + i
0.0000001 ; ; ; ;
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Figure 15: CMLO2 results of the impact categories FAETP andPE

Dominance analysis — Contribution of life cycle phases to impactaratsg

For assessing the dominance of one life phase over the others, the acersy®
was taken (Table 56). Within the life cycle of a passenger car, the opepatise is the
longest phase with ten years. Thus, it is not surprisinghiphase contributes to more
than 79 % to the impact category ADP as the system that rupstmi and petrol is
defined as abiotic resource. For R152a and R30, the contributibe pfaduction phase
is smaller than 0.1 % (Figure 16). The contribution from thpadial phase is less than
0.05 % for all refrigerants as it was assumed that the recovered refrigeramspt ex
R744 - are burned under presence of oxygen and hydrogen.

From those results, it can be concluded that the most importaase pfor
implementing measures to reduce the environmental impact on ADP fnain t
application is the operation phase. Main aspects are better energy efficiahcy an
optimized tightness of the system.
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Figure 16: CMLO2 results of the impact category ADP

As petrol is contributing to the impact category ADP, the energgwaption of the
A/C system during operation is not included in PE. In tmact category PE, the
production phase is the main contributor accounting for 59 % fatwadied HFEs and
R134a (Figure 17). For the other refrigerants the production phase o9 — 48 %.
Because of the refilling processes in the operation phase and the necesgmrangfri
production, this phase is contributing up to 3 % (R152aPEo0 The HCs R290 and
R600a have a contribution of almost zero to PE in the operatiasep The primary
energy input to the disposal phase is about 38 % for the HRER1344a, and 50 - 71 %

for the other refrigerants.

O Disposal
H Operation
O Production

100%

80% -+
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20% -
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E125 E134 E7000 E7100 E7200 R134a R152a R290 R600a R744 R30

Figure 17: CMLO2 results of the impact category PE
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The impact category CC is mainly influenced by the operation phas@9(%d). This
is, on the one hand, caused by direct emissions of refrigeranta gréat GWhy (e.g.
E125, E134, R134a) and on the other hand, due to higre@@sions originating from a
high energy demand of less efficient refrigerants (e.g. E134, R30, RRédftigerants
with a great GWRy (e.g. E125, E134, R134a) have a relatively high contributionnqup
22 %) in the disposal phase to CC caused by direct emissiguisgA8).

100% T ™ ™
O Disposal
H Operation
80% - O Production
60% -
40% A
20% -

0%
E125 E134 E7000 [E7100 E7200 R134a R152a R290 R600a R744 R30

CC [kg CO ,eq.]

Figure 18: CMLO2 results of the impact category CC

R744 and the HCs R290 and R600a do not contribute to thectncategory FAETP
(Figure 19). For the HFEs, both disposal and operation phase addut 50 % to this
impact category. R134a, R152a, and R30 have input from all threxydife phases. The
production phase is contributing between 4-25 %, the operat@sedietween 61-73 %,
and the disposal phase to 15-24 % to FAETP.
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20% -
0% -

E7000 E7100 E7200 R134a R152a R290 R600a R744 R30

FAETP [kg 1,4-DCB eq.]

Figure 19: CMLO2 results of the impact category FAETP
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4.1.2 EI99

Comparing EI99 of the entire life phase of the studied refrigerantse(Eat)lunder
average scenario (Figure 20, filled bar), E134 has the greatest impaet @mvtronment
with about 54 Pt (Ecopoints), followed by R30 (44 Pt). Rl 3125, E7000, and E7100
are in the range of 40 — 41 Pt. E7200 has a little lower envirdamiempact (32 Pt).
R152a and R744 have an environmental impact of about 30 Ptowhstlimpacts of the
studied refrigerants have the HCs R290 and R600a with about 28 Pt

Under worst-case scenario (Figure 20, upper whisker), R30 (75 Pt) retanes
environmental problematic than the other refrigerants except E134 (9hieh) las still
the greatest impact. In this particular scenario, E125 (59 Pt) becessproblematic
than E7100 and E7000 (60 and 61 Pt). The order of the other refrgyasamot
influenced by this scenario.

Under best-case scenario (Figure 20, lower whisker), E7000 (25 Pt) benmmes
problematic than E7100 (23.9 Pt) and R30 (24.4 Pt). R30 becoroes problematic
than R134a (25 Pt). R744 (23.1 Pt) has a lesser impact than R324#t). R290 stays
over all scenarios the least problematic of the studied refrigerants follpywRa00a.
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E125 E134 E7000 E7100 E7200 R134a R152a R290 R600a R744 R30

Figure 20: EI99 results of complete life cycle; filled bar w¥eaage scenario, upper whisker — worst-case
scenario, lower whisker — best-case scenario
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Dominance analysis — Contribution of life cycle phases to EI99

The operation phase is with 43-63 % the dominating life phabénwthe life cycle of
A/C systems in cars, followed by the production phase (24%)38 he disposal phase is

the most inferior process (11 — 20 %) of the life cycle of this speafilication
(Figure 21).

As the EI99 is aggregating the damages of several categories, it9e transparent
which parameter is contributing the most to the final indicatoe. Sénsitivity of specific
parameters will be investigated in Chapter 5.1.

100%

O Disposal
H Operation

O Production
80%

N I I I I I I I I I I
40% -

20% -

Eco-indicator 99

0%

E125 E134 E7000 E7100 E7200 R134a R152a R290 R600a R744 R30

Figure 21: Contribution of production, operation, and dispqsadse to EI99

Comparing the absolute EI99 values of the production phase urel@agavscenario
(Table 57), Figure 22 (filled bars) shows that the HFEs E700D0& E125, and E134
have the highest values (about 14 Pt), followed by R134a (Eh&d:7200 (12 Pt). This
is mainly caused by the energy consumption and the emissiopsoblematic by-
products like R113, R124, hexafluoropropane, hexafluoropivalogrifle, and other
fluorinated ethers. R152a, R290, R600a, R30, and R744 have paction the
environment of about 11 Pt.
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Figure 22: EI99 of production phase; filled bar — average aden upper whisker — worst-case
scenario, lower whisker — best-case scenario

Comparing the EI99 of the operation phase under average scenario (Table 57
Figure 23 (filled bars) reveals that E134 (34 Pt) and R30 (28 Pt)thevdghest values,
followed by E125, E7000, E7100, and R134a, all in the rariggbout 20 Pt. This is
partly caused by the energy consumption and the emissions oématid by-products
during the refrigerant production needed for the refilling of the systdirerwise, the
energy efficiency of the refrigerant in that particular application has a btgladion to
EI99 in this life phase (R30, E134), as well as direct emissabnefrigerants (E125,
E134, R134a, E7000, E7100). The other refrigerants have EI99 valtigs life phase
of 12 — 14 Pt. It should be mentioned that higher energy efficienglyt be compensated
by lower impacts on e.g. climate change due to direct emissions beoauswer
GWPyp as it is the case for R744 and the HCs R290 and R600a.
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Figure 23: EI99 of operation phase; filled bar — average stéenapper whisker — worst-case
scenario, lower whisker — best-case scenario
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Comparing the EI99 of the disposal phase under the average scenati® §Tab
Figure 24 (filled bars) discloses that R134a (8 Pt) has the higllest This life phase is
dominated by products formed during incineration of the recovered refrigenahtthe
direct emissions occurring while emptying systems. In this fifase, the other
refrigerants have EI99 values between 5 — 6 Pt. Under the worst-case asctreri
impact of R134a is almost twice as high as those of other refrigetamder the best-
case scenario, the impacts of all refrigerants are about 5 Pt.
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Figure 24: EI99 of disposal phase; filled bar — average séenapper whhisker — worst-case scenario,
lower whisker — best-case scenario

4.1.3 TEWI

The TEWI calculation (Table 58) showed that, under average scenarih E1
performed worst, followed by E134. R134a and R30 have almosathe environemntal
impact of about 3 000 kg G@q., whereas E7000, E7100, and R744 have ca.
1 000 kg CQeq.. The four refrigerants with the lowest environmental impact are0E720
R290, R152a, and R600a. Under the worst-case scenario, R744 reesaipsoblematic
than R134a, R30, E134, and E125 but it becomes more proldethati E7000 and
E7100. R152a becomes less problematic than R290. Under the besterzmeo, R600a
becomes less problematic than R152a (Figure 25).
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TEWI [kg CC; eq.]
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Figure 25: TEWI results of complete life cycle; filled bar veaage scenario, upper whisker —
worst-case scenario, lower whisker — best-caseasicen

Figure 26 shows that R30, E134, and R744 have the greatesbutbom (1 000 —
3 000 kg CQeq.) to TEWI by the component TE¥YMkect Under average scenario. The
other refrigerant show values between 600 and 900 kgeGQexcept E125 which has a
contribution of 470 kg C®eq.. This order is remaining the same for worst-case and best-

case scenario.
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Figure 26: Contribution of indirect TEWI component; filled bar average scenario, upper whisker —
worst-case scenario, lower whisker — best-caseasicen
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Considering the direct component of TEWI, Figure 27 depictsEhab, E134, and
R134a have the greatest contribution (2000 — 21 000 kgeGQ® under average
scenario. E7000, E7100, and R152a show values between 1005@and 6Q eq.,
E7200 has an impact of 86 kg €€y.. The HCs, R30, and R744 contribute less than
10 kg CQ eq.. This order is remaining the same for worst-case and best-case scenario.
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Figure 27: Contribution of direct TEWI component; filled baraverage scenario, upper whisker —
worst-case scenario, lower whisker — best-caseasicen
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4.2 Fate modelling

Modelling the distribution of the degradation products of sorhethe studied
refrigerants shows that under the German model, TFA is to 86tk& iatmosphere and
to about 14 % in the hydrosphere (Figure 28). The PFCAs ar8-19®% in the air
compartment, to up to 0.1 % in the water compartment, and to @7 % in the soil
compartment under this specific model scenario,CCk to about 100 % in the air
compartment.

Concentrating on the distribution of those substances in thesptrare, different
water contents were assumed. In the model “Atmosphere-aerosol particles”, al
degradation products accumulated completely in the air compartment @@bl&he
higher the water content of the atmosphere the higher is the percenta§®@ @&nd
PFCAs, especially f£COOH, in the water phase. Under the scenario of raining cloud
conditions (“Atmosphere-raining cloud”), TFA is partitioningdnthe water to 2.4 %,
C4F9sCOOH to 0.2 % (Figure 28). GB stays under all regarded models predominantly
in the gaseous phase.

Model: Germany Model: Atmosphere — fog

Water Water

0
0 100

o 0 ®0 i
Soil 0 10 20 30 40 5 60 70 8 9 100 Ajr Soil ©0 10 20 30 40 5 6 70 8 9 100 Air

Model: Atmosphere — raining cloud

Water

0 100

100

. S
Soil 0 10 20 30 40 5 6 70 8 9 100 AIl

Figure 28: Partitioning of some degradation products into ¢benpartments air, water, and soil under
different models
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From the amounts of refrigerants that are directly emitted to the aterespinring the
life cycle of an A/C system, the quantity of the main degradatiomusts were
calculated using the degradation yields of Chapter 3.4 (Table 5d)cdrtentrations of
the degradation products in the compartments air, water, and sdé @hbo Table 68)
were calculated using the distribution modeKTND of the softwareE4CHEM
(Briggemann et al. 1996).

The refrigerant emissions (E7000, E7100, E7200) during one yeaeddtmn of the
AIC system of a passenger car result in concentrations of PFCAs aifi 3410 to
1*10™"° pg/dn?, in soil or on aerosol particles of 4¥10— 7*10® pg/dn?, and of 1*10*°
—2*10% pg/dn? in water (Table 22). These concentrations occur in the specific
compartments of all four model scenarios (Chapter 3.4, Table 20).udigks occur
under worst-case and low values under best-case scenario.

Assuming complete degradation of R30 into HCI and,,C@e annual emissions
during one year of operation of an A/C system using R30 wouldltras HCI
concentrations of 6*I& — 6*10%, 3*10° — 3*10°%, and 3*10' — 3*10"° ug/L in the
compartments air, water, and solil, respectively.

Table 22: Concentrations of the main degradation productsEé000, E7100, E7200, and R30 in
environmental compartments [pg/dm?3] under the Garmadel (Chapter 3.4), calculated usEx§TND of
E4CHEM high values under worst-case and low values ubdst-case scenario

C;F,COOH
from E7000

C,F,COOH
from E7100

Degradation product

Compartment

Air 1.13*10™ - 1.03*10™%° 1.12*10™ - 1.01*10™°
Water 2.35*10° — 2.14*10°® 2.32*10° - 2.11*10°®
Soil 7.81*10° — 7.10*10® 7.71*10° - 7.01*10°®

Compartment

egradation product

C,F¢CH,COOH
from E7200

HCI
from R30

Air

Water

Soil

5.59*10"% - 5.12*10™
1.37*10"° - 1.25*107°

4.54*10™° — 4.15*10°

5.59*10™" — 5.65*10™*
2.65*10° - 2.68*10°®

2.47*10™ - 2.50%10%°
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Direct emissions of R134a during one year of operation of an Afemsysesult in
concentrations of TFA in air of about 41— 5*10* pg/dn?, in soil or on aerosol
particles of 7*10* — 9*10™ug/dn?, and of 9*1¢ — 1*10° pg/dnt in water (Table 23).

Under the same scenario, an A/C system using E125, E135, &2d&,Réspectively,
results in a CFO concentration in air of about 6*10— to 1*10 pg/dn?, in soil or on
aerosol particles of 8*If — 2*10pg/dn?, and in water of about 1*1§ —
3+*10° pg/dnt (Table 23).

Table 23: Concentrations of the main degradation productsEd®5, E134, R152a, and R134a in

environmental compartments [g/dm3] under the Garmadel (Chapter 3.4), calculated usEX§TND of
E4CHEM high values under worst-case and low values ubdsi-case scenario

Degradation product CF,0 CF,0
from E125 from E134
Compartment
Air 7.94*10™" — 9.48*10™"* 1.20*10™ - 1.09*10™%°
Water 1.94*10™"° - 2.32*10° 2.94*10™° - 2.66*10°
Soil 1.10*10™" - 1.31*10* 1.66*10™" — 1.50*10*
Degradation product CF,0 TFA
from R152a from R134a
Compartment
Air 6.03*10™ — 7.09*10™"* 3.72*10™% — 4.69*10™
Water 1.48*10"° - 1.74*10° 8.9710° - 1.31*10°®
Soil 8.31*10™* - 9.78*10™ 6.82*10™ — 8.60*10™*
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4.3 METEOR

Each aggregation delivers a set of crugi@blues (Figure 29) that separates the range
of g from 0 to 1 into a number of different stability fields. For furtbalculations, from
each aggregation stability fields were chosen those whose raggeabfes are equal or
greater than half of the range of greatest stability field of the respectuegatjon. Each
of those stability fields has its characteristic linear order. The othkility fields were
pooled to so called hot spots, marked with grey bars, and nio¢fianalysed. For further
aggregation, the middle g-values of the selected stability fields aleza for calculation
(Table 69).

P .
S2.1 S22 S2.3 S2 4 ¢l
I . [ . n Q2
A @3
S1.1 S1.2 S1.3 S1 4 S15
D ——— D A — CE——

0,3 0,4 0,5 0,6 0,7 0,8 0,9

g-values

o
o
i
=}
N
|—\

Figure 29: Crucial g-values of the aggregatiopd (t, C,), 02 (GWP, ODP), and
03 (6w, TWA), marked with grey bars are the stabilityd®that are combined to hot
spots, further analysed stability fields are ladtifollowing the scheme Sa_b where a
stands for the aggregation and b for the numberstability field within that
aggregation

Following the aggregation scheme in Figure 9 and the selectiomsmaxlained
above, forpl five stability fields were selected, fe2 four, and forp3 two (Figure 29).
The first aggregation step (Figure 9) of two refrigerant properties airoaedsulted in
the linear orders shown in Figure 30.
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:E/J

T I

Figure 30: Linear orders of selected stability fields (Fig@@ of aggregationgl (t,, C,),
92 (GWP, ODP), an@3 (G, TWA)

Aggregating each of the selected stability fieldg®fwith those o3 (Equation 13),

eight different g-spectra @f4 were calculated. From those eight g-spectra again stability

fields were selected as described above, resulting in 31 stabilitis fighich were
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aggregated with the five selected stability fieldspaf The aggregation af4 andepl
(Equation 14) resulted in 155 g-spectra from which 749 stabibtigdiwere selected.
Thus, the METEOR calculation with six refrigerant intrinsic propsertiesulted in a
selected number of 749 linear orders whereby the refrigerant with the highkshas
the greatest impact on the environment.

#4(x) = g, P2(x) + (L— g,) P3(X) Equation 13

#5(x) = gy PUX) + (L— g,) BA(X) Equation 14

Based on the data values in Table 21 and the weights of the sedtaiidity fields
(Table 69), the final aggregation) of the six properties is achieved using Equation 10
to Equation 14. In Table 24, exemplary valuesybfare listed for a random selection
from the 749 stability fields.

Table 24: Exemplary values o5 for a random selection from the 749 stabilitydgeand corresponding
weights

5
Stability field S5.1 1 S7.31 2 S8 31 1
%;“Sbg}as“t‘;r“) ‘f ;;Z?g';étions S1.1/S2 1/S3.1 | S1.3/S2.4/S3.2 | S1.4/S2 4/S3.2
Weight g 1 0.05 0.575 0.785
Weight g 0.18 0.905 0.905
Weight g 5 0.05 0.81 0.81
Weight g 0.38 0.8 0.8
Weight g 5 0.31 0.965 0.06
R22 0.829 0.679 0.510
R30 0.652 0.325 0.144
R32 0.627 0.813 0.238
R125 0.398 0.488 0.737
R134a 0.416 0.448 0.369
R143a 0.537 0.659 0.867
R152a 0.489 0.533 0.160
R1270 0.547 0.623 0.188
R290 0.347 0.539 0.195
R600a 0.374 0.282 0.209
R407C 0.422 0.506 0.152
R410A 0.533 0.699 0.156
E7200 0.512 0.223 0.144
R717 0.507 0.401 0.121
R744 0.310 0.965 0.060
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To summarize the results of METEOR, the percentdgecupancy of a certain rank
within those 749 stability fields was calculated &ach refrigerant (Table 25). R22 and
R143a have in 23 % and 21 %, respectively, of thees rank 15. R30 is ranked in
position 1 in 39 % of the selected stability fiel@R22 is ranked to ca. 87 % within the
five highest ranks, followed by R143a with aboutd85and R32 with 71 %. R717 is to
88 % ranked within the five lowest ranks, followleg E7200 with 81 %, and R290 with
about 74 %. R744 has in nearly 40 % of the selestaiility fields the highest rank and
in ca. 24 % the lowest rank; the ranks 2-14 achiegether 36 %.

Table 25: Percentage of occupancy of certain ranks of studefdgerants; high rank (15) — great
environmental impact, low rank (1) — low environra@nmpact

Rank occupancy [%]

Rank| 15 | 14 (13|12 |11 | 10| 9 | 8 | 7 6 5 | 4 3 2 1
Refrigerant
R22 234 6.4(30.3|155(10.9| 9.7| 08| 24| 05 0 | 0 [ 0O 0 0 0
R30 0 09| 63| 49| 83| 1.9 29| 41| 07| 12| 09| 6.7| 131 | 87394
R32 35(31.2| 8.0(10.4|183| 41| 1.7| 47| 23| 72| 25| 03| 40| 17| 0
R125 11.2|29.5(139]| 32| 25| 40| 80| 2.4| 15| 6.8| 0.1| 03| 04 (162 0
R134a 0 0 0 | 84| 48| 25|11.7| 85|11.6[13.9|21.0| 1.2| 162 | © 0.1
R143a 212|242 (19.0|1126| 88| 1.2{135( 05| 0 [0 |0 [0 0 0 0
R152a 0 0 oo |0 |0 | 27|[235]| 80[199|358| 95| 07| O 0
R1270 0 0 04| 41| 8.7(465|27.1(11.2| 20 0 | 0 [ O 0 0 0
R290 0 0 25| 68| 95| 47| 9.3|13.4|30.8| 81| 45| 45| 04 | 52| 01
R600a 09| 21| 48| 65| 28| 27| 16| 1.7| 1.3| 16| 55|15.6| 22.0 |11.1|19.6
R407C 0 0 o |o |0 | 17] 72|16.6]|256(256]| 6.1|121| 35| 15| 0
R410A 0 0 8.5|21.6(22.6|17.9| 88| 69| 55| 1.2| 49| 19| 01| 0 0
E7200 0 0 o o |0 | 05| 15[ 09| 69| 92| 1.2(10.8| 12.3 |39.9|16.7
R717 0 0 0 | 04| 01| 09| 1.3 21| 23| 47|15.0(33.5| 24.7 |147| 03
R744 39.8| 56| 63| 6.4| 27| 16| 1.7| 09| 09| 05| 2.4| 36| 27| 1.1|238

The rank distribution for each refrigerant is damd in Figure 31 overlaid with the
Gaussian distribution curve. R1270, R717, R407C2,R2143a, and R152a have a
narrow distribution resulting in a clear peak. R7R380, R32, and R125, however, have a
rather flat curve caused by a more even rank Hidion, or, in the case of R744, by an
extreme contrary distribution pattern with one patkank 15 and another at rank1.

From those results, R22, R143a, and R32 would astbommended as replacement
refrigerants for R134a, whereas R717, E7200, ar@DRize likely to be used as future
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substitutes. R744 is mainly divided into rank 1% dn This contrary distribution needs
further investigation. It should not be disregardedause it is the refrigerant which has
the second highest occupancy (~24 %) of rank I Rf3® (~40 %).
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Figure 31: Rank distribution for each studied refrigerant
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5 Discussion
51 Impact assessment

5.1.1 Simplifications made in the life cycle inventory

For lack of data, some simplifications and estiorai were made in the life cycle
inventory of this study. Thereby, the intention waskeep the simplifications for all
refrigerants at the same level. Taking the chamgesfrigerant’'s enthalpy that occurs
during compression is a main short coming of thisly, as it does not really account for
different efficiencies at varying temperature angimidity conditions and does not
include different A/C system configurations. In ttese of HFES, no prototypes exist of
A/C systems in passenger cars. Even for refrigeraiitich are presently used in A/C
systems in cars let alone for prototypes, it isdhtr find studies done under equal
conditions. Differences in the scope of former LE8Wdies, in system configurations, or
in outside conditions made comparable results isiptes Therefore, it was decided to
use the change of enthalpy under the mentioned eetye and pressure conditions
equally for all studied refrigerants as basis fog fuel consumption of A/C systems.
Furthermore, the energy consumption of fans andpswwere neglected which certainly
contribute to the overall energy consumption. Tingp$ification made in this study was
to assume that this contribution is equal for afrigerants and can be neglected for
comparison.

In the present study, only cooling processes weresidered. Defrosting processes
due to humid and cold climate conditions were igdorBut considering them would
certainly increase the operation time and thusetiergy consumption of A/C systems in
cooler climate regions.

Inventory data for the production of HFEs was eated from patents. Calculations
on the chemical input from the yield mentionedhe patents and energy data from the
production of R134a were used. Thus, the inventiata of HFEs production should be
regarded as a first estimation in the exemplary Li@Auding new substances in the field
of cooling and refrigeration. Furthermore, the igefrant charge of A/C systems using
HFEs was estimated. Based on a similarity analysigss assumed to be equal to R134a
systems.

The transportation of the refrigerants to the canafacturer and of the finished car to
the end-consumer was not included in this studythéamore, no inventory on the car
itself was prepared, as it is assumed to be the samall A/C systems and thus has no
distinctive contribution to the overall environmahimpact.

The production of the different A/C systems was ttedi because no data could be
gathered from industry by questionnaires. Only @rage energy value was included in
this inventory. The main focus of the study wastla refrigerants themselves. It was
assumed that the technical configuration and nedtemput does not vary much between
the different systems. Due to the same reasondiimantling and recycling of the A/C
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system was not considered in detail. The main fafubke disposal phase was again set
on the refrigerants. Here, another simplificatioaswmade. It was assumed that all
refrigerants except R744 (Gare burned under total combustion.

Another simplification was made regarding leakaafes of A/C systems, which were
assumed to be independent of the refrigerant ahicleeage. However, some studies
indicate this is not exactly true. Factors affegtthe leakage rate are the pressure in the
system, the type of the refrigerant, its viscosughicle age, hours of vehicle and A/C
operation and maintenance (Petitjean et al. 20@@husse & Gagnepain 2003, Weissler
2004).

No specific damage or impact factors were availétee.g. the HFEs and some by-
products during refrigerant production. In thoseesa estimations or factors from other
substances were taken. The influences of diffeestimations are discussed in Chapter
5.1.2. Replacing those simplifications by more €pecdata would improve the
assessment done for the studied refrigerants.

5.1.2 Sensitivity analysis

Leakage rate

In the previous chapters, different scenarios wiseussed. In order to determine the
impact of different direct refrigerant emission sagos on EI99 a sensitivity analysis
was performed changing only this particular par@meis expected, the direct emissions
are of great relevance for refrigerants with higVi&o (E125, E134, E7000, E7100,
E7200, R134a). In contrast, HCs, R30, and R744 shandly any change in EI99 for
different refrigerant leakage scenarios (Figure B&nce, the tightness of the system and
its optimisation might influence the decision foetR134a substitute, but the probability
of a complete leakage occurring and the correspgneinvironmental impact should be
considered.
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Figure 32: Sensitivity analysis of different leakage ratesEt®9 calculation
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The contribution of the annual operation time iparant (Figure 33). EI99 for R30
under worst-case scenario is almost double théheofaverage scenario. With regard to
the two mentioned scenarios, E134 and R744 whigk hather small energy efficiencies
show a similar pattern with an increase of 43 al®¥63 respectively. The other
refrigerants show an increase in EI99 of 12 — 30™@e opposite phenomenon is
observed when comparing EI99 values of the aveslagethe best-case scenario. EI99 of
R30 is reduced by 44 %, a value smaller than tldseost other refrigerants. Operation
time effects the EI99 values of E134 and R744 ntioa@ those of the other refrigerants,
except R30. Thus, the decision for the best sulbstdepends also on the climate region
and the climate conditions where the A/C systegoisg to be used.
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Figure 33: Sensitivity analysis of different operation times EI99 calculation

EI99 damage factors

For some substances that are emitted to enviromineotmpartments during the life
cycle of certain refrigerants no damage factors lsed in the EI99 document.
Therefore, a general decision had to be made wh&ihamit these emissions or to take
damage factors from other substances as first astim In this study, the latter option
was preferred.

For example hexafluoropivaloyl acid is not includedhe damage factor list. Hence,
an estimation was made. The influence of the estichactor was investigated in a
sensitivity analysis. Calculating EI99 for the age scenario, first the damage factor
“CxHy halogenated” (3.5*10 DALYs/kg) was taken, second the damage factor
“Propanoic acid” (3.23*10 DALYs/kg), and for the third calculation emission$
hexafluoropivaloyl acid were omitted. The differenof EI99 using these particular
damage factors was less than 0.002 % and can énsdbected.
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For the hydrocarbons arising during the life cyaled/C systems, the contribution of
omitting them from the calculation or using the @daa factor of “Alkanes” is for R30
about 0.1 % and for the other refrigerants betw®6@ — 0.06 %. Omitting the emissions
of R151a during R152a production will result in ecokase of its EI99 of 0.6 %. This is
rather small compared with the change of EI99 of 122 % when omitting the
emissions of fluorinated ethers during productibEb25 and E134.

The influence of taking damage factors of otherstatices as estimations or to omit
emissions is obvious. For some substances it minghtnegligible, for others the
contribution to EI99 is significant. It has to barefully stated which option was chosen.

CMLO2 impact factors

The CML0O2 assessment method has the same problémiiiwited impact factor lists
as EI99. For some substances (e.g. R113, R150,aRh&kafluoropropane) substitute
impact factors were taken from other compounds @stioned in Chapter 3.3.1, for other
substances impact factors were estimated. For dearffEs are thought to contribute to
POCP but these substances are not included in BHeOZ list. For this study, a first
impact factor of 0.1 kg ethylene eq./kg was assunidek contribution to the impact
category POCP under average scenario is small (ED2B2 %, E134: 0.04 %).
Increasing the impact factor to 0.5 kg ethylenékeg.the contribution to that impact
category rises to 0.6 % for E125 and to 0.2 % fb34E

Damage and impact factors should not be omittederaan estimation should be
made. Even if each single substance is contributmdy a little to the overall
environmental impact indicator, neglecting all whiare not listed in the factor lists
might change the assessment significantly for saefeigerants, especially when
assessing new substances it seems justified toougé estimations rather than omitting
occurring emissions.
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5.1.3 TEWI

Considering the TEWI-components separately, rarkio
TEW!lgirect and TEWhgirect Show almost reverse order for most
refrigerants (Figure 34). In the TEWV!. ranking, E125 is the
most problematic refrigerant, followed by E134, RA43
E7000, E7100, R152a, E7200, R30, R600a, and RZBM i
the least problematic refrigerant. This order is intya
influenced by the GWPs of the refrigerants. Thu29®R and
R600a are at the same level because they are bsitnad a
GWPygo of 3 kg CQ/kg refrigerant. When ranking TEWdirecs
R30 becomes the most problematic refrigerant fadidwy
E134, R744, R600a, R290, R134a, R152a, E7100, E&2@D
E7000. The refrigerant E125 is the least problerrafirigerant
regarding indirect emissions from energy productieor both
TEWI-components, the ranking does not change, winen
different emission and operation scenarios are iegpl
Emission values are more or less strongly affediat the
ranking stays almost the same for all scenarios.

For example, for R134a (Figure 35) a change ofgefant

of TEWIlgiec Whereas the direct emissions during
servicing/refilling and production & disposal do fluence
TEWlgirect less strongly. Calculating TEWirecs €Specially the
parameter annual operation timeg)( is of importance
(Figure 36). HenceS andL exert the greatest effect on the
calculation of the TEWI and are further discussethis work.  TEwr, ... TEWI,,.
Nevertheless, direct emissions during  production .
.. . . Figure 34: Separate ranking
servicing/recharge, and disposal should be minichireorder of TEW| components
to reduce the impact of refrigerants on climatengeaand

global warming.
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Figure 35: Change of TEW}: (R134a) under different scenarios
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Figure 36: Change of TEWJgirect (R134a) under different scenarios

In Figure 37, the refrigerants are rank
according to their TEWI values. The uppermo
refrigerant is the environmentally mo
problematic one. The lowest one is the le
environmentallyproblematic of the refrigerant
considered. For averageandS_ scenarios, the

order of the refrigerants is as follows (Figure R134.;“'.

linear order in the middle): E125 is the mo J %ﬂ -?Ej
problematic one, E134 is the second problem R?44\'| § E
one, followed by R30, R134a, E7100, E700 - =
R744, R600a, R152a, and R290 with E72f > ¥ a
being the least environmentally problemat / «

one. An increase if§ of the A/C system result ._:'.

in a change of this ranking: R600a becom J

more problematic than E7000, R744 beco Eamn\'.

more problematic than E7000 and E710 /

R152a becomes less problematic than R2 stu\'.

E7200 remains the least environmenta /

problematic of those refrigerants. The increa R152a\'.

operation time of the system causes extra ene J

consumption that outweighs the effect of GW, Emn\'.

A reduction of the operating hours an /

consequently of extra energy consumption,

Figure 37: Changes in refrigerant ranking
changes the order of the average SCeN Gue to different operating times_ Sunder

average European climate conditions
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likewise. R134a, E7000, and E7100 become more @nudgic than R30. Due to its
smaller GWP, R744 becomes less problematic tha®&@07200, and R152a. R290 and
R600a become the least environmentally problematigyerants.

S is of great influence to the overall global wargimpact of a refrigerant. TEWI
values increase up to 26-times (Figure 38) fromt-base to worst-case scenario.
Assuming a linear slope, R744 is superior to R1@dder an environmental point of
view up to an operation time of ca. 560 h/yr. At @peration time of 260 h/yr, both
refrigerants have an impact that is 1.3 to 2.54irgesater than that of R290, R600a,
R152a, E7000, E7100, and E7200. R744 is enviroraiigrduperior to E7000 until an
operation time of ca. 120 h/yr. R30 is superiolE@00 until an operation time of ca.
30 h and superior to R134a until 90 h/yr. E125 BA@4 have TEWI values exceeding
those of the other refrigerants by factors up t0.2&fter an annual operation time of
36 h, E7200 is environmentally superior to the otle&igerants regarded in this study.

25000
-— * - ——E125
20000 —8—FE134
—A—E7000
—%—E7100
15000

—8—E7200
10000 —6—R152a
— —A—R290

/ ——R30
5000 —%— R600a

; i —+—R744
0 h T T T T T

0 50 100 150 200 250 300

TEWI [kg CO, eq.]

Operation time [h]

Figure 38: Influence of operation time on TEWI
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Starting from the average ranking of thf gz
refrigerants (Figure 39), linear order in th
middle), an increase in direct refrigeraf gz
emissions during the operating phase of the A
system causes changes in the refriger, R134a)
ranking. E125 stays the most environmentally

)
)

the refrigerants in this study, followed by E13f g4y )

But with an increasing leakage rate R13 _%‘3 _%”

becomes more problematic than R30. E7000 Em:,) § %

a greater environmental impact than E7100, a g .g,?
1 S

R152a is ranked higher than R600a. E7200 s E’.-‘lIIIEI)
the least problematic refrigerant. The £%9.
emissions from the energy consumption
partly outweighed by those caused by dire
refrigerant emissions. Likewise, a reduction Rlﬂa)
the annual leakage rate compared to the aver

scenario results in changes in the ranking: R Rﬁma)
becomes more problematic than R152a. E70

and E71000 become less problematic t Rz_g])
R744. When the annual leakage rate is abo

14 % of system charge, R134a has a TE Emj)

almost twice as high as the other refrigerants;
except E125 and E134 (Figure 40). Figure 39: Changes in refrigerant ranking due to

different leakage rates during operation phase
under average European climate conditions

744 )
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Figure 40: Influence of annual leakage rate during operatizaisp on TEWI

To summarize the results, E125 is under averageasoethe environmentally most
problematic refrigerant of those considered in 8tisdy. The parameters that have the
highest impact on the refrigerant ranking &eand L. Considering longer operation
times due to a hotter climate, the higher energysomption of R744-systems outweighs
the effect of its smaller GWR,. In cooler climates with consequently shorter apieg
times, R744 becomes even less environmentally enodtic than R152a. E7200, R152a
and R290 can be considered as less problematigeefnts under the scenarios of this

study.
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5.1.4 Comparison of additional fuel consumption

The additional fuel consumption is the major aspécthe life cycle of an A/C system.
In order to confirm the soundness of the simplifmas made, it is important to compare
the additional fuel consumption that arise during present LCA with literature values
from exhaustive studies. Additional fuel consumpsgiacalculated in this study are listed
in Table 26.

Table 26: Additional fuel consumption of studied refriger&dC systems under different scenarios

Refrigerant Additional fuel consumption Additional fuel consumption
[L per year] [L per 100km]
E125 33.61 0.33
E134 113.00 1.27
E7000 41.10 0.41
2 | E7100 42.66 0.43
g |E7200 41.65 0.41
o |R134a 48.54 0.51
§ R152a 47.97 0.49
Z |R290 51.89 0.54
R600a 53.30 0.55
R744 64.31 0.69
R30 148.62 1.70
E125 15.60 0.32
E134 24.88 1.23
o | E7000 17.97 0.39
8 |E7100 16.47 0.42
§ E7200 18.02 0.40
o | R134a 17.03 0.49
S |R152a 18.63 0.47
3 |R290 19.00 0.52
R600a 19.14 0.53
R744 20.20 0.66
R30 28.30 1.64
E125 63.52 0.33
E134 259.24 1.27
o |E7000 79.50 0.41
8 |E7100 86.12 0.43
3 |E7200 80.86 0.41
§ R134a 100.82 0.51
% |R152a 96.66 0.49
& |r290 106.46 0.54
= R600a 110.00 0.55
R744 137.51 0.69
R30 348.29 1.70
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The ADAC (1998) found out that A/C systems causes@ima consumption of 0.7-
1.6 L/100 km under extra-urban driving conditionsd&3.3-6.2 L/100 km under urban
driving conditions. Values of the present studyiarthe range of the extra-urban driving
conditions of the ADAC-study. Hill & Papasavva (H)Qgive approximate values for
R744-, R134a-, and R152a-systems of 66 L/year,/$&ak, and 66 L/year, respectively,
under climate conditions of Frankfurt. However, ¢imate conditions of Phoenix Hill &
Papasavva (2005) state fuel consumptions that dxtee worst-case values of the
present study by factor 2-3. Fischer & Sand (198aMfirm the increase of the fuel
consumption of A/C systems by the factor 2 whenngh®y from German to Spanish
climate. However, their values are about half efvhlues estimated in this study. Values
of a study from Volkswagen are in the range oftd45 L/100 km (BUWAL 2002) and
are in good agreement with the values in Table @®erall, the fuel consumptions
calculated in the present study can be seen as@mmdximations of actually occurring
ones.

5.1.5 Contribution of direct refrigerant emissions to conventional CO, emissions

Under average scenario, refrigerant emissions Ad@ systems per operating year
amount to 109 g per year for HFEs and R134a, & ¢rRi52a and R30, 44 g for R290
and R600a, and 68 g for R744. Considering the Bp&8WP;o, of each refrigerant and
the annual travel distance of 16 000 km, the amoti@O; eq. due to direct refrigerant
emissions for R134a is about 10 g/km, for E700Qk&g for E7200 0.4 g/km, for
R152a 0.6 g/km, for HCs and R744 less than 0.0hg/khe values for R134a are in
agreement with literature values (Barbusse & Gagmep003). Therefore, it is assumed
that the calculated values for the other refrigeyaesemble also realistic values.

In the worst-case scenario, the contribution todéwes CQ eq. emission increases to
18 g/km for R134a, 5.9 g/km for E7000, 0.8 g/km B©¢200, and 1 g/km for R152a.
E125 and E134 have 11 to 4-times, respectivelyhdrigQ eq. emissions per km than
R134a. R744 is still adding less than 0.01 g/kmthe CQ eq. emissions by direct
refrigerant emissions. Therefore, the contributierespecially for E125, E134, E7000
and R134a not insignificant in relation to the aggr conventional emissions of new
vehicles (120 g/km).

5.2 Fate modelling

5.2.1 PFCA

The concentrations of PFCAs in water due to theuahdirect refrigerant emissions
(E7000, E7100, E7200) from the A/C system of a @agsr car are about the factor 10
to 10 smaller than the precautionary limit of 0.1 ug/f the Federal Environment
Agency for partly or non-assessable substancesrinkidg water (UBA 2003). The
influence of one car is therefore negligible. Bat the environmental impact not one

78



Discussion

single car is of relevance but the sum of them.rdfoee, a projection of the direct
refrigerant emissions and their corresponding dkgran products were done including
all passenger cars that were registered in Gernma2§05 (Table 61 to Table 68).

Assuming that all 46 million German passenger ¢Brxsstatis 2006a) are equipped
with A/C systems using E7000, E7100, or E7200,decentration of the degradation
products in water will amount to 0.1 — 1 pg/L. Thméans even under the best-case
scenario the above mentioned precautionary limlit vd reached and under worst-case
scenario exceeded. However, the limit for takingasuees of the Federal Environment
Agency of 5 pg/L for drinking water (UBA 2006) i®theven reached under worst-case
scenario. The calculated concentrations of PFCAsunface water within this study, are
in the range of PFCAs that are already measureduifiace waters in Germany
(Skutlarek et al. 2006). As PFCAs are persistetirenmental pollutants and as the
contribution of E7000, E7100, or E7200, used in AiGStems in passenger cars for one
year would result in concentrations equivalent ltoother sources together, those three
refrigerants should not be further considered dstdutes of R134a in A/C systems in
passenger cars which have relatively high direasgion rates.

5.2.2 TFA

Concentrations of TFA measured in river waters grr@any are between 0.04 and
0.28 pg/L (Klein 1997, Christoph 2002). In Germaakds, TFA concentrations of
0.07 pg/L were measured (Christoph 2002). The Ata@cean has TFA concentrations
of 0.2 pug/L over the complete water column (Chpst@002). TFA from direct
emissions of R134a during one year operation of ¢y§€tems, assuming that all German
cars are equipped with R134a systems, will reaaliceatrations in German surface
waters of 4.2 — 50 pug/L under best-case and wast-cscenario, respectively. This
exceeds the present TFA concentration in river mgaby factors 15 — 1250. Thus,
considering R134a as the solely refrigerant in Ad(assenger cars and the increasing
number of cars equipped with A/C systems, TFA catre¢ions in surface waters due to
degradation of R134a will increase significantly.

In rain, TFA concentrations between 0.04 and O/2pgth an average value of
0.08 pg/L were measured in Germany (Klein 1997, istitph 2002). In this study,
concentrations of TFA in raining clouds reach 4.722.2 pg/L, assuming TFA as
degradation product of directly emitted R134a dyrione year of operation. These
concentrations are 24 to 555-times higher than pgresently occurring TFA
concentrations in rain water. Taking the averageuah precipitation of 800 L/m?, the
amount of TFA which will be deposited over Germawill amount to 1316 —
6 216 t TFA per year.

Although the acute toxicity of TFA on aquatic orgams is relatively low, the B
for bacteria (Pseudomonias putida) is > 1000 mfgk,algae (Microcystis aeruginos)
250 mg/L, and for protozoa (Uronema pardueri) 43BLM{AFEAS 1994), the long-term
environmental effects are not exactly known whichn carise from continuously
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increasing TFA concentration. Thus, the phase-6lRX84a is justified not only from
the global warming point of view but also from ao®xicological perspective.

5.2.3 Acidity

Globally, the main contributors to the acidity @i are nitric and sulphuric acids,
arising from natural and anthropogenic sources.yTém@ount to an acidity of about
10" mol H'/year (Sidebottom & Franklin 1996). According toafklin (1993), the
amount of acidity produced per mol R134a is 3.8 Hio(2.8 mol HF, 0.4 mol TFA, and
0.6 mol formic acid). At an average annual amoun2 600 t R134a from all German
A/C systems in passenger cars, the amount of wpdid#t could be incorporated into
rainwater would be around 5.5*1fol H". The natural occurring acidity in rainwater is,
thus, about the factor 1.8*1@reater than the amount that might arise in awefegm
R134a in that particular application.

For calculating the contribution to the acidity frodegradation of R152a, it is
assumed that 1 mol @B is degraded to 2 mol HF. Under an average ansmésion
scenario of R152a, 3 140t of &F are formed considering all German cars equipped
with an A/C system using R152a. This would result 9.5%10 mol H" possibly
incorporated into rainwater.

R30 is degraded to HCI which also has an acidifgffgct. From an average annual
emission of A/C systems of all German cars, 3 41f tR30 are emitted to the
atmosphere resulting in 8.02*1hol H'.

Thus, R30 and R152a would contribute to the acidiitsainwater to the same amount
as R134a. Therefore, the contribution of degradapimducts from R134a, R152a, and
R30 from A/C systems to “acid rain” can be seerhvdiss than 0.001 % of the overall
acidity from all other sources as negligible.

In the same manner the contributions from degradgbroducts of E125 and E134
were calculated, assuming that 100 % of the HFEdemraded to GI©. E125 form
1.2*10° mol H" and E134 form 1.7*10mol H". E152 and E134 contribute to the acidity
of rainwater about 10-times more than R134a and2R1Blevertheless, compared with
the contribution of the overall acidity from otheaitural and anthropogenic sources their
impact is negligible.

5.2.4 Chloride and fluoride in rainwater

Natural occurring atmospheric fluxes of chloridecamt to 0.6 — 1.0*1% g/year
(Sidebottom & Franklin 1996). Compared with thossumnal background fluxes, the
atmospheric chloride production from R30, 2.9%tfyear under average scenario, is
insignificant.

Fluoride production from E125, E134, R134a, and Rl%hat is for the average
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scenario in the range of A@/year is negligible compared with the estimatethlt
atmospheric fluoride flux of 1.8 — 8.0*¥y/year (Sidebottom & Franklin 1996).

5.3 Contribution of properties to rank distribution based on METEOR

For evaluating the contribution of each of the r&@ftigerant intrinsic properties to the
rank distribution, from the 749 linear orders thee® with a very low and with a very
high weight on one of the six properties, respetyivwere considered (Table 69). In
fact, the idea was to look at the case where oopepty has a weiglg equal zero and is
therefore not further included in the calculatioBsit because of the fact that for the
study only the most robust stability fields weretlier considered and because of the fact
that within one stability field the linear order wdfrigerants is not changing, the actual
weight of the properties in the aggregationp@f 92, andp3 was never equal zero. In
practice that means that the lowest weightcfarwas 0.05, foMWAO0.19, forGWPO0.18,
for ODP 0.1, fort. 0.05, and folC,, 0.03.

For each refrigerant, the set of linear orders vatie low weighted property was
compared with the complete set of linear ordersTdble 27 the average rank of those
sets are listed. In Figure 41, the different disttion patterns of the above mentioned
specific weighted sets of stability fields are eyptamily displayed for four refrigerants
(R744, R290, R1270, R30).

Table 27: Average rank of refrigerants based on differerg séstability fields

Selection of weighted Al Low weight on

sets te | C, | GWP | ODP | TWA | cow
][\i';;“sber of stability 749 | 112 | 243 | 113 | 327 | 490 | 239
R22 13| 13 12] 14| 11| 12] 13
R30 5 12| 2| a4 2 4] s
R32 11| 13| 9| 11 9| 10| 13
R125 10| 5| 14| 10| 14| 11

R134a 71 5| 8| & 9 7 6
R143a 13| 11| 14| 12| 14| 13| 12
R152a 6| 7| 5| 6 5 6 7
R1270 10| 10| 9| 10 9 | 10 9
R290 8 9 5
R600a 7 7 3
R407C 8| 7 8 7
R410A 10| 10| 10| 11| 10| 10| 11
E7200 3 3 3
R717

R744 10| 11| 7| 10 7 9 | 10

81



Discussion

The two main parameters influencing the rank distion of R30 aret; and C,
(Figure 41). A low weight ont is shifting the average rank from 5 up to 12, wlasra
low weight onC; is shifting the average rank to rank 2. Similas@tvations were made
for refrigerants R32, R152a, E7200, and R744. lefnigerants R125, R134a, R143a,
R600a, and R407C, a low weight gnis changing the average rank in the direction of
lower ranks. For example, the average rank of R&2bout 10. With a low weight dn
itis ca. 5.

Because of the relatively higpDP of R22 compared to the other refrigerants within
the METEOR study, a low weight ddDP andGWP, respectively, is mainly influencing
the rank distribution of R22. A low weight dDDP is decreasing the average rank of
about one rank, whereas a low weighGWPis resulting in an increase the average rank
of about one rank.

R290 and R717 are the two refrigerants whose raskilgltion is influenced by
different weighting offTWAandc,,. A low weight onTWAIs resulting in an increase the
average rank of R290, while a low weight@p is increasing the average rank of R717.

Refrigerants that show no significant dominanceestain parameters influencing the
rank distribution are R1270 (Figure 41) and R410A.
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Figure 41: Rank distribution pattern of specific weighted satstability fields, exemplary for four
refrigerants; left whisker — f0percentile, right whisker — 80percentile, box — 25to 75"
percentile, thick line — mean, thin line — medipaints — outliers

Overall, two third of the refrigerants included the METEOR study show a
modification in their rank distribution pattern wheutting an extreme low or high
weight on the thermodynamic propertigsand C,. Moreover, because of increasing
tightness of refrigeration facilities and recovestes of refrigerants, environmental
properties of refrigerants contribute less to thesrall environmental impact of a
refrigeration system. Thus, it might be of interesfurther studies to include additional
properties that are directly related to the peréomoe of refrigerants in refrigeration
systems and reduce the number of environmentakptiep in the METEOR calculation.
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5.4 Comparison of EI99, CML02, and TEWI results

The different approaches of the three assessmehbasemake it difficult to perform
a comparison between them based on their scorestefbne, the results of each
assessment was converted to ranks the refrigeoantgpy. Exemplary, E134 which has
the highest value in the impact category ADP in@L02 method is given the rank 11
as 11 refrigerants were assessed, R152a is gieeratik 1 as it has the lowest value in
that category. Likewise, ranks are given to alrigefrants within the three methods.
Finally, the ranks of each refrigerant of the difiet assessment methods will serve as
basis for comparison. Thus, each impact categorCil .02 resulted in a specific
ranking of the refrigerants, as did EI99 and TEWALl{le 28). Based on the ten indicators
ADP, PE, SOD, GWP, AP, EP, HTP, POCP, FAETP, andPHErom the impact
categories of CML0O2 an average ranking (AV) wasualed.

Table 28: Ranks of the impact categories of CMLO2 and itsrage ranking, ranks of EI99 and TEWI
method for the average life cycle scenario; highkrél1l) — great environmental impact, low rank {1)
small environmental impact

CMLO02
Refrigerant EI99 | TEWI
ADP | PE | CC |SOD |AP |EP | POCP |HTP | FAETP | TETP | AV
E125 5 185 11 5 17 1 1 1 9 9 5.2 10 11
E134 11 | 85| 10 5 10|10 | 10 10 6 6 87| 11 10
E7000 6 | 85 7 5 21 2 2 2 7.5 75 |5 7 6
E7100 8 | 85 6 5 4| 4 4 4 7.5 75 | 5.9 8 7
E7200 7 | 85 5 5 3| 3 3 3 5 5 4.8 5 1
R134a 9 | 85 9 11 6| 6 6 6 11 11 8.4 9 8
R152a 1|5 1 10 5| 5 5 5 10 10 5.7 4 3
R290 2 |15 2 5 7| 7 7 7 2 2 4.3 1 2
R600a 3 115 3 5 8| 8 8 8 2 2 4.9 2 4
R744 4 |3 4 5 9] 9 9 9 2 2 5.6 3 5
R30 10 | 4 8 5 (11|11 11 11 4 4 7.9 6 9

ADP — Depletion of abiotic resources (excluding primary energy); PE — Demand of non-renewable primary
energy; CC - Climate change; SOD - Stratospheric ozone depletion; AP — Acidification;
EP — Eutrophication; POCP — Photo-oxidant formation; HTP — Human toxicity; FAETP — Fresh water
aquatic toxicity; TETP — Terrestrial ecotoxicity; AV — Average ranking of the 10 impact categories of
CMLO02; EI99 — Eco-indicator 99; TEWI — Total equivalent warming impact

A Spearman correlation analysis was performed ({952, Kendall 1975). It
showed that the AV of CMLO2 correlates well withetmhanking of EI99 (correlation
coefficientp = 0.673, abn = 0.05) and with the ranking of TEWp € 0.7, ato. = 0.05).
EI99 and TEWI are significantly correlated wjil= 0.818 (atr = 0.01) (Table 29).
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Table 29: Spearman’s rank correlation coefficignt

AV EI99 TEWI
AV 1 0.67(*) 0.7 (*
EI99 1 0.82(**)
TEWI 1

* Correlation is significant at a= 0.05 (two-sided)
** Correlation is significant at a = 0.01 (two-sided)

The ranking due to AV (CMLO02) can be
compared with the rankings resulting
from EI99 and TEWI methods,
respectively, applying methods of partial
order theory using the software
WHASSE Thereby, a ranking of the

eleven refrigerants is set up without a numericahlsination of these three indicators.

Using the rankings of AV, EI99, and

TEWI as parameters the Hasse diagr Em)

in Figure 42 can be drawn. It shows that
each method ranked E134 higher than
the other refrigerants except E125.
Furthermore, R290 is ranked lower than
R152a, E7100, R134a, R600a, R744,

R30, and E134 by all studied assessment

methods. The HFEs of the 7000-series

are all ranked lower than R134a. R744E™0
has in all three assessment methods an

environmental impact which is lower

than that of R134a, E7100, R30, and
E134, but R744 cannot be compared
with R152a, E7000, E125, and E7200.
R744 is ranked higher than R600a and
R290. According to this,
substitutes for R134a would be R2¢

and E7200, followed by R600a, R74«,
R152a, and E7000.

)

R?44)

RrSIIIa)

Increasing environmental imp:

the be(Figure 42: Hasse diagram using ranks derived from
"EI99, TEWI, and AV (average CML02) as parameters

5.5 Comparison of present LCA results with those of literature

The critical point of comparing the results fronifelient LCA of A/C in passenger
cars lies in the different scope definitions anel $letting of frame conditions. In Chapter
5.1, it was shown how strong the results of LCA milge influenced by changing some
parameters either of the scope of the LCA or tHeutation factors. Therefore, it is not
practicable to compare real values of differentigs. Even by comparing relative orders
or environmental superiority of refrigerants withone study, a faultless answer is not
easy to give. In this chapter, it is tried to findmmon tendencies between different
studies on A/C systems on cars and compare themthat results of the LCA done in
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this work. No LCA has been done so far includinggdkn passenger cars. Therefore, it
will be checked how good the results of the prestatly are compared with others
regarding the commonly as substitutes proposedyeeéints and then transfer it on the
ranking of HFEs.

The TEWI analysis from Sand et al. (1997) shows tha environmental impact of
R134a system under European climate and drivingitons is higher than that of R290
and R744. The performance of R290 is better thanbthseline R744 system. This
matches the LCA results of the present study.

Ghodbane (1999) investigated the performance oRRHnd hydrocarbon refrigerants
in mobile A/C systems comparing it with R134a. He®wed that R152a is performing
better than R134a, even R290 showed marginal beteiormance than a R134a
baseline system. R600a, however, was not seentablsuor A/C in cars because of its
low COP and high compressor displacement requirem®&s those aspects are not
included in the present LCA, the derived resultgarding R600a are different. However,
the superiority of R290 and R152a over R134a cbaldonfirmed.

The TEWI analysis for different mobile A/C systefmam Petitjean et al. (2000) used
experimental data as well as simulation results.sHbwed very similar indirect
contributions from enhanced R134a and R744 syste@iging that the direct
contributions of R744 are reasonably lower, R74gldaéower environmental impact than
R134a. That is in agreement with the results opttesent TEWI analysis.

Hafner et al. (2004) did a life cycle climate penfi@nce analysis of mobile A/C
systems with R134a and R744. The authors showed Rid4 has equal or better
performance than R134a at the dominant operatinglitons resembling moderate
temperatures and high revolution speed of the cesgor. They also indicate a reduced
environmental impact by the R744 system. Theseirfgel match the results of the
present LCA study where R134a is under all scesai with all assessment methods
posessing a greater environmental impact than R744.

Hill & Papasavva (2005) did a life cycle analysimrhework comprising R134a,
R152a, R744, and R290 in A/C in cars including sesiges of different climate regions.
For refrigerants R134a and R744, they were studgirzpseline and an enhanced A/C
system which posess improved compressor efficiemgy heat exchanger performance,
along with reduced leakage rates. The authors #tatainder warmer climate conditions
R744 and R290 exhibit energy consumption 5 — 25dfdn than the enhanced R134a
system. But the results indicate that all altexestiperfom better than the baseline R134a
system for all climate regions. The baseline R%&lthe only exception as it has about
20 % more C@ emissions in Phoenix. The enhanced R134a systamdsr hot and
humid conditions (Phoenix, Miami, Houston) bettleart the other alternatives. In the
climate of Boston, it is better than R290 and thsdline R744 system but worse than
R152a and the enhanced R744 system. Under modmrdteooler climate conditions
(Tokyo, Frankfurt, Sydney), even the enhanced R134#em is perfoming worse than
the other refrigerants. R290 is under all set stemgerforming better than baseline
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R744 system. But the enhanced R744 system is woaddgr climate conditions superior
to R290 and R152a. Under hotter and more humidaténsonditions, R152a is superior
to R290 and R744.

The present LCA (EI99, TEWI) comes in some aspecmilar results, considering
R134a and R744 comparable to the baseline systerii & Papasavva (2005):

- R134a performs worse than the other refrigerants
- R290 always performs better than R744

- R152a performs better than R744 under worst-aageaverage scenario; however
with EI99, R152a is under best-case scenario (septeng cooler climate) worse
than R744 and R290

To sum it up, for the refrigerants R134a, R152a9(R2and R744, the result of the
present LCA correspond to those of LCA literaturkerefore, one can presume that the
assumptions and simplifications made in this LCé&dgtdo not alter the outcome of the
refrigerant performance in a way that they areffam reality. Thus, the results for the
HFEs can be seen as representative estimation.

5.6 Comparison of LCA with METEOR results

In the previous chapter, results of LCA literatuvere compared with those of the
present LCA study considering mobile A/C applicati® main aim of this work was to
check if results derived from mathematical modedmg refrigerant intrinsic properties
are similar compared to those of LCA considerinifiedént technical applications. For
comparison with LCA results the average ranks of THER calculation were used
(Table 30). According to METEOR results, R143a hls greatest impact on the
environment, followed by R22, R32, R125, R410A, &#4. The smallest impact has
E7200 and then R717, R30, R600a, and R152a. RRZM), R134a, and R407C have
medium environmental impacts.

In the present study, some agreements betweenGAestudy on mobile A/C systems
and METEOR results could be found. E7200 has alsmahvironmental impact than
R30 and R134a. R600a is ranked lower than R7444riddla. R290 has a lesser impact
than R744, and R134a has a greater impact thanaRI%@se compliances are due for
all three assessment methods. For EI99 and AV (&)LSome additional agreements
with METEOR results are found: R30 is ranked lowvean R134a, and R600a is ranked
lower than R152a.

Beside those compliances, some differences ocauMETEOR, R134a is ranked
lower than R290 and R744. This is not the casettferrankings of the present LCA
study. Furthermore, R30 is not ranked higher th@d&RR R152a, R600a, and R290. In
METEOR, R600a does not have a greater environmantphct than R290. The
dominance of R152a over R290 could not be confirmeMETEOR results.
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Table 30: Averaged ranks derived
from METEOR calculation

Yanagitani & Kawahara (2000) assessed the enviratahe

. Average

Refrigerant rank impact of R22 and R410A in A/C systems with the
performance of 4 kW. R410A showed in all studiegatt

R22 12.67  categories a lower environmental impact than R2Bis T

R30 463 matches the results from METEOR.

R32 11.03 For the application of some refrigerants in resiggm\/C
systems and heat pumps, Arthur D. Little, Inc. @0@ported

R125 10.46

a ranking that gives greatest environmental impgacR22,
R134a 6.76 followed by R407C and R410A, while R290 and R74elthe
two least problematic refrigerants. The METEOR gkdtion
compiles with the dominance of R22 over the fountiomed
R152a 6.07 refrigerants, but otherwise shows a ranking of Fel@Rat is
lower than the other four refrigerants. Under METHEO

R143a 12.76

R1270 9.63
R410A is ranked higher than R290 and R744, and R344
R230 774 ranked higher than R290.
R600a 4.88 Similar results occur when regarding commercial A/C
R407C 6.41 systems (Little 2002). R22 is ranked highest of therein
studied refrigerants. But the second highest ranR407C
R410A 10.11

does not match METEOR results which place thisgefant
E7200 3.13 at the lowest rank. Furthermore, the dominancel#4R over
R290 and R744 in Little’'s report differs with thesults of

R717 4.02 , ,
METEOR which places R134a below those two refrigexa

R744 9.72

Another technical application is supermarkt refragion in

the low and medium temperature range. Bovea €2@07) used EI99 for assessing the
environmental impact of refrigerants in a standandpean supermarket (2 000 m?2) with
a cooling duty of 130 kW over a period of 15 ye&sensidering a medium temperature
cooling system with direct expansion, Bovea et(@007) identified R744 as the

refrigerant with the greatest impact followed by3Ra. R22 and R410A are the two
refrigerants with the lowest impact. METEOR resutnfirm the dominance of R744

over R134a, but rank R22 and R410A higher than RafttR134a. In a secondary loop
system under medium temperature range, Bovea €2@07) ranks R134a highest,

followed by R717, R410A, and R22. Again, METEOR slomt give the same results.
Alone, that R717 is ranked lower than R134a is mroon result. Bovea et al. (2007)
were further considering low temperature systemBil&®MMETEOR ranks R744 higher

than R407C, Bovea et al. (2007) came to the contesult.

Zogg (1999) compared the environmental impact tdnadrefrigerants in heat pumps
with those of refrigerant presently used. He showkedt for heat pumps under
comparable performance the natural refrigerant®QRR744) have lower impact in the
categories “Climate change”, “Stratospheric ozonepletion”, and “Terrestrial
ecotoxicity” than conventionally used ones (R22,384, R407C). Considering the
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impact categories “Non-renewable energy”, “Acidafion”, “Summer smog”, “Aquatic
ecotoxicity”, and “Radioactivity”, the studied raferants do not show great differences.
METEOR ranks R744 and R290 higher than R134a arfal/®4but lower than R22.
Thus, results from Zogg (1999) are not confirmed.

The research center for refrigeration technique st pumps (FKW) did a study on
the replacement of R22 in existing refrigeratiord a/C systems (FKW 2000). They
calculated the annual TEWI for seven refrigeractuding R22, R134a, R290, R407C,
R410A, R717, and R1270. The systems investigatedhé&n FKW study comprise
supermarket cooling facilities in the low and medidemperature range, A/C in
buildings, transport cooling in the low temperatuamge, and air/water heat pumps.
Comparing the results of METEOR with those of FKWR0@0), FKW always gave
greatest environmental impact to R410A which ikeahbelow R22 in METEOR. In the
FKW study, R717 has the smallest environmental chpathe applications supermarket
refrigeration system (medium temperature), A/Ceaysfor buildings, and air/water heat
pump matching the results from METEOR where it hhs lowest rank of the
refrigerants included in the FKW study. FKW assigmll mentioned applications a high
rank to R407C which is ranked low in METEOR. Oniyair/water heat pumps, R290 is
assessed a greater environmental impact than R&Bdeh is in accordance with
METEOR results. However, R1270 is ranked lower tR4B84a in all applications except
air/water heat pumps. This is in contrast to thedBR ranking.

Frischknecht (1999a, 1999b) assessed and complagedpplication of natural and
synthetic refrigerants finding out that the natuedtigerants (R290, R717, R744) have a
smaller impact to the categories “Stratosphericnezdepletion”, “Climate change”, and
“Terrestrial ecotoxicology” than the halogenateftigerants included in his study. R290
has a slightly greater contribution to the categtiPhoto-oxidant formation” than
synthetic refigerants (R134a, R407C, R410A, R2R).tHe category “Acidification”,
R717 shows similar contributions compared with HeCs (R134a, R407C, R410A).
Those results are not mirrored in METEOR where R4l R290 show greater
environmental impact than R134a and R407C, and evR&2 is ranked highest and
R717 lowest.

Overall, METEOR does not agree with the resulteftdCA. This phenomenon is not
alone due to the fact that even different LCA stgdishow contradicting results
depending on the different applications and coadsi
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6 Recommendations & outlook

Ranking of refrigerants based on substance-intripsbperties using METEOR can
only give a rough estimation about general envirental impact of a certain refrigerant
compared to others. Hardly any statement can beenadut the influence of the
technical facilities to which the refrigerants aggplied. But mathematical methods based
on partial order are less subjective than LCA. iglmhbe of interest in further studies to
include additional properties that are directhated to the performance of refrigerants in
refrigeration systems and reduce the number of renwiental properties in the
METEOR calculation.

The LCA methods CMLO02, EI99, TEWI, and especiallg talculations based on the
mathematical model METEOR do not account for thpaot of degradation products of
HFEs. According to the fate modelling done in twisrk, these PFCAs will accumulate
in the environment and reach concentrations whiehiraranges that might cause severe
ecological problems that can presently not fullyfdseseen. Thus, independent from the
LCA results, HFEs of that study should not be psmuabas future refrigerants.

Considering the results of the present LCA study¢ taking from each assessment
method the best four refrigerants, R152a, R290,086&744, E7200, E7000, and R30
amount as the best substitutes for R134a. Elinmmgd&7000 and E7200 from that group
because of their contribution of PFCAs to the hggieere will result in a remaining set
of five refrigerants as possible substitutes. R3i@ghtnas well be not regarded as
replacement because it has the greatest enviroamemact in the categories AP, EP,
POCP, and HTP. That leaves R152a, R290, R600a, Rrnt¥ as most likely
replacements of R134a in A/C systems in passenger. ©Of those four refrigerants,
TEWI and EI99 assign a lower environmental impacRil52a than to R744, whereas
the average rank of R744 in CMLO2 is lower thant thlaR152a. R290 executes the
lowest impact on the environment according to TERI99, and the average rank (AV)
of CML0O2. R600a has the second lowest impact. i8sudn R744, R152a and HC
systems show no increase in loss of safety duehtset refrigerants (Maclaine-
cross 2004, Lunde & Lorentzen 1994, Clark 2005)uBwyg secondary loop systems, the
safety issue can be eliminated as relevant aspedetision making.

It has to be stressed that the results depend @Bnen the scenarios and conditions
for which a LCA is conducted. The setting can iafiae the outcome of a study in both
ways. One should never look on the results alorteabvays consider the conditions of
the study. Not one refrigerant is the best oneefgry application. Even if a specific
study points in a specific direction. This is nikely to be true for all eternity. Public
perspectives and politics are likely to change duee, as it happened throughout the
past centuries, which might result in different ampand damage factors which again
influence the outcome of an LCA. Priorities of soagpects might change with time as
the understanding of complex relationships of estsys is discovered. For example,
the problematic of climate change was becoming [aopover the last decades. The
challenge of minimizing energy consumption depealds on the kind of energy used.
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When solar energy is being effectively usable, ighh be that systems that possess
presently a low energy efficiency are becoming maeévantageous from an
environmental point of view as their other envir@mtal impacts are low. Hence, R744
and R152a should not be completely neglected asljesefrigerants in the future.
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Attachment

Al Property table of refrigerants
Table 31: Property table of refrigerants

Type |Refrigerant Sctrrfgﬂ?gl Chemical name kg gc\)N Peloo/k fe Cp* Cou Twa obP

2 €q./kg] [C] [J/(mol*K)] [log ¢ ow] [ppm] | [R11 eq./ kg]
HCFC |R22 CHCIF, Chlorodifluoro-methane 1780 2 96 °© 56.68 ' 1.08" 500 " | 0.05 e
HFC |R23 CHF, Trifluoromethane 14310° 26 © 51.75 ' 0.63 " 1000 ¢ 0 s
HCC |R30 CH,Cl, Dichloromethane 10°¢ 238 ¢ 51.20 1.25° 50 ¢ 0.0005 '
HFC |R32 CH,F, Difluoromethane 670° 78 © 43.04 ' 0.2° 1000 ° 0 e
HFC |R116 CF4CF, Perfluoroethane 11900 ¢ 20 ¢ - - 1000 ¢ | 0 d
HFC |R125 CF3CF,H Pentafluoroethane 3450 ° 66 ° 96.74 ' 2.3 ¢ 1000 ¢ 0.00003 '
HFC |R134a C,H,F, 1,1,1,2-Tetrafluoroethane 1410° 101 © 87.00 ' 1.06 " 1000 ° 0.000015 *
HFC |R143a CH,CF3 1,1,1-Trifluoroethane 4400° 73 ° 705 ! 1.74 ° 1000 ¢ 0 f
HFC |R152a C,HJF, 1,1-Difluoroethane 122° 113 © 69.21 ' 0.75 " 1000 ¢ | 0 9
HFC |R218 CF5CF,CF, Perfluoropropane 8600 ¢ 72 ¢ - - 1000 ° 0 d
HFC |R227ea CF;CHFCF; Nonafluoropropane 3500 ¢ 103 ¢ - 251 ° 1000 ° 0 d
HFC |R236fa CF5CH,CF, Hexafluoropropane 9400 ° 125 ¢ - 2.65 " 1000 ° 0 d
HC R290 CsHg Propane 3° 97 °© 74.66 ' 2.36 ¢ 2500 ° 0 f
HC R600 CaHao n-Butane 20" 152 ¢ 100.59 2.89 ' 800 ° 0 f
HC R600a C4H1o Isobutane 3° 135 ° 96.88 ! 276 P 800 ¢ | 0 9
HC R1270 CsHs Propene 3° 92 ° 64.47 1.77° 660 ° 0 f
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Cont. Table 31

R717 NH; Ammonia 0° 133 © 80.16 ' 0.23 ° 25 ¢ 0 f
R744 CO, Carbon dioxide 19 31° 38.42 0.83 ° 5000 ¢ 0 o
HFE |E125 CF3-O-CHF, Pentafluorodimethyl ether 14800 " - - 1.39 ° - 0 b
1,1,1',1- A h b
HFE |E134 CHF,-O-CHF, . 5760 147 © - -0.32 - 0
Tetrafluorodimethyl ether
Heptafluoropropyl methyl
HFE |E7000 CsF;-O-CH, 450 " 165 ¢ - 0.30 " - 0 b
ether
Methyl nonafluorobutyl N N b
HFE |E7100 C4Fg-O-CHs 410 196 ¢ - 0.56 - 0
ether
HFE |E7200 C4Fg-O-C,Hs Ethyl nonafluorobutyl ether 60 " 209 ¢ 76.56 ™ 1.05" 200 ™ 0 b
Composition GWP1q te Cp Cow TWA ODP
Blend Components [% of mass] [kg CO,eqlkg] | [C] | [M(moPK)] | [ogced | [ppm] | [R11eq kgl
HFC | R404A R125/R143a/R134a 44/52/4 3862 " 72 ¢ - 3260 - 0 d
HFC |R407C R32/R125/R134a 23/25/52 1750 * 87 ° 83.01" 0.97"Y | 1000 " 0.0002 '
HFC |R410A R32/R125 50/50 2060 * 72 ° 60.96 " 0.85" | 1000 0.000015 *

GWP1q0— Global warming potential, t. — Critical temperature, C,— Heat capacity of vapour at 25 T, TWA — Time-weig hted average exposure limit [ppm],
Cow — Octanol-water partition coefficient, ODP — Ozone depletion potential,

2 WMO 2003, ” IPCC 2006, ° IPCC 2001, ° Calm & Hourahan 2001, © Bitzer 2004, FKW 2000, ° Devotta et al. 2005, " Tsai 2005, ' Knovel 2003,

IMDL 2005, “NIST 2005,I Yaws 1999, ™ 3M 2007, " Howard 1993, ° Howard 1990, P SRC 1999, 9 Howard 1997, " ECETOC 2006, °* McCulloch 1999,
'Duvedi 1997, " Calculated using mass-composition, ¥ GHC 2007, “ GHC 2005, * Calculated, - Not available
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A2  Average monthly temperature of some European cities

Table 32: Average monthly temperature [°C] of some Europeaesc

Town Jan Feb Mar | Apr [(May [Jun |Jul Aug  $ep Dct  Nov D ec
Barcelona 13.4 14.6 159 | 176 | 205 | 24.2 | 275 | 28 255 | 215 | 17 14.3
Sevilla 15.9 17.9 212 | 22.7 | 264 | 31 353 | 35 316 | 25.6 | 20.1 16.6
:;‘i_ Madrid 9.7 12 157 | 175 | 214 | 269 | 31.2 | 30.7 | 26 19 13.4 10.1
Bilbao 13.2 | 145 | 159 | 16.8 | 20.1 | 22.6 | 25.2 | 25,5 | 244 | 208 | 164 | 14
Malaga 16.6 17.7 19.1 | 209 | 23.8 | 27.3 | 23.7 | 29.9 | 30.3 | 23.7 | 19.9 17.4
Frankfurt 4 5.6 104 | 145 | 195 | 223 | 248 | 248 | 20.1 | 14 7.7 5
- Berlin 29 4.2 85 | 13.2 | 189 | 21.6 | 23.7 | 23.6 | 188 | 134 7.1 4.4
c
§ Munich 2.7 4.3 9 125 | 18 205 | 23.1 | 23 18.8 | 13.2 | 6.9 3.7
© Hamburg 3.5 4.4 8 123 | 175 | 199 | 221 | 22.2 | 179 | 13 7.5 4.6
Cologne 5.2 6.6 10.5 | 14.2 19 21.3 | 23.7 | 23.7 | 19.6 | 14.6 9 6.2
Gothenburg 1 1 5 10 16 20 21 21 16 12 6 3
c Kiruna -10 -8 -4 1 7 14 17 14 8 2 -5 -8
§ Malmo 2 2 5 10 16 20 21 21 17 12 7 4
? Stockholm -1 -1 3 9 16 21 22 20 15 10 5 1
Sundsvall -5 -3 2 7 14 19 21 19 14 9 2 -2
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A3 Life cycle inventory

The inventory tables for the production of refrigais are listed in the Attachment
A3-1. The inventories include material input, eryergonsumption for production
processes, and emissions (refrigerant emissionsinotided). For the emissions of
refrigerant during production phase, three scesanere created (worst-case, average,
best-case). In Table 6, those direct emission sieEnare listed for all refrigerants.
Nominal charges for each refrigerant are listedable 5. Energy for the production of
one standard A/C system is documented in Table 44.

The inventory tables for the operation phase astdi in Attachment A3-2. They
include the additional energy consumption due ®AIKC system weight (Table 45), and
the energy consumption due to operating the sy¢lahle 46). The three scenarios for
direct emissions of refrigerant during operatioag#are listed in Table 8.

In Attachment A3-3, the inventories of the dispqaahse are listed. Table 47 includes
the feedstock and the resulting combustion produdis energy consumption from the
disposal of the A/C system is shown in Table 48.Tkble 49, the emissions of
refrigerant during disposal processes are listed.

A3-1 Production phase
Production of refrigerants

Production of R134a (1,1,1,2-Tetrafluoroethane lXEs)

In general, the commercial production of R134acief one of three processes
(ECETOC 2006):

= Hydro-fluorination of trichloroethylene, via 1-chmts2,2,2-trifluoroethane
(R133a);

» Isomerisation/ hydro-fluorination of 1,1,2-trichéed,2,2-trifluoroethane
(R113) to 1,1-dichloro-1,2,2,2-tetrafluoroethanel{R) followed by hydro-
dechlorination of R114a,;

= Hydro-fluorination of tetrachloroethylene (perctdethylene) to 1-chloro-
1,2,2,2-tertrafluoroethane (R124) and subsequerdrohgechlorination to
R134a

It should be mentioned that all production pathtedpce CFCs or HCFCs, which have
an ozone depleting effect. The total demand of R1842002 was 142 kt (IPCC 2006).
If the business-as-usual scenario is applied, B&Cl predict that the demand in 2025
will rise to 446 kt, when mitigation measures anpliemented the demand of R134a will
be 337 kt in 2025 (IPCC 2006).
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For the production of R134a, three different ineei®s were found
(McCulloch & Lindley 2003, Krieger et al. 2004, &echknecht 1999b). Frischknecht
(1999b) is the only one who includes emissions @flR and R124. Because such
emissions are crucial for the environmental impactjas decided to take the inventory
from Frischknecht (1999b) for comparison with otrefrigerants.

Electricity (medium voltage) was converted from k&JkWh using the factor 3.6
(BFE 2007).

Table 33: Production of 1 kg R134a (Frischknecht 1999b)

Material input Units  Quantity

Trichloroethylene kg 0.68

Perchloroethylene kg 0.9

Hydrogen fluoride kg 0.845

Chlorine kg 0.385

Hydrogen H, kg 0.02

Transport input Units  Quantity Notes

Truck 40 t tkm 0.62 Equals 558.3 kg CO, or 175 kg diesel
Energy input Units Quantity Notes

Natural gas MJ 24

Electricity (medium voltage) MJ 3.7 Equals 1.028 kWh

Material output Units Quantity Compartment of desti nation
R134a kg 1 PRODUCT

Hydrochloric acid § kg 1.64 Sold; not accounted

R113 p (Trichloro-trifluoro-ethane) kg 0.01 Air

R124 p (Chloro-tetrafluoroethane) kg 0.01 Air
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Production of R152a (1,1-Difluoroethane, GiaF)

R152a is produced by the reaction of hydrogen ado(HCI), hydrogen fluoride
(HF), and chloroethylene (83Cl) in the presence of a tin chloride (SpGiatalyst. The
products react in a subsequent step with liquidsphdF. R152a is recovered from the
process stream (ECETOC 2004). The annual globabddmof R152a in 2002 was 4 kt
(IPCC 2006). For the year 2025, the total produci® estimated to be between 2-4 kt
(IPCC 2006).

The inventory of R152a (Krieger et al. 2004) wapm@emented by HCC and HCFC
emissions that are stated in the patent from DuR®@i2). As emissions of those
substances have an impact on the environmentugp@esnented inventory will be used
for comparing R152a with other refrigerants (Tak4¢.

Table 34: Production of 1 kg R152a (Krieger et al. 2004)

Material input Units  Quantity

Vinylchloride kg 0.946

Hydrogen fluoride kg 0.606

Energy input Units  Quantity

Primary energy sources MJ 53.6

Material output Units Quantity Clompartment of desti nation
R152a kg 1 PRODUCT

HCI § kg 0.552 | Sold; not accounted
Hydrogen fluoride kg 0.01 Air *

R151a (1-Chloro-1-fluoroethane) kg 0.01 Air *

R150 (1,2-Dichloroethane) kg 0.01 Air *

* DuPont (2002) and own assumptions

Production of R290 (Propane;zis) and R600a (Isobutane 4id; o)

R290 and R600a are extracted from natural gas mnet(lPCC 2006). Additionally
electricity consumption similar to that of carbonioxdde is assumed
(Frischknecht 1999b). Leakage from the productimtess plant comprises a variety of
hydrocarbons (HC). For each kg of R290 or R600autbal4 kg CQ, 0.5 g HC, and
0.7 g methane are emitted (Gover et al. 1996).ifventories are listed in Table 35 and
Table 36.
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Table 35: Production of 1 kg R290 (Frischknecht 1999b)

Material input Units  Quantity

Propane kg 1

Transport input Units  Quantity Notes

Truck 28 t tkm 0.5 Equals 210.4 kg CO, or 66 kg diesel
Energy input Units  Quantity

Electricity (medium voltage) MJ 0.72

Material output Units Quantity Compartment of desti nation
R290 kg 1 PRODUCT

Carbon dioxide kg 0.14 Air *

Hydrocarbons kg 0.0005 | Air*

Methane kg 0.0007 | Air*

* Gover et al. (1996)

Table 36: Production of 1 kg R600a (Frischknecht 1999b)

Material input Units  Quantity

Butane kg 1

Transport input Units  Quantity Notes

Truck 28 t tkm 0.5 Equals 210.4 kg CO, or 66 kg diesel
Energy input Units  Quantity

Electricity (medium voltage) MJ 0.72

Material output Units Quantity Cpmpartement of dest ination
R600a kg 1 PRODUCT

Carbon dioxide kg 0.14 Air *

Hydrocarbons kg 0.0005 |Air*

Methane kg 0.0007 | Air*

* Gover et al. (1996)
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Production of R744 (Carbon dioxide, @O

Carbon dioxide is recovered from industrial exhagases. Some of the main
industrial sources are (Kirk-Othmer 1993):

=  Ammonium and hydrogen production

= Exhaust gases from incineration of coke, coal, nahyas, and fuel oll
= Lime kiln

= Production of sodium phosphate

According to data availability, the GQvas derived from the aluminium production
process (Frischknecht 1999b). The recovered I3 to be cleaned before it can be used
in technical facilities.

Table 37: Production of 1 kg R744 (Frischknecht 1999b)

Material input Units Quantity

Carbon dioxide kg 2.1

Transport input Units Quantity  Nptes

Truck 28 t tkm 0.15 Equals 63.1 kg CO, or 20 kg diesel
Energy input Units Quantity

Natural gas MJ 1.7

Oil MJ 0.3

Electricity (medium voltage) MJ 0.72

Material output Units Quantity  Compartment of desti nation
R744 kg 1 PRODUCT

Methane kg 0.005 Air

Mono-ethyl-amin kg 0.008-0.018 | Not accounted for
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Production of R30 (Dichloromethane, &Eb,)

Dichloromethane is produced by chlorination of naeil (Wells 1991). A mixture of
methane, methyl chloride, and chlorine is brougta & Ni-reactor with a temperature of
350-400 °C. Within that reactor, the compounds tretc several chloromethane
compounds. The gas is cooled and washed with &¢tdr compression, drying, and
cooling, the individual substances are isolatediegns of distillation.

There is no data regarding the energy consumptiomingl production of
dichloromethane. As dichloromethane is produced tie same facilities than
trichloromethane, the energy consumption of thehtoromethane production is assumed
to be adequate for the dichloromethane productois¢hknecht 1999b).

Table 38: Production of 1 kg R30 (Frischknecht 1999b)

Material input Units Quantity Notes

Chlorine kg 1.67

Natural gas (feedstock) * MJ 8.8 Equals 0.25m3

Energy input Units  Quantity

Natural gas MJ 11

Electricity (medium voltage) MJ 1.6

Material output Units Quantity Compartment of desti nation
R30 kg 1 PRODUCT

Hydrochloric acid § kg 0.86 | Sold; not accounted

* Assumption: natural gas is 100 % methane
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Production of E125 (Pentafluorodimethyl ethersGERH)

E125 is produced by electrochemical fluorinationdahethyl ether (Simons 1950).
E125 has to be isolated from the mixture of fluated ether by means of low-
temperature fractional distillation. Assuming thlaé molar yield of E125 is 20 %, the
input of dimethyl ether and hydrogen fluoride wesdculated using molar weights and
the ratio 1/9 of dimethyl ether and hydrogen flderithat is stated in the US patent
No. 2,500,388 (Simons 1950). For accounting forssions of other fluorinated ethers,
1,1,1-trifluoromethyl methyl ether (GBCHs) was taken as a representative. Emissions
of fluorinated ethers are assumed to be 1 % of tinelar yield that is supposed to be
80 % of the dimethyl ether input. No data was a@lé on the transport and energy
demand of the E125 production. A similarity anadybetween the refrigerants of that
study showed that the HFEs are most similar to R134erefore, the input of energy
and transport of R134a production was taken forSETRe so far developed inventory is
disclosed in Table 39. Electricity (medium voltageds converted from MJ to kWh
using the factor 3.6 (BFE 2007).

Table 39: Production of 1 kg E125 (O'Neill & Holdsworth 1998imons 1950)

Material input Units |Quantity Notes

Dimethyl ether kg 1.69 Assumption: yield = 20 % of dimethyl ether

Hydrogen fluoride kg 15.25 mole

Transport input Units  |Quantity Notes

Truck 40 t tkm 0.62* Equals 558.3 kg CO, or 175 kg diesel

Energy input Units |Quantity Notes

Natural gas MJ 24*

Electricity (medium voltage) MJ 3.7* Equals 1.028 kWh

Material output Units [Quantity Copmpartment of desti nation

E125 kg 1 PRODUCT

Other fluorinated ether from| kg 0.029 Air, Assumption: yield of mixture of

dimethyl ether fluorinated dimethyl ether (for calculation:
CF3;0CHs) equals 80 % of dimethyl ether
mole; 1 % emitted to air

* Restrepo (2007): greatest similarity with R134a, data taken from R134a (Frischknecht 1999b)
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Production of E134 (Tetrafluorodimethyl ether, GBEHF,)

The process of E134 production involves the fluation of dimethyl ether. The ether
may be prepared by an electrochemical fluoringimtess, which produces a mixture of
various fluorinated methyl ethers, including E132'Neill & Holdsworth 1990). The
calculation was done equal to that of E125. Thesmory is specified in Table 40.
Electricity (medium voltage) was converted from N kWh using the factor 3.6

(BFE 2007).

Table 40: Production of 1 kg E134 (O'Neill & Holdsworth 1998imons 1950)

Material input Units Quantity Notes

Dimethyl ether kg 1.95 | Assumption: yield = 20 % of dimethy

Hydrogen fluoride kg 17.6 ether mole

Transport input Units Quantity Notes

Truck 40 t tkm 0.62* | Equals 558.3 kg CO, or 175 kg diesel

Energy input Units Quantity Notes

Natural gas MJ 24*

Electricity (medium voltage) MJ 3.7* Equals 1.028 kWh

Material output Units Quantity Clompartment of desti nation

E134 kg 1 PRODUCT

Other fluorinated ether from kg 0.033 | Air; Assumption: yield of mixture of

dimethyl ether fluorinated dimethyl ether (for
calculation: CF;OCHs) equals 80 % of
dimethyl ether mole; 1 % emitted to air

* Restrepo (2007): greatest similarity with R134a, data taken from R134a (Frischknecht 1999b)
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Production of E7000 (Heptafluoropropyl methyl eti@j~0OCHs)

E7000 is produced by the reaction of potassiumrii@goand pentafluoropropionic
acid with 1-methoxyheptafluoro-1-isobutene in thhesence of diglyme, following the
processes described in the US patent No. 6,023BéRr & Cheburkov 2000). Besides
E7000, hexafluoropivaloyl fluoride and hexafluoropane are produced. It is assumed
that 1 % of the yields of the latter substanceseandted to the atmosphere. The amount
of chemicals needed to produce 1kg E7000 wereladeted from the vyields
documented in the patent (Behr & Cheburkov 200@)gusnolar weights. No data on
transport and energy input is available from th&epia Because the similarity analysis
using the Euclidean distance and single linkaghriegie of aggregation shows E7000
similar to R134a, it was assumed that the prodoatioE7000 requires the same amount
of energy and transport that is necessary for Ri8éduction. The full inventory is
documented in Table 41. Electricity (medium voljagas converted from MJ to kWh
using the factor 3.6 (BFE 2007).

Table 41: Production of 1 kg E7000 (Behr & Cheburkov 2000)

Material input Units Quantity Notes
Pentafluoropropionic acid kg 0.953
. . Calculation: recalculated
Potassium fluoride kg 0.369 | nentafluoropropionic acid in mole and
Diglyme kg 2529 |86 % of that as E7000, converted to
kg E7000
Methoxyfluoroisobutene kg 2.183
Transport input Units Quantity Notes
Truck 40 t tkm 0.62% |Equals 558.3 kg CO, or 175 kg diesel
Energy input Units Quantity Notes
Natural gas MJ 24°
Electricity (medium voltage) MJ 3.7° Equals 1.028 kWh
Material output Units Quantity Clompartment of desti nation
E7000 kg 1° PRODUCT
Hexafluoropivaloy! fluoride kg 0.62 |1 % emitted to air
[CH3C(CF3),C(O)F]
1,1,1,3,3,3-Hexafluoropropane kg 0.4 1 % emitted to air
[CF3CH,CF3)

% Restrepo (2007): greatest similarity with R134a, data taken from R134a (Frischknecht 1999b),
® Recalculated pentafluoropropionic acid in mole and 86 % of that as E7000, converted to kg
E7000
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Production of E7100 (Methylnonafluorobutyl ethesF§OCHg)

Using essentially the same procedure as for thelyostmn of E7000, E7100 is
produced by the reaction of perfluorobutyric adibfide and potassium fluoride with 1-
methoxyfluoro-1-isobutene in the presence of digly(Behr & Cheburkov 2000). This
reaction produces not only E7100 but also hexadpivaloyl fluoride and
hexafluoropropane. For the inventory, it is assuried 1 % of the yields of the latter
substances are emitted to the atmosphere. The ammbehemicals needed to produce
1kg E7100 were recalculated from the vyields doaietk in the patent
(Behr & Cheburkov 2000) using molar weights. Like E7000, no data on transport and
energy input is available from the patent. Becausesimilarity analysis shows E7100
similar to R134a, it was assumed that the prodnatioE7100 requires the same amount
of energy and transport that is necessary for Ri84dduction (Table 42). Electricity
(medium voltage) was converted from MJ to kWh ushgfactor 3.6 (BFE 2007).

Table 42: Production of 1 kg E7100 (Behr & Cheburkov 2000)

Material input Units Quantity Notes
Perfluorobutyric acid fluoride kg 1.12
, , Calculation: recalculated
Potassium fluoride kg 0.33 | perfluorobutyric acid in mole and 86 %
Diglyme kg 359 of that as E7100, converted to kg
E7100
Methoxyfluoroisobutene kg 2.14
Transport input Units Quantity Notes
Transport LKW 40 t tkm 0.62% |Equals 558.3 kg CO, or 175 kg diesel
Energy input Units Quantity Notes
Natural gas MJ 24°
Electricity (medium voltage) MJ 3.7% |Equals 1.028 kWh
Material output Units Quantity Clompartment of desti nation
E7100 kg 1° PRODUCT
Hexafluoropivaloyl fluoride kg 0.52 | 1% emitted to air
[CH3C(CF3).C(O)F]
1,1,1,3,3,3-Hexafluoropropane kg 0.43 |1 % emitted to air
[CF;CH,CF3]

? Restrepo (2007): greatest similarity with R134a, data taken from R134a (Frischknecht 1999b),
® Recalculated perfluorobutyric acid in mole and 86 % of that as E7100, converted to kg E7100
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Production of E7200 (Ethylnonafluorobutyl ethesFEOC,Hs)

E7200 is produced by the reaction of perfluorobatycid fluoride and potassium
fluoride with 1-ethoxyheptafluoro-1-isobutene inglgme (Behr & Cheburkov 2000).
The reaction yields E7200 and hexafluoropropanes. éissumed that 1 % of the yielded
hexafluoropropane is emitted to the atmosphere. dheunt of chemicals needed to
produce 1kg E7200 were recalculated from the giefibcumented in the patent
(Behr & Cheburkov 2000) using molar weights. Trasjand energy input was assumed
as being identical to that of E7000 and E71000. fiileinventory is documented in
Table 43. Electricity (medium voltage) was converteom MJ to kWh using the factor
3.6 (BFE 2007).

Table 43: Production of 1 kg E7200 (Behr & Cheburkov (2000)

Material input Units | Quantity  Notes

Pentafluoropropionyl fluoride kg 0.5995

Potassium fluoride kg 0.228 Calculation: recalculated
perfluoropropionyl in mole and 86 % of

Diglyme kg 1.806 that as E7200, converted to kg E7200

Ethoxyfluoroisobutene kg 1.034

Transport input Units  |Quantity  Nptes

Truck 40 t tkm 0.62°2 Equals 558.3 kg CO, or 175 kg diesel

Energy input Units | Quantity  Notes

Natural gas MJ 24°

Electricity (medium voltage) MJ 3.7° Equals 1.028 kWh

Material output Units | Quantity Copmpartement of dest ination

E7200 kg 1° PRODUCT

1,1,1,3,3,3-Hexafluoropropane kg 0.466 1 % emitted to air

[CF3;CH,CF;]

 Restrepo (2007): greatest similarity with R134a, data taken from R134a (Frischknecht 1999b),
® Recalculate recalculate perfluoropropionyl in mole and 86 % of that as E7200, converted to kg
E7200
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Production of A/C system

Table 44: Energy consumption during production of one A/Ceys taken as
standard for all A/C systems (Vainio 2003)

Energy input Units  Quantity

Energy consumption MJ 1675

Material output Units Quantity Compartment of desti nation
A/C system Piece 1 PRODUCT

A3-2 Operation phase

Additional fuel consumption due to weight of A/Gteyn

Table 45: Additional fuel consumption due to A/C system weigh

Refrigerant Weight Fuel consumption, calculated
[kg] [L/100km]
R30 17° 0.0969
R134a 15° 0.0855
R152a 17° 0.0969
R290 17° 0.0969
R600a 17° 0.0969
R744 17° 0.0969
E125 15 ¢ 0.0855
E134 172 0.0969
E7000 172 0.0969
E7100 15 ¢ 0.0855
E7200 17° 0.0969

Calculation based on: 57 L/ 100 kg/ 10 000 km (Direct expansion - 15 kg;
Secondary loop - 17 kg)
% Own assumption: cancerogen, flammable, or slightly toxic substance,

b Petitjean et al. (2000), “ Based on the direct expansion system of R134a
(Petitjean et al. 2000) plus additional 2 kg according to Hafner et al. (2004),
40own assumption: non-flammable substance
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Additional fuel consumption due to compression

Table 46: Annual energy consumption due to compression oigerfant based on worst-case, average, and
best-case operation scenario

Refrigerant Units Worst-case Average Best-case Data
[260 h/year] [104 hlyear] [10 hl/year] source
R30 kWh 3177 1271 122 a
R134a KWh 832 333 32 b
R152a kWh 775 310 30 b
R290 kWh 870 348 33 b
R600a KWh 901 360 35 b
R744 kWh 1166 466 45 ¢
E125 kWh 477 191 18 a
E134 kWh 2327 931 89 a
E7000 kWh 612 245 24 d
E7100 kWh 692 277 27 d
E7200 kWh 625 250 24 d

® Thermophysical data from DIPPR 801 database, interpolated to averaged inlet/outlet
pressure and temperature values from Ghodbane (1999);

® Inlet/outlet pressure and temperature values from Ghodbane (1999), enthalpy change
calculated with NIST database, linear interpolation; ¢ Inlet/outlet pressure and temperature
values from Delphi (2006), enthalpy change calculated with NIST database, linear
interpolation, and temperature values from Ghodbane (1999);

d Thermophysical data from 3M (2007), interpolated to averaged inlet/outlet pressure
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A3-3 Disposal phase

Emissions due to refrigerant disposal

Assuming incineration of all refrigerants recoveriedm A/C systems, complete
combustion with oxygen is presumed (Table 47). Betglof combustion are water, O
HCI, and HF. Direct emissions of HF and HCI inte titmosphere are estimated to be
1% (7.8 g HF for 1 kg R134a, 6.1 g HF for 1 kg R4%tc.). Water and GCrom
combustion will be emitted to air to 100 %.

Table 47: Input and combustion products during incineratiba &g refrigerant

) Input [kg] Product [kg]
Refrigerant
Refrigerant H, 0, CO, H,O HF HCI
E125 1 0.04 0.47 0.65 0.13 0.74
E134 1 0.03 | 0.54 0.75 0.15 | 0.68
E7000 1 0.024 | 0.768 | 1.056 | 0.072 | 0.72
E7100 1 0.03 | 0.64 0.88 0.07 | 0.72
E7200 1 0.023 | 0.485 | 0.667 | 0.068 | 0.531
R134a 1 0.06 | 0.63 0.86 0.35 | 0.78
R152a 1 0.03 1.45 1.33 0.55 0.61
R290 1 0.09 | 3.63 2.99 1.63
R600a 1 0.03 | 3.58 3.03 1.55
R744 1 1
R30 1 0.38 0.52 0.86

Input and product values derived from stoichiometric formular

Disposal of A/C system

Table 48: Energy consumption during dismantling of one A/Gtsyn
taken as standard for all A/C systems (Vainio 2003)

Material input Units  Quantity
A/C system Piece 1

Energy input Units  Quantity
Primary energy sources MJ 837.5
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Direct refrigerant emissions (disposal phase)

Table 49: Direct refrigerant emission scenarios during disppbase

Process step Units Worst-case
Dismantling % of nominal charge 100°
Process step Units Average
Dismantling % of nominal charge 50"
Process step Units Best-case
Dismantling % of nominal charge 5°¢

% Own assumption : no legal regulation and/or control, ® Barrault et al. (2003),
¢ Own assumption: based on the end-of-life vehicle directive (BGB 2006)

A4  Calculation factors of EI99 impact assessment

Table 50: Normalisation and weights using hierarchist perspecombined with
the default weighting

Normalisation Weights
Human Health 1.54E-02 400
Ecosystem Quality 5.13E+03 400
Resources 8.41E+03 200

Table 51: Damage factors for EI99 calculation; hierarchistrspective (default) (excerpt from
Goedkoop & Spriensma 2001 and own changes*), atadg factors are expressed per kg emission or
otherwise indicated, the unit of damage in thegate Human Health is DALYs (Disability Adjusted kif
Years), the unit in the category Ecosystem QuatdityDF*m2*yr (Potentially Disappeared Fraction of
Species from one m2 during one year), the uniténdategory Resources is MJ surplus energy

Normalized Weighted

Compart- | Substance Damage Substance

ment (EI99 list) factor damage damage (present study)
factor factor [Pt/kg]

1. Damage category Human Health

1.1 Carcinogenic effects on humans

Air 1,2-Dichloroethane | 2.60E-04 1.94E-03 7.74E-01 R150

Air Dichloromethane 4.36E-07 2.83E-05 1.13E-02 R30

Water 1,2-Dichloroethane 2.98E-05 1.94E-03 7.74E-01 R150

Water Dichloromethane 4.97E-07 3.23E-05 1.29E-02 R30
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Cont. Table 51

Compart- Substa}nce Damage Ng;rrrl]aalfégd Vg;:?}g;e: Substance

ment (EI99 list) factor factor factor [Pt/kg] (present study)

1.2 Respiratory effects on humans caused by organic substances

Air Butane 7.57E-07 4.92E-05 1.97E-02 n-Butane
Hexafluoropivaloyl

Air CxHy halogenated | 3.50E-07 2.27E-05 9.09E-03 2‘:ggfr$é;h§’l<?1“;‘;’rg'll3'
R124; R134a; R152a

Air CxHy chloro 3.50E-07 2.27E-05 9.09E-03 R150

Air Dichloromethane 1.45E-07 9.42E-06 3.77E-03 R30

Air Dimethylether 3.74E-07 2.43E-05 9.71E-03 gi';cgtmti?h‘ztrher from

Air Ethers 740E-07 |  4.81E-05 1.92E-02 E%gb%ggbgmoo’

Air i-Butane 6.64E-07 4.31E-05 1.72E-02 R600a

Air Methane 1.28E-08 8.31E-07 3.32E-04 Methane

Air Hydrocarbons 1.88E-02 * Hydrocarbons

Air Propane 3.83E-07 2.49E-05 9.95E-03 R290

Air VOC 6.46E-07 4.19E-05 1.68E-02 Hydrocarbon VOCs

Air Cyclohexane 6.21E-07 4.03E-05 1-61E-02 RC270

1.3 Respiratory effects on humans caused by inorgan ic substances

Air SO; 5.46E-05 3.55E-03 1.42E+00 SO>

1.4 Damages to human health caused by climate chang e

R744, E7200, R290,
Air Carbon dioxide 2.10E-07 1.36E-05 5.45E-03 R600a (GWP1qo: 20-
100 years)
Air Methane 4.40E-06 2.86E-04 1.14E-01 (GWP100: <20 years)
Air Methylene chloride 1.90E-06 1.23E-04 4.94E-02 R30
Air CFC-113 6.30E-04 4.09E-02 1.64E+01 R113
Air HCFC-22 2.80E-04 1.82E-02 7.27E+00 R22
Air HCFC-124 8.50E-05 5.52E-03 2.21E+00 R124
Air HFC-134a 2.70E-04 1.75E-02 7.01E+00 R134a
Air HCFC-141b 5.20E-05 3.38E-03 1.35E+00 R151a
Air HCFC-142b 3.40E-04 2.21E-02 8.83E+00 R150

A-20



Attachment

Cont. Table 51

Compart- | Substance Damage Normalized Weighted Substance
ment (EI99 list) factor damage damage (present study)
factor factor [Pt/kg]

Air HFC-152a 2.90E-05 1.88E-03 7.53E-01 R152a
E125, E134, E7000,

Air Nitrous oxide 6.90E-05 4.48E-03 1.79E+00 E7100 (GWP100: >100
years)

Air Perfluoromethane 1.40E-03 9.09E-02 3.64E+01 F_Iuorlnated ether from
dimethyl ether

Air Perfluoropentane 1.70E-03 1.10E-01 442401 | Hexafluoropivaloyl
fluoride

Air Perfluoropropane 1.50E-03 9.74E-02 3.90E+01 Hexafluoropropane

1.5 Human health effects caused by ozone layer depletion

Air CFC-113 9.48E-04 6.16E-02 2.46E+01 R113

Air HCFC-22 4.21E-05 2.73E-03 1.09E+00 R22

Air HCFC-124 3.16E-05 2.05E-03 8.21E-01 R124

Air HCFC-141b 1.05E-04 6.82E-03 2.73E+00 R151a

Air HCFC-142b 5.26E-05 3.42E-03 1.37E+00 R150

2. Damage category Ecosystem Quality

2.1 Damage to Ecosystem Quality caused by the combin

ed effect of acidification and eutrophication

Air SO, 1.04E+00 2.03E-04 8.12E-02 SO,

3. Damage category Resources

3.1 Damage to Resources caused by extraction of fossil fuels

kg Natural gas 4.55E+00 5.41E-04 1.08E-01 Natural gas

MJ Natural gas 1.50E-01 1.78E-05 3.57E-03 | Natural gas
(resource)

m3 Natural gas 5.25E+00 6.24E-04 1.25E-01 | Natural gas (feedstock)
(feedstock)

kg Crude oil 5.90E+00 7.02E-04 1.40E-01 Crude oil

MJ Crude oil (resource) | 1.44E-01 1.71E-05 3.42E-03 Crude oil

MJ Energy from coal 8.59E-03 1.02E-06 2.04E-04 Energy from coal
Average of ol Nuclear, wind, water

MJ natural gas, and 2.40E-03 * ' ' !

coal

photovoltaic, others

*) Calculated values
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Table 52: Standard EI99 indicators for specific processespnducts (excerpt from Pré 2000)

Substance
(Pré 2000)

Indicator

Description

Substance
(present study)

Production of chemicals and others [mPt/kg]

Average value for organic

Carbon dioxide, propane,
butane, trichloroethylene,
perchloroethylene,
dimethylether,
pentafluoropropionic acid,

Chemicals organic 99 . diglyme,
chemicals :
methoxyfluoroisobutene,
perfluorobutyric acid fluoride,
ethoxyfluoroisobutene,
pentafluoropropionyl fluoride,
vinylchloride
Chemicals 53 Average value for inorganic Potassium fluoride, fluorspar
inorganic chemicals CaF,, sulphur
Hydrogen fluoride 140 Fluoric acid
Cl,, produced with diaphragm
Chlorine 38 production process (modern
technology)
H, 830 Hydrogen gas; used for
reduction processes
O, 12 Oxygen gas
NacCl 6.6 Sodium chloride Sodium or potassium chloride
Fuel petrol 210 Production of fuel only.
unleaded Combustion excluded!
Water Processing only; eff_ects on
; . 0.026 | groundwater table (if any)
demineralized .
disregarded
Electricity [mPt/kWh]
Electr. MV Europe 23 Medium voltage (1 kVolt — 24
(UCPTE) kVolt)
Transport [mPt/tkm]
Road transport with 40 % load
Truck 28t 22 (European average including
return)
Road transport with 50 % load
Truck 40t 15 (European average including

return)
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A5 Degradation yields of some degradation products

Table 53: Atmospheric degradation products of certain refagés

Refrigerant

Degradation product

Yield from 1 moler  efrigerant [mole]

R30
R134a
R152a
R290
R600a
E125
E134
E7000
E7100

E7200

HCI
TFA (HF, CO,)
COF, (HF, CO,)

CO,

CO,
COF, (HF, CO,)
COF, (HF, CO,)

CsF,OC(O)H
C4FoOC(O)H

C4FsOC(O)CHs.
C4FoOC(O)H

1 a
0.4 (0.6)°
0.92°

19

05"
05"

AWHO (1996); ° Franklin (1993); ¢ Tuazon & Atkinson (1993); ¢ Assumption; ° Good et al. (1999)
and Inoue (2001); f Ninomiya et al. (2000) ; ¢ Tsai (2005) ; " Christensen et al. (1998),
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Table 54: Amount of refrigerant emissions and correspondiegrddation products of some

refrigerants from one passenger car, Scenario: WGrst-case, A — average, BC — best-case

Entire life cycle emissions

Refrigerant

Emitted Scenario | emissions Degradation products [g]
refrigerant [q] TFA | PFCA | CF,0 | HF | HCl | co,
WC 2875 1156.8 338.2
R134a A 1500 603.5 176.5
BC 275 110.6 32.4
WC 2875 3076.3
E7000 A 1500 1605.0
BC 275 294.3
WC 2875 3036.0
E7100 A 1500 1584.0
BC 275 290.4
WC 2875 1513.7
E7200 A 1500 789.8
BC 275 144.8
WC 2875 2120.7 |1285.3 1413.8
E125 A 1500 1106.5 670.6 737.6
BC 275 202.9 122.9 135.2
WC 2875 3216.1 |1949.2 2144.1
E134 A 1500 1678.0 | 1016.9 1118.6
BC 275 307.6 186.4 205.1
WC 1885 1734.2 | 1051.0 1156.1
R152a A 980 901.6 546.4 601.1
BC 165 151.8 92.0 101.2
WC 1885 1620.8 | 976.9
R30 A 980 842.6 | 507.9
BC 162 141.9| 855
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Cont. Table 54

Emitted | Refrigerant Degradation products [g]
refrigerant Scenario | emissions
[q] TFA PFCA CF.0 HF HCI CO.
WC 2-08 83.7 24.5
R134a A 109 43.9 12.8
BC 23 9.3 2.7
WC 208 222.6
E7000 A 109 116.6
BC 23 24.6
WC 208 219.6
@ E7100 A 109 115.1
2 BC 23 24.3
'é WC 208 109.5
s |E7200 A 109 57.4
o BC 23 12.1
qé— WC 208 153.4 93.0 102.3
g [E125 A 109 80.4 48.7 53.6
: BC 23 17.0 10.3 11.3
WC 208 232.8 141.0 155.1
E134 A 109 121.9 73.9 81.3
BC 23 25.7 15.6 17.2
WC 141 129.7 78.6 86.5
R152a A 74 68.1 41.3 45.4
BC 14 12.9 7.8 8.6
WC 141 121.2 73.1
R30 A 74 63.6 38.4
BC 14 12.0 7.3
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A6 Results of impact assessment
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A6-1 CMLO2

Table 55: Results of studied refrigerants and contributiamslifferent impact categories of CML02 under thdiféerent scenarios; ADP — Depletion of abioticoesces
(excluding primary energy sources), PE — Demandasf-renewable primary energy, CC — Climate chai®feD — Stratospheric ozone depletion, AP - Acidifwa,
EP - Eutrophication, POCP — Photo-oxidant formatléhP — Human toxicity, FAETP — Fresh water aquttidcity, TETP — Terrestrial ecotoxicity

Refrigerant ?IE];D kg antinlil)gny eq.] kg C((:)Cz eq.] | [kg RS’:(L)J.Deq.] kg SA(SPZ eq.] | [kg Pgljs' eq.] | [ka etﬁ;ljeiz eq.] - il s
[kg 1,4-DCB eq.]

E125 28163015 0.8291 24842 0 235 43.7 130.6 404.5 0.053 0.00003

E134 54124673 0.8291 12803 0 791 146.9 438.6 1357.0 0.049 0.00003

E7000 30607533 0.8291 2995 0 288 53.4 159.6 494.3 0.052 0.00003
o |E7100 31156240 0.8291 2973 0 299 55.5 165.7 512.9 0.052 0.00003
é E7200 30695704 0.8291 2407 0 292 54.1 161.7 500.5 0.038 0.00002
% R134a 32831981 0.8291 4699 0.023 341 63.1 188.3 584.1 20672.056 3.33694
? R152a 15707107 0.6334 1276 0.003 337 62.4 186.1 577.4 0.086 0.00006
3 R290 18682493 0.4465 1333 0 363 67.5 201.4 622.6 0 0

R600a 19144514 0.4465 1365 0 373 69.3 207.0 639.6 0 0

R744 22022147 0.5791 1569 0 450 83.6 250.0 7717 0 0

R30 48557100 0.6145 3458 0 1041 193.2 576.7 1785.4 0.00003 0.000004
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Cont. Table 55

Refrigerant /[\Izl]j [kg antinF:Eny eq.] [kg C((:)CZ eq.] |[kg Sleeq.] [kg Sgpz eq.] | [kg Pg? eq.] | [kg etrﬁ)ﬁe(rjlz eq.] - e =T
[kg 1,4-DCB eq.]

E125 10824299 0.8078 5043 0 109 20.3 60.5 187.7 0.026 0.00002

E134 13867608 0.8078 2671 0 174 32.3 96.6 299 0.023 0.00001

E7000 11597398 0.8078 996 0 126 23.4 69.7 216.1 0.025 0.00002
2 E7100 11121642 0.8078 951 0 115 21.4 63.9 198.1 0.025 0.00002
% E7200 11584084 0.8078 885 0 126 23.4 69.9 216.6 0.018 0.00001
g R134a 11225736 0.8078 1268 0.008 120 22.1 66.1 205.1 3957.027 0.638
é R152a 6099391 0.6150 467 0.001 131 24.2 72.3 224.2 0.033 0.00002
g R290 6787799 0.4464 484 0 133 24.7 73.7 228 0 0

R600a 6832080 0.4464 487 0 134 24.9 74.3 229.7 0 0

R744 6936216 0.5756 494 0 141 26.3 78.4 242.4 0 0

R30 9251118 0.6087 659 0 198 36.8 109.8 340 0.00001 0.0000007

E125 49380591 0.8504 46893 0 445 82.6 246.7 763.7 0.073 0.00005

E134 113360583 0.8504 25052 0 1815 337 1006.1 3112.2 0.067 0.00004

E7000 54599419 0.8504 5408 0 557 103.4 308.8 955.5 0.071 0.00004
2 |E7100 56830009 0.8504 5450 0 603 112 334.4 1034.9 0.071 0.00004
% E7200 54895583 0.8504 4298 0 566 105.1 314 971.4 0.053 0.00003
§ R134a 61221574 0.8504 8800 0.038 709 131.1 391.2 1212.3 39122.577 6.316
§ R152a 31632697 0.6517 2544 0.004 679 125.7 375 1162.8 0.135 0.00009
§ R290 37659007 0.4466 2685 0 745 138.4 413.3 1277.5 0 0

R600a 38814488 0.4466 2767 0 770 143 427.1 1320 0 0

R744 46609040 0.5826 3319 0 963 178.8 533.5 1650.1 0 0

R30 113778305 0.6204 8100 0 2440 452.8 1351.5 4183.3 0.00006 0.00001
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Table 56: Results of the studied refrigerants and contrimstito different impact categories of CML02; contkibn to production, operation, and disposal phasker
average scenario; ADP — Depletion of abiotic resesi(excluding primary energy sources), PE — Demé&ndn-renewable primary energy, CC — Climate glan

SOD - Stratospheric ozone depletion, AP - Acidtfaa EP - Eutrophication, POCP — Photo-oxidantfation, HTP — Human toxicity, FAETP — Fresh watguatic
toxicity, TETP — Terrestrial ecotoxicity

Refrigerant ADP PE cc SOD AP EP. POCP HTP FAETP TETP
[kJ] [kg antimony eq.] [kg CO; eq.] [kg R11 eq.] [kg SO, eq.] [kg PO 4" eq.] | [kg ethylene eq.] [kg 1,4-DCB eq.]

E125 5723281 0.489 1450.6 0 0 0 0.00900 0 0 0

E134 5736336 0.489 836.6 0 0 0 0.00930 0 0 0

E7000 5723194 0.489 480.2 0 0.004 0 0.00683 0 0 0
® |E7100 5737026 0.489 478.6 0 0.004 0 0.00683 0 0 0
5__:_ E7200 5694453 0.489 453.2 0 0.005 0 0.00683 0 0 0
é R134a 5652741 0.489 564.7 0.007651 0.072 0 0.00000 0.17 1119.75 0.180075
é R152a 9877 0.296 18.4 0.000855 0.055 0 0.00008 0.45 0.020701 | 0.000014
ge_ R290 576841 0.128 42.2 0 0 0 0.00324 0 0 0

R600a 576727 0.128 42.2 0 0 0 0.00562 0 0 0

R744 340623 0.257 25.3 0 0 0 0.00001 0 0 0

R30 6756 0.290 0.4 0 0.045 0 0.00278 0.08 0.000001 | 0.0000002

E125 22432191 0.021 17841.4 0 235.31 44 130.53747 403.93 0.027402 0.0000173

E134 48381651 0.021 9806.2 0 790.990 147 438.54371 1356.48 0.02518 0.0000159

E7000 24877148 0.021 2345.3 0 287.737 53 159.58816 493.78 0.026662 0.0000168
® | E7100 25411980 0.021 2339.9 0 298.608 55 165.61327 512.41 0.026662 0.0000168
@
< |E7200 24995736 0.021 1930.5 0 291.548 54 161.70142 500.17 0.019663 0.0000124
§ |R134a 27168337 0.021 3605.1 0.015316 340.839 63 188.32717 583.39 | 14677.278883 | 2.3693432
g R152a 15690224 0.018 1230 0.001710 336.506 62 186.1061 576.72 0.05271 0.0000351
8 R290 18100343 0 1289.5 0 363.209 67 201.39862 622.64 0 0

R600a 18562551 0 1322.4 0 373.121 69 206.9505 639.64 0 0

R744 21681524 0.003 1543.5 0 450.136 84 249.50383 771.66 0 0

R30 48549094 0.006 3455.5 0 1041.144 193 576.68681 1784.89 0.000022 0.0000029
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Cont. Table 56

Refrigerant ADP PE cc SOD AP EP POCP HTP \ FAETP \ TETP
[kJ] [kg antimony eq.] [kg CO; eq.] [kg R11 eq.] [kg SO, eq.] [kg PO 4" eq.] | [kg ethylene eq.] [kg 1,4-DCB eq.]

E125 7543 0.319 5550.5 0 0.009 0 0.0375 0.52 0.025530 | 0.0000161

E134 6686 0.319 2160.6 0 0.008 0 0.0375 0.48 0.023460 | 0.0000148

E7000 7191 0.319 169.5 0 0.009 0 0.0375 0.51 0.02484 0.0000157
o |E7100 7234 0.319 154.4 0 0.009 0 0.0375 0.51 0.02484 0.0000157
&E_ E7200 5515 0.319 23 0 0.006 0 0.0375 0.37 0.01832 0.0000115
© | R134a 10902 0.319 529.4 0.000006 0.369 0 0 0.55 4875.02691 0.787517
5-.) R152a 7006 0.319 28 0 0.223 0 0 0.26 0.012627 | 0.000008
8 |R290 5309 0.319 0.9 0 0 0 0.0176 0 0 0

R600a 5236 0.319 0.9 0 0 0 0.0307 0 0 0

R744 0 0.319 0.6 0 0 0 0 0 0 0

R30 1251 0.319 2.5 0 0.253 0 0.0153 0.45 0.000007 | 0.0000009
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A6-2 EI99

Table 57: Results of EI99 assessment in Ecopoints [Pt], dautton from production, operation,

and disposal phase and EI99 of the entire lifeecydder worst-case, best-case,

and average scenario

Refrigerant Prc;)?]l;cst(ieon O;F))(:]raa;ign D:)shpé)ss:l EI99
E125 13.62 20.09 6.06 39.77
E134 13.78 33.94 6.06 53.78
E7000 13.88 19.52 6.06 39.46
2 |E7100 13.85 19.57 6.06 39.48
g E7200 12.19 14.17 5.38 31.74
E R134a 12.55 20.55 8.03 41.13
g |R152a 11.24 13.07 5.54 29.86
% R290 10.70 12.21 5.37 28.29
R600a 10.70 12.44 5.37 28.51
R744 10.70 14.26 5.35 30.32
R30 10.71 27.59 5.37 43.67
E125 12.47 6.31 5.45 24.23
E134 12.63 8.24 5.44 26.31
E7000 12.04 7.14 5.44 24.63
% E7100 12.02 6.45 5.45 23.91
§ |E7200 11.32 6.75 5.37 23.45
"
o |R134a 11.58 7.71 5.66 24.95
§ R152a 11.04 6.94 5.39 23.37
§ R290 10.70 6.91 5.36 22.97
R600a 10.70 6.93 5.36 23.00
R744 10.71 7.09 5.35 23.15
R30 10.71 8.38 5.36 24.44
E125 14.19 38.13 6.74 59.06
E134 14.34 71.23 6.74 92.31
E7000 14.78 38.06 6.74 59.58
£ |E7100 14.76 39.16 6.74 60.66
8 | E7200 12.61 25.75 5.39 43.75
§ R134a 13.03 38.00 10.66 61.70
§ R152a 11.35 22.59 5.71 39.65
5 |RrR290 10.71 20.94 5.38 37.03
= R600a 10.71 21.51 5.39 37.60
R744 10.71 26.03 5.35 42.09
R30 10.71 59.36 5.38 75.45
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A6-3 TEWI

Table 58: TEW lingirecs TEW lgirecs and TEWI values under worst-case,
best-case, and average scenario, all values erpréggy CO; eq.

Refrigerant TEWI ingirect TEW lgirect TEWI
E125 473.9 21225.1 21699.0
E134 2317.7 8260.6 10578.3
E7000 608.6 645.4 1253.9
2 |E7100 688.8 588.0 1276.8
% E7200 621.5 86.1 707.6
§ R134a 828.7 2022.1 2850.8
§ R152a 771.7 114.7 886.4
< |R290 864.9 1.6 866.5
R600a 898.6 1.6 900.2
R744 1160.1 0.9 1161.0
R30 3164.5 9.4 3173.9
E125 45.6 4062.6 4108.2
E134 222.9 1581.1 1804.0
E7000 58.5 1235 182.0
% E7100 66.2 112.6 178.8
& |E7200 59.8 16.5 76.2
§ R134a 79.7 387.1 466.7
(1
¢ |R152a 74.2 20.1 94.3
3 |R290 83.2 0.2 83.4
R600a 86.4 0.2 86.6
R744 111.6 0.2 111.7
R30 304.3 1.7 305.9
E125 1184.7 39886.0 41070.7
E134 5794.2 15523.2 21317.4
E7000 1521.4 1212.8 2734.1
2 | E7100 1722.1 1105.0 2827.0
8 |£7200 1553.8 161.7 1715.5
§ R134a 2071.7 3800.0 5871.6
g R152a 1929.3 216.8 2146.1
g R290 2162.3 3.0 2165.4
R600a 2246.5 3.0 2249.5
R744 2900.4 1.6 2902.0
R30 7911.2 17.8 7929.0
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Table 59: TEWlingireet TEWlgiree, @and TEWI values of different scenarios where amhe parameter is
changed and the others are put to average; SetpArameter S (annual operation time) is changed;
Set B — parameter L (annual leakage rate duringatipe) is changed; Set C — parameters ¢ and d
(refrigerant loss during production, charging, alisposal) are changed; Set D — parameter z (nuofber
servicing) is changed

Set A SetB SetC SetD
Scenario Average S L c+d z
Worst- Best- | Worst- Best- | Worst- Best- | Worst- Best-
case case case case case case case case
TEWlingirect [kg CO2 €q.]
E125 473.9 1184.7 45.6 473.9 473.9 473.9 473.9 473.9 473.9
E134 2317.7 5794.2 222.9 2317.7 2317.7 2317.7 2317.7 2317.7 2317.7
E7000 608.6 1521.4 58.5 608.6 608.6 608.6 608.6 608.6 608.6
E7100 688.8 1722.1 66.2 688.8 688.8 688.8 688.8 688.8 688.8
E7200 621.5 1553.8 59.8 621.5 621.5 621.5 621.5 621.5 621.5
R134a 828.7 2071.7 79.7 828.7 828.7 828.7 828.7 828.7 828.7
R152a 7717 1929.3 74.2 7717 7717 7717 7717 7717 7717
R290 864.9 2162.3 83.2 864.9 864.9 864.9 864.9 864.9 864.9
R600a 898.6 2246.5 86.4 898.6 898.6 898.6 898.6 898.6 898.6
R744 1160.1 2900.4 111.6 1160.1 1160.1 1160.1 1160.1 1160.1 1160.1
R30 3164.5 7911.2 304.3 3164.5 3164.5 3164.5 3164.5 3164.5 3164.5
TEWlgirect [kg CO2 €q.]
E125 21225.1 | 21225.1 | 21225.1 | 31215.1 | 12345.1 | 26936.0 | 15902.6 | 24185.1 | 18265.1
E134 8260.6 8260.6 8260.6 | 12148.6 4804.6 | 10483.2 6189.1 9412.6 7108.6
E7000 645.4 645.4 645.4 949.1 375.4 819.0 483.5 735.4 555.4
E7100 588.0 588.0 588.0 864.7 342.0 746.2 440.5 670.0 506.0
E7200 86.0 86.0 86.0 126.5 50.0 109.2 64.5 98.0 74.0
R134a 2022.1 2022.1 2022.1 2973.9 1176.1 2566.2 1515.0 2304.1 1740.1
R152a 114.7 114.7 114.7 164.1 70.8 143.0 88.4 139.1 90.3
R290 1.6 1.6 1.6 2.1 1.1 1.9 1.3 2.2 1.0
R600a 1.6 1.6 1.6 2.1 1.1 1.9 1.3 2.2 1.0
R744 0.9 0.9 0.9 1.2 0.5 1.1 0.7 1.1 0.7
R30 9.4 9.4 9.4 135 5.8 11.7 7.2 11.4 7.4
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Cont. Table 59

Set A SetB SetC SetD

Scenario Average St L c+d

Worst- Best- Worst- Best- Worst- Best- Worst- Best-

case case case case case case case case

TEWI [kg CO; eq.]
E125 21698.9 | 22409.8 | 21270.6 | 31688.9 | 12818.9 | 27409.9 | 16376.5 | 24658.9 | 18738.9
E134 10578.3 | 14054.8 8483.4 | 14466.3 7122.3 | 12800.9 8506.8 | 11730.3 9426.3
E7000 1253.9 2166.7 703.9 1557.7 983.9 1427.6 1092.1 1343.9 1163.9
E7100 1276.8 23101 654.2 1553.6 1030.8 1435.0 1129.4 1358.8 1194.8
E7200 707.6 1639.8 145.8 748.1 671.6 730.7 686.0 719.6 695.6
R134a 2850.8 4093.8 2101.8 3802.5 2004.8 3394.9 2343.7 3132.8 2568.8
R152a 886.4 2044.0 188.9 935.8 842.5 914.7 860.1 910.8 862.0
R290 866.5 2163.9 84.8 867.1 866.0 866.8 866.2 867.1 865.9
R600a 900.2 2248.1 88.0 900.7 899.7 900.5 899.9 900.8 899.6
R744 1161.0 2901.2 112.4 1161.4 1160.7 1161.2 1160.8 1161.2 1160.8
R30 3173.9 7920.6 313.7 3177.9 3170.3 3176.2 3171.7 3175.9 3171.9

A7 Results of fate modelling

Table 60: Distribution [%] of some refrigerant degradatiorogucts in the environmental compartments
air, water, soil/aerosol particles of four differéate models

Model Compartment | TFA | C3F,COOH | C4FsCOOH | C4FCOOCH; | C4FgCH,COOH | CF,0
Air 100 100 100 100 100 100

Atmosphere-

aerosol Water 0 0 0 0 0 0
Soil 0 0 0 0 0 0
Air 99.4 100 100 100 100 100

fAtmOSphere' Water 0.6 0 0 0 0 0

0g
Soil 0 0 0 0 0 0
Air 97.6 100 99.8 100 100 100

Atmosphere-

raining cloud Water 2.4 0 0.2 0 0 0
Soil 0 0 0 0 0 0
Air 86.2 98.2 98.2 100 100 100

Germany Water 13.8 0.1 0.1 0 0 0
Soil 0 1.7 1.7 0 0 0

A-34



Attachment

Table 61: Concentrations of certain refrigerant degradatiadpcts in the
environmental compartments air, water, and soltutation based on life
cycle refrigerant emissions and German model, Saen&C — worst-case,

A — average, BC — best-case

1 car German cars
A wcC BC A wcC BC
[pg/dm?] [ pg/dm?3] | [ug/dm?] | [ug/dm?] | [ pg/dm?] | [ pg/dm?]
TFA TFA
Air 2.43E-10 | 4.66E-10 | 3.37E-11 | 1.12E-02 | 2.15E-02 | 1.56E-03
Water | 5.86E-06 | 1.12E-05 | 8.13E-07 | 2.70E+02 | 5.18E+02 | 3.75E+01
Soil 4.45E-12 | 8.54E-12 | 6.18E-13 | 2.05E-04 | 3.93E-04 | 2.85E-05
C3F,COOH C3F,COOH
Air 7.39E-10 | 1.42E-09 | 1.36E-10 | 3.40E-02 | 6.46E-02 | 6.46E-03
Water | 1.54E-07 | 2.96E-07 | 2.83E-08 | 7.07E+00 | 1.35E+01 | 1.35E+00
Soil 5.11E-07 | 9.81E-07 | 9.39E-08 | 2.35E+01 | 4.47E+01 | 4.47E+00
C4FsCOOH C4FsCOOH
Air 7.25E-10 | 1.40E-09 | 1.34E-10 | 3.35E-02 | 6.46E-02 | 6.00E-03
Water | 1.51E-07 | 2.92E-07 | 2.79E-08 | 6.98E+00 | 1.35E+01 | 1.25E+00
Sail 5.01E-07 | 9.69E-07 | 9.25E-08 | 2.32E+01 | 4.47E+01 | 4.15E+00
C4F9COOCH3 C4F9COOCH3
Air 3.68E-10 | 7.06E-10 | 6.76E-11 | 1.68E-02 | 3.27E-02 | 3.11E-03
Water | 9.01E-09 | 1.73E-08 | 1.65E-09 | 4.11E-01 | 7.99E-01 | 7.62E-02
Sail 2.99E-08 | 5.74E-08 | 5.49E-09 | 1.36E+00 | 2.65E+00 | 2.53E-01
C4F9sCH2,COOH C4F9COOCHS3
Air 3.68E-10 | 7.06E-10 | 6.76E-11 | 1.68E-02 | 3.27E-02 | 3.11E-03
Water | 9.01E-09 | 1.73E-08 | 1.65E-09 | 4.11E-01 | 7.99E-01 | 7.62E-02
Sail 2.99E-08 | 5.74E-08 | 5.49E-09 | 1.36E+00 | 2.65E+00 | 2.53E-01
CF20 from E125 CF 0 from E125
Air 5.19E-10 | 9.91E-10 | 7.15E-11 | 2.38E-02 | 4.58E-02 | 3.30E-03
Water | 1.27E-08 | 2.42E-08 | 1.75E-09 | 5.83E-01 | 1.12E+00 | 8.08E-02
Sail 7.15E-12 | 1.37E-11 | 9.86E-13 | 3.29E-04 | 6.31E-04 | 4.56E-05
CF20 from E134 CF 0 from E125
Air 7.85E-10 | 1.50E-09 | 1.44E-10 | 3.60E-02 | 7.01E-02 | 6.54E-03
Water | 1.92E-08 | 3.68E-08 | 3.52E-09 | 8.80E-01 | 1.72E+00 | 1.60E-01
Sail 1.08E-11 | 2.07E-11 | 1.98E-12 | 4.96E-04 | 9.66E-04 | 9.20E-05
CF,0 from R152a CF 20 from R152a
Air 7.80E-10 | 8.10E-10 | 6.06E-11 | 3.61E-02 | 3.74E-02 | 2.79E-03
Water | 1.91E-08 | 1.98E-08 | 1.48E-09 | 8.83E-01 | 9.15E-01 | 6.84E-02
Sail 1.08E-11 | 1.12E-11 | 8.36E-13 | 4.97E-04 | 5.15E-04 | 3.85E-05
HF from R134a HF from R134a
Air 8.25E-11 | 1.58E-10 | 1.51E-11 | 3.80E-03 | 7.49E-03 | 6.97E-04
Water | 3.51E-09 | 6.72E-09 | 6.43E-10 | 1.62E-01 | 3.10E-01 | 2.96E-02
Soil 7.35E-11 | 1.41E-10 | 1.35E-11 | 3.38E-03 | 6.49E-03 | 6.21E-04
HF from R152a HF from R152a
Air 2.55E-06 | 4.91E-10 | 3.67E-11 | 1.18E+01 | 2.24E+01 | 1.68E+00
Water | 1.09E-04 | 2.09E-08 | 1.56E-09 | 5.01E+02 | 9.54E+02 | 7.16E+01
Soil 2.27E-06 | 4.38E-10 | 3.27E-11 | 1.05E+01 | 2.00E+01 | 1.50E+00
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1 car German cars
A wcC BC A wcC BC
[Hg/dm3] |[ug/dm?3] | [ug/dm?] | [pg/dm?] | [ pg/dm?] | [ pg/dm?]
HF from E125 HF from R152a
Air 3.13E-10 | 5.88E-10 | 5.74E-11 | 1.44E+01 | 2.76E+01 | 2.66E+00
Water | 1.33E-08 | 2.50E-08 | 2.44E-09 | 6.14E+02 | 1.17E+03 | 1.13E+02
Soil 3.59E-16 | 5.24E-10 | 5.12E-11 | 1.29E+01 | 2.46E+01 | 2.73E+00
HF from E134 HF from R152a
Air 4.75E-10 | 9.11E-10 | 8.71E-11 | 2.19E+01 | 4.20E+01 | 4.02E+00
Water | 2.02E-08 | 3.87E-08 | 3.71E-09 | 9.32E+02 | 1.79E+03 | 1.71E+02
Soil 4.23E-10 | 8.11E-10 | 7.78E-11 | 1.95E+01 | 3.75E+01 | 3.58E+00
HCI from R30 HCI from R30
Air 3.93E-10 | 7.55E-10 | 6.61E-11 | 1.81E+01 | 3.49E+01 | 3.05E+00
Water | 1.86E-07 | 3.59E-07 | 3.14E-08 | 8.58E+03 | 1.66E+04 | 1.45E+03
Soil 1.74E-09 | 3.34E-09 | 2.92E-10 | 7.98E+01 | 1.54E+02 | 1.35E+01

Table 62: Concentrations of certain refrigerant degradatiedpcts in the
environmental compartments air, water, and soigutation based on refrigerant
emissions during one year of operation and Gernzotein

Scenario: WC — worst-case, A — average, BC — best-c

1 car German cars
A WC BC A WC BC
[pg/dm3] | [ ug/dm3] | [ug/dm3] | [pg/dm3] | [ pg/dm?] | [ pg/dm?]
TFA TFA
Air 1.77E-11 | 4.69E-11 | 3.72E-12 | 8.13E-04 | 2.06E-03 | 1.73E-04
Water | 4.26E-07 | 1.31E-06 | 8.97E-08 | 1.96E+01 | 4.95E+01 | 4.17E+00
Soil 3.24E-13 | 8.60E-13 | 6.82E-14 | 1.49E-05 | 3.76E-05 | 3.17E-06
C3F7COOH C3F7COOH
Air 5.37E-11 | 1.03E-10 | 1.13E-11 | 2.48E-03 | 4.61E-03 | 5.19E-04
Water | 1.12E-08 | 2.14E-08 | 2.35E-09 | 5.16E-01 | 9.61E-01 | 1.08E-01
Soil 3.71E-08 | 7.10E-08 | 7.81E-09 | 1.71E+00 | 3.19E-01 | 3.59E-01
C4F9COOH C4F9COOH
Air 5.28E-11 | 1.01E-10 | 1.12E-11 | 2.43E-03 | 4.61E-03 | 5.14E-04
Water | 1.10E-08 | 2.11E-08 | 2.32E-09 | 5.07E-01 | 9.61E-01 | 1.07E-01
Soil 3.65E-08 | 7.01E-08 | 7.71E-09 | 1.68E+00 | 3.19E+00 | 3.55E-01
C4F9COOCHS3 C4F9COOCHS3
Air 2.68E-11 | 5.12E-11 | 5.59E-12 | 1.21E-03 | 2.36E-03 | 2.60E-04
Water | 6.55E-10 | 1.25E-09 | 1.37E-10 | 2.97E-02 | 5.76E-02 | 6.36E-03
Soil 2.17E-09 | 4.15E-09 | 4.54E-10 | 9.84E-02 | 1.91E-01 | 2.11E-02
C4F9CH,COOH C4F9COOCHS3
Air 2.68E-11 | 5.12E-11 | 5.59E-12 | 1.21E-03 | 2.36E-03 | 2.60E-04
Water | 6.55E-10 | 1.25E-09 | 1.37E-10 | 2.97E-02 | 5.76E-02 | 6.36E-03
Soil 2.17E-09 | 4.15E-09 | 4.54E-10 | 9.84E-02 | 1.91E-01 | 2.11E-02
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Cont. Table 62

1 car German cars
A wcC BC A wcC BC
[pg/dm3] [ pg/dm3] | [pg/dm3] | [pg/dm?] | [ pg/dm?] | [ pg/dm?]
CF,0 from E125 CF ;0 from E125
Air 3.76E-11 | 9.48E-11 | 7.94E-12 | 1.73E-03 | 4.36E-03 | 3.65E-04
Water | 9.19E-10 | 2.32E-09 | 1.94E-10 | 4.23E-02 | 1.07E-01 | 8.94E-03
Soil 5.18E-13 | 1.31E-12 | 1.10E-13 | 2.38E-05 | 6.02E-05 | 5.04E-06
CF,0 from E134 CF ;0 from E125
Air 5.70E-11 | 1.09E-10 | 1.20E-11 | 2.62E-03 | 5.15E-03 | 5.56E-04
Water | 1.40E-09 | 2.66E-09 | 2.94E-10 | 6.40E-02 | 1.26E-01 | 1.36E-02
Soil 7.86E-13 | 1.50E-12 | 1.66E-13 | 3.61E-05 | 7.09E-05 | 7.67E-06
CF,0 from R152a CF ,0 from R152a
Air 6.45E-11 | 7.09E-11 | 6.03E-12 | 2.97E-03 | 3.27E-03 | 2.78E-04
Water | 1.58E-09 | 1.74E-09 | 1.48E-10 | 7.27E-02 | 8.00E-02 | 6.79E-03
Soil 8.89E-13 | 9.78E-13 | 8.31E-14 | 4.10E-05 | 4.51E-05 | 3.83E-06
HF from R134a HF from R134a
Air 5.98E-12 | 1.15E-11 | 1.27E-112 | 2.76E-04 | 5.28E-04 | 5.84E-05
Water | 2.54E-10 | 4.87E-10 | 5.39E-11 | 1.18E-02 | 2.25E-02 | 2.49E-03
Sail 5.33E-12 | 1.02E-11 | 1.13E-12 | 2.46E-04 | 4.70E-04 | 5.20E-05
HF from R152a HF from R152a
Air 1.93E-11 | 4.30E-11 | 3.64E-12 | 8.88E-01 | 1.96E+00 | 1.68E-01
Water | 8.21E-10 | 1.83E-09 | 1.55E-10 | 3.78E+01 | 8.35E+01 | 7.16E+00
Sail 1.72E-11 | 3.83E-11 | 3.25E-12 | 7.91E-01 | 1.75E+00 | 1.50E-01
HF from E125 HF from R152a
Air 2.28E-11 | 4.34E-11 | 4.81E-12 | 1.05E+00 | 2.01E+00 | 2.21E-01
Water | 9.68E-10 | 1.85E-09 | 2.05E-10 | 4.47E+01 | 8.55E+01 | 9.42E+00
Sail 2.03E-11 | 3.87E-11 | 4.29E-12 | 9.37E-01 | 1.79E+00 | 1.97E-01
HF from E134 HF from R152a
Air 3.45E-11 | 6.59E-11 | 7.29E-12 | 1.59E+00 | 3.04E+00 | 3.36E-01
Water | 1.47E-09 | 2.80E-09 | 3.10E-10 | 6.78E+01 | 1.29E+02 | 1.43E+01
Sail 3.08E-11 | 5.87E-11 | 6.49E-12 | 1.42E+00 | 2.71E+00 | 3.66E-07
HCI from R30 HCI from R30
Air 2.96E-11 | 5.65E-11 | 5.59E-12 | 1.37E+00 | 2.61E+00 | 2.59E-01
Water | 1.41E-08 | 2.68E-08 | 2.65E-09 | 6.48E+02 | 1.24E+03 | 1.23E+02
Sail 1.31E-10 | 2.50E-10 | 2.47E-11 | 6.03E+00 | 1.41E-05 | 1.14E+00
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Table 63: Concentrations of certain refrigerant degradatiadpcts in the
environmental compartments air, water, and soltutation based on life
cycle refrigerant emissions and Atmosphere-aenusalel,
Scenario: WC — worst-case, A — average, BC — leest-c

1 car German cars
A wcC BC A wcC BC
[pg/dm3] |[ug/dm?] | [pg/dm3] | [ pg/dm?] | [pg/dm3] | [ pg/dm?]
TFA TFA
Air 2.82E-10 | 5.41E-10 | 5.44E-11 | 1.30E-02 | 2.49E-02 | 2.38E-03
Water | 6.79E-06 | 1.30E-05 | 1.31E-06 | 3.10E+02 | 6.00E+02 | 5.74E+01
Soil 5.16E-12 | 9.90E-12 | 9.97E-13 | 2.38E-04 | 4.56E-04 | 4.37E-05
C3F7,COOH C3F7,COOH
Air 7.49E-10 | 1.44E-09 | 1.38E-10 | 3.46E-02 | 6.54E-02 | 6.54E-03
Water | 1.56E-07 | 3.00E-07 | 2.87E-08 | 7.20E+00 | 1.36E+01 | 1.36E+00
Soil 5.18E-07 | 9.94E-07 | 9.51E-08 | 2.39E+01 | 4.52E+01 | 4.52E+00
C4F9sCOOH C4F9sCOOH
Air 7.40E-10 | 1.42E-09 | 1.36E-10 | 3.41E-02 | 6.54E-02 | 6.08E-03
Water | 1.54E-07 | 2.96E-07 | 2.82E-08 | 7.10E+00 | 1.36E+01 | 1.27E+00
Soil 5.11E-07 | 9.81E-07 | 9.37E-08 | 2.36E+01 | 4.52E+01 | 4.20E+00
C4F9COOCH; C4F9COOCH;
Air 3.69E-10 | 7.07E-10 | 6.77E-11 | 1.68E-02 | 3.27E-02 | 3.12E-03
Water | 9.02E-09 | 1.73E-08 | 1.66E-09 | 4.11E-01 | 8.00E-01 | 7.63E-02
Soil 2.99E-08 | 5.74E-08 | 5.49E-09 | 1.37E+00 | 2.66E+00 | 2.53E-01
C4F9sCH,COOH C4F9COOCH;
Air 3.69E-10 | 7.07E-10 | 6.77E-11 | 1.68E-02 | 3.27E-02 | 3.12E-03
Water | 9.02E-09 | 1.73E-08 | 1.66E-09 | 4.11E-01 | 8.00E-01 | 7.63E-02
Soil 2.99E-08 | 5.74E-08 | 5.49E-09 | 1.37E+00 | 2.66E+00 | 2.53E-01
CF,0 from E125 CF >0 from E125
Air 5.16E-10 | 9.91E-10 | 7.15E-11 | 2.38E-02 | 4.58E-02 | 3.30E-03
Water | 1.26E-08 | 2.42E-08 | 1.75E-09 | 5.23E-01 | 1.12E+00 | 8.08E-02
Soil 7.12E-12 | 1.37E-11 | 9.86E-13 | 3.29E-04 | 6.32E-04 | 4.56E-05
CF,0 from E134 CF >0 from E125
Air 7.83E-10 | 1.50E-09 | 1.44E-10 | 3.60E-02 | 7.01E-02 | 6.54E-03
Water | 1.92E-08 | 3.68E-08 | 3.52E-09 | 8.80E-01 | 1.72E+00 | 1.60E-01
Soil 1.08E-11 | 2.07E-11 | 1.98E-12 | 4.96E-04 | 9.67E-04 | 9.02E-05
CF20 from R152a CF 0 from R152a
Air 7.80E-10 | 8.10E-10 | 6.06E-11 | 3.61E-02 | 3.74E-02 | 2.79E-03
Water | 1.91E-08 | 1.98E-08 | 1.48E-09 | 8.83E-01 | 9.15E-01 | 6.84E-02
Soil 1.13E-11 | 1.12E-11 | 8.36E-13 | 4.98E-04 | 5.16E-04 | 3.85E-05
HF from R134a HF from R134a
Air 8.25E-11 | 1.58E-10 | 1.51E-11 | 3.80E-03 | 7.29E-03 | 6.97E-04
Water | 3.51E-09 | 6.72E-09 | 6.43E-10 | 1.62E-01 | 3.10E-01 | 2.97E-02
Soil 7.35E-11 | 1.41E-10 | 1.35E-11 | 3.39E-03 | 6.50E-03 | 6.21E-04
HF from R152a HF from R152a
Air 2.55E-10 | 4.91E-10 | 1.93E-11 | 1.18E+01 | 2.24E+01 | 1.68E+00
Water | 1.09E-08 | 2.09E-08 | 8.21E-10 | 5.01E+02 | 9.54E+02 | 7.16E+01
Soil 2.28E-10 | 4.38E-10 | 1.72E-11 | 1.05E+01 | 2.00E+01 | 1.23E+06
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Cont. Table 63

1 car German cars
A wcC BC A wcC BC
[pg/dm3] [ pg/dm3] | [pg/dm3] | [pg/dm?] | [ pg/dm?] | [ pg/dm?]
HF from E125 HF from R152a
Air 3.13E-10 | 5.88E-10 | 5.74E-11 | 1.44E+01 | 2.76E+01 | 2.66E+00
Water | 1.33E-08 | 2.50E-08 | 2.44E-09 | 6.14E+02 | 1.17E+03 | 1.13E+02
Soil 2.79E-10 | 5.24E-10 | 5.12E-11 | 1.29E+01 | 2.46E+01 | 2.37E+00
HF from E134 HF from R152a
Air 4.75E-10 | 9.11E-10 | 8.71E-11 | 2.19E+01 | 4.21E+01 | 4.02E+00
Water | 2.02E-08 | 3.88E-08 | 3.71E-09 | 9.33E+02 | 1.79E+03 | 1.71E+02
Soil 4.24E-10 | 8.12E-10 | 7.76E-09 | 1.95E+01 | 3.75E+01 | 3.58E+00
HCI from R30 HCI from R30
Air 3.94E-10 | 7.58E-10 | 6.63E-11 | 1.81E+01 | 3.51E+01 | 3.06E+00
Water | 1.87E-07 | 3.60E-07 | 3.15E-08 | 8.61E+03 | 1.66E+04 | 1.45E+03
Soil 1.74E-09 | 3.35E-09 | 2.93E-10 | 8.01E+01 | 1.55E+02 | 1.35E+01

Table 64: Concentrations of certain refrigerant degradatiadpcts in the

environmental compartments air, water, and soiutation based on refrigerant

emissions during one year of operation and Atmoaspherosol model,
Scenario: WC — worst-case, A — average, BC — best-c

1 car German cars
A WC BC A wC BC
[pg/dm?] |[pg/dm3] | [pg/dm3] | [pg/dm3] | [ pg/dm3] | [ ug/dm?]
TFA TFA
Air 2.05E-11 | 4.15E-11 | 4.32E-12 | 9.43E-04 | 1.80E-03 | 2.01E-04
Water | 4.94E-07 | 9.99E-07 | 1.04E-07 | 2.27E+01 | 4.35E+01 | 4.84E+00
Soll 3.76E-13 | 7.59E-13 | 7.91E-14 | 1.73E-05 | 3.31E-05 | 3.68E-06
C3F7COOH C3F7COOH
Air 5.44E-11 | 1.04E-10 | 1.13E-11 | 2.52E-03 | 4.67E-03 | 5.19E-04
Water | 1.13E-08 | 2.17E-08 | 2.35E-09 | 5.25E-01 | 9.74E-01 | 1.08E-01
Soll 3.76E-08 | 7.19E-08 | 7.81E-09 | 1.74E+00 | 3.23E-01 | 3.59E-01
C4F9COOH C4F9COOH
Air 5.37E-11 | 1.03E-10 | 1.12E-11 | 2.47E-03 | 4.67E-03 | 5.14E-04
Water | 1.12E-08 | 2.14E-08 | 2.32E-09 | 5.16E-01 | 9.74E-01 | 1.07E-01
Soll 3.72E-08 | 7.10E-08 | 7.71E-09 | 1.70E+00 | 3.23E+00 | 3.55E-01
C4F9COOCH3 C4F9COOCH3
Air 2.68E-11 | 5.12E-11 | 5.59E-12 | 1.21E-03 | 2.36E-03 | 2.60E-04
Water | 6.56E-10 | 1.25E-09 | 1.37E-10 | 2.97E-02 | 5.77E-02 | 6.36E-03
Soil 2.18E-09 | 4.16E-09 | 4.54E-10 | 9.86E-02 | 1.92E-01 | 2.11E-02
C4F9CH,COOH C4F9COOCH3
Air 2.68E-11 | 5.12E-11 | 5.59E-12 | 1.21E-03 | 2.36E-03 | 2.60E-04
Water | 6.56E-10 | 1.25E-09 | 1.37E-10 | 2.97E-02 | 5.77E-02 | 6.36E-03
Soil 2.18E-09 | 4.16E-09 | 4.54E-10 | 9.86E-02 | 1.92E-01 | 2.11E-02
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Cont. Table 64

1 car German cars
A wcC BC A wcC BC
[Hg/dm3] |[ug/dm?3] | [pg/dm3] | [ pg/dm?] | [pg/dm?] | [ pg/dm?]
CF0 from E125 CF ,0 from E125
Air 3.75E-11 | 9.48E-11 | 7.94E-12 | 1.73E-03 | 4.36E-03 | 3.65E-04
Water | 9.18E-10 | 2.32E-09 | 1.94E-10 | 4.23E-02 | 1.07E-01 | 8.94E-03
Soil 5.18E-13 | 1.31E-12 | 1.10E-13 | 2.38E-05 | 6.02E-05 | 5.04E-06
CF,0 from E134 CF ,0 from E125
Air 5.69E-11 | 1.09E-10 | 1.20E-11 | 2.61E-03 | 5.15E-03 | 5.56E-04
Water | 1.39E-09 | 2.66E-09 | 2.94E-10 | 6.40E-02 | 1.26E-01 | 1.36E-02
Soil 7.85E-13 | 1.50E-12 | 1.66E-13 | 3.61E-05 | 7.09E-05 | 7.67E-06
CF,0 from R152a CF ;0 from R152a
Air 6.45E-11 | 7.09E-11 | 6.03E-12 | 2.97E-03 | 3.27E-03 | 2.78E-04
Water | 1.58E-09 | 1.74E-09 | 1.48E-10 | 7.27E-02 | 8.00E-02 | 6.79E-03
Soil 8.90E-13 | 9.78E-13 | 8.31E-14 | 4.10E-05 | 4.51E-05 | 3.83E-06
HF from R134a HF from R134a
Air 5.98E-12 | 1.15E-11 | 1.27E-12 | 2.76E-04 | 5.28E-04 | 5.84E-05
Water | 2.55E-10 | 4.87E-10 | 5.39E-11 | 1.18E-02 | 2.25E-02 | 2.49E-03
Soil 5.33E-12 | 1.02E-11 | 1.13E-12 | 2.46E-04 | 4.71E-04 | 5.21E-05
HF from R152a HF from R152a
Air 1.93E-11 | 4.30E-11 | 3.65E-12 | 8.88E-01 | 1.96E+00 | 1.68E-01
Water | 8.21E-10 | 1.83E-09 | 1.55E-10 | 3.78E+01 | 8.35E+01 | 7.16E+00
Soil 1.72E-11 | 3.83E-11 | 3.25E-12 | 7.91E-01 | 1.75E+00 | 1.50E-01
HF from E125 HF from R152a
Air 2.28E-11 | 4.35E-11 | 4.81E-12 | 1.05E+00 | 2.01E+00 | 2.22E-01
Water | 9.68E-10 | 1.85E-09 | 2.05E-10 | 4.47E+01 | 8.55E+01 | 9.43E+00
Soil 2.03E-11 | 3.87E-11 | 4.29E-12 | 9.37E-01 | 1.79E+00 | 1.97E-01
HF from E134 HF from R152a
Air 3.45E-11 | 6.59E-11 | 7.29E-12 | 1.59E+00 | 3.04E+00 | 3.36E-01
Water | 1.47E-09 | 2.80E-09 | 2.63E-06 | 6.78E+01 | 1.29E+02 | 1.43E+01
Soil 3.08E-11 | 5.87E-11 | 6.50E-12 | 1.42E+00 | 2.71E+00 | 2.99E-01
HCI from R30 HCI from R30
Air 2.97E-11 | 5.67E-11 | 5.61E-12 | 1.37E+00 | 2.62E+00 | 2.59E-01
Water | 1.41E-08 | 2.69E-08 | 2.66E-09 | 6.50E+02 | 1.24E+03 | 3.14E+01
Soil 1.31E-10 | 2.50E-10 | 2.48E-11 | 6.05E+00 | 1.16E+01 | 1.15E+00
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Table 65: Concentrations of certain refrigerant degradatiadpcts in the
environmental compartments air, water, and soltutation based on life
cycle refrigerant emissions and Atmosphere-fog hode
Scenario: WC — worst-case, A — average, BC — leest-c

1 car German cars
A wcC BC A wcC BC
[pg/dm3] [ pg/dm3] | [pg/dm3] | [pg/dm?] | [ pg/dm?] | [ pg/dm?]
TFA TFA
Air 4.32E-12 | 5.37E-10 | 5.41E-11 | 1.29E-02 | 2.48E-02 | 2.37E-03
Water | 1.04E-07 | 1.30E-05 | 1.30E-06 | 3.11E+02 | 5.97E+02 | 5.71E+01
Soil 7.91E-14 | 9.84E-12 | 9.91E-13 | 2.37E-04 | 4.54E-04 | 4.34E-05
C3F,COOH C3F,COOH
Air 7.50E-10 | 1.44E-09 | 1.38E-10 | 3.46E-02 | 6.54E-02 | 6.54E-03
Water | 1.56E-07 | 2.99E-07 | 2.87E-08 | 7.20E+00 | 1.36E+01 | 1.36E+00
Soil 5.19E-07 | 9.94E-07 | 9.51E-08 | 2.39E+01 | 4.50E+01 | 4.52E+00
C4FsCOOH C4FsCOOH
Air 7.40E-10 | 1.42E-09 | 1.36E-10 | 3.41E-02 | 6.54E-02 | 6.07E-03
Water | 1.54E-07 | 2.96E-07 | 2.82E-08 | 7.11E+00 | 1.36E+01 | 1.27E+00
Sail 5.12E-07 | 9.81E-07 | 9.37E-08 | 2.36E+01 | 4.52E+01 | 4.20E+00
C4F9COOCH3 C4F9COOCH3
Air 3.69E-10 | 7.07E-10 | 6.77E-11 | 1.70E-02 | 3.27E-02 | 3.12E-03
Water | 9.03E-09 | 1.73E-08 | 1.66E-09 | 4.16E-01 | 8.00E-01 | 7.63E-02
Sail 3.00E-08 | 5.74E-08 | 5.49E-09 | 1.38E+00 | 2.66E+00 | 2.53E-01
C4F9CH2,COOH C4F9COOCHS3
Air 3.69E-10 | 7.07E-10 | 6.77E-11 | 1.70E-02 | 3.27E-02 | 3.12E-03
Water | 9.03E-09 | 1.73E-08 | 1.66E-09 | 4.16E-01 | 8.00E-01 | 7.63E-02
Sail 3.00E-08 | 5.74E-08 | 5.49E-09 | 1.38E+00 | 2.66E+00 | 2.53E-01
CF20 from E125 CF 0 from E125
Air 5.17E-10 | 9.91E-10 | 7.15E-11 | 2.38E-02 | 4.58E-02 | 3.30E-03
Water | 1.27E-08 | 2.42E-08 | 1.75E-09 | 5.83E-01 | 1.12E+00 | 8.08E-02
Sail 7.13E-12 | 1.37E-11 | 9.86E-13 | 3.29E-04 | 6.32E-04 | 4.56E-05
CF20 from E134 CF 0 from E125
Air 7.84E-10 | 1.50E-09 | 1.44E-10 | 3.61E-02 | 7.01E-02 | 6.54E-03
Water | 1.92E-08 | 3.68E-08 | 3.52E-09 | 8.84E-01 | 1.72E+00 | 1.60E-01
Sail 1.08E-11 | 2.07E-11 | 1.98E-12 | 4.98E-04 | 9.67E-04 | 9.02E-05
CF,0 from R152a CF 20 from R152a
Air 4.22E-10 | 8.10E-10 | 6.06E-11 | 1.94E-02 | 3.74E-02 | 2.79E-03
Water | 1.03E-08 | 1.98E-08 | 1.48E-09 | 4.76E-01 | 9.15E-01 | 6.84E-02
Sail 5.81E-12 | 1.12E-11 | 8.36E-13 | 2.68E-04 | 5.16E-04 | 3.85E-05
HF from R134a HF from R134a
Air 8.25E-11 | 1.58E-10 | 1.51E-11 | 3.80E-03 | 7.29E-03 | 6.97E-04
Water | 3.51E-09 | 6.72E-09 | 6.43E-10 | 1.62E-01 | 3.10E-01 | 2.97E-02
Soil 7.35E-11 | 1.41E-10 | 1.35E-11 | 3.39E-03 | 6.50E-03 | 6.21E-04
HF from R152a HF from R152a
Air 2.55E-10 | 4.91E-10 | 3.67E-11 | 1.18E+01 | 2.24E+01 | 1.68E+00
Water | 1.09E-08 | 2.09E-08 | 1.84E-13 | 5.01E+02 | 9.55E+02 | 7.16E+01
Soil 2.28E-10 | 4.38E-10 | 3.27E-11 | 1.05E+01 | 2.00E+01 | 1.50E+00
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Cont. Table 65

1 car German cars
A wcC BC A wcC BC
[Hg/dm3] |[ug/dm?3] | [pg/dm3] | [ pg/dm?] | [pg/dm?] | [ pg/dm?]
HF from E125 HF from R152a
Air 3.13E-10 | 6.00E-10 | 5.74E-11 | 1.44E+01 | 2.76E+01 | 2.66E+00
Water | 1.33E-08 | 2.56E-08 | 2.44E-09 | 6.14E+02 | 1.17E+03 | 1.13E+02
Soil 2.79E-10 | 5.35E-10 | 5.12E-11 | 1.29E+01 | 2.46E+01 | 2.37E+00
HF from E134 HF from R152a
Air 4.75E-10 | 9.11E-10 | 8.71E-11 | 2.19E+01 | 4.21E+01 | 4.02E+00
Water | 2.02E-08 | 3.88E-08 | 3.71E-09 | 9.33E+02 | 1.79E+03 | 1.71E+02
Soil 4.23E-10 | 8.12E-10 | 7.76E-11 | 1.95E+01 | 3.75E+01 | 3.58E+00
HCI from R30 HCI from R30
Air 3.94E-10 | 7.57E-10 | 6.63E-11 | 1.81E+01 | 3.50E+01 | 3.06E+00
Water | 1.87E-07 | 3.60E-07 | 3.15E-08 | 8.60E+03 | 1.66E+04 | 1.45E+03
Soil 1.74E-09 | 3.35E-09 | 2.93E-10 | 8.01E+01 | 1.55E+02 | 1.35E+01

Table 66: Concentrations of certain refrigerant degradatiedpcts in the
environmental compartments air, water, and soigutation based on refrigerant
emissions during one year of operation and Atmospfag model,

Scenario: WC — worst-case, A — average, BC — best-c

1 car German cars
A WC BC A WC BC
[pg/dm3] | [ ug/dm3] | [ug/dm3] | [pg/dm3] | [ pg/dm?] | [ pg/dm?]
TFA TFA
Air 2.04E-11 | 3.89E-11 | 4.32E-12 | 9.38E-04 | 1.79E-03 | 1.98E-04
Water | 4.91E-07 | 9.37E-07 | 1.04E-07 | 2.26E+01 | 4.32E+01 | 4.78E+00
Soil 3.74E-13 | 7.12E-13 | 7.91E-14 | 1.72E-05 | 3.29E-05 | 3.63E-06
C3F7COOH C3F7COOH
Air 5.45E-11 | 1.04E-10 | 1.13E-11 | 2.51E-03 | 4.67E-03 | 5.19E-04
Water | 1.14E-08 | 2.17E-08 | 2.35E-09 | 5.24E-01 | 9.74E-01 | 1.08E-01
Soil 3.77E-08 | 7.19E-08 | 7.81E-09 | 1.74E+00 | 3.23E-01 | 3.59E-01
C4F9COOH C4F9COOH
Air 5.38E-11 | 1.03E-10 | 1.12E-11 | 2.48E-03 | 4.67E-03 | 5.14E-04
Water | 1.12E-08 | 2.14E-08 | 2.32E-09 | 5.17E-01 | 9.74E-01 | 1.07E-01
Soil 3.72E-08 | 7.10E-08 | 7.71E-09 | 1.72E+00 | 3.23E+00 | 3.55E-01
C4F9COOCHS3 C4F9COOCHS3
Air 2.68E-11 | 5.12E-11 | 5.59E-12 | 1.24E-03 | 2.36E-03 | 2.60E-04
Water | 6.56E-10 | 1.25E-09 | 1.37E-10 | 3.03E-02 | 5.77E-02 | 6.36E-03
Soil 2.18E-09 | 4.16E-09 | 4.54E-10 | 1.01E-01 | 1.92E-01 | 2.11E-02
C4F9CH,COOH C4F9COOCHS3
Air 2.68E-11 | 5.12E-11 | 5.59E-12 | 1.24E-03 | 2.36E-03 | 2.60E-04
Water | 6.56E-10 | 1.25E-09 | 1.37E-10 | 3.03E-02 | 5.77E-02 | 6.36E-03
Soil 2.18E-09 | 4.16E-09 | 4.54E-10 | 1.01E-01 | 1.92E-01 | 2.11E-02
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Cont. Table 66

1 car German cars
A wcC BC A wcC BC
[pg/dm3] [ pg/dm3] | [pg/dm3] | [pg/dm?] | [ pg/dm?] | [ pg/dm?]
CF,0 from E125 CF ;0 from E125

Air 3.76E-11 | 9.48E-11 | 7.94E-12 | 1.73E-03 | 4.36E-03 | 3.65E-04
Water | 9.19E-10 | 2.32E-09 | 1.94E-10 | 4.24E-02 | 1.07E-01 | 8.94E-03
Soil 5.18E-13 | 1.31E-12 | 1.10E-13 | 2.39E-05 | 6.02E-05 | 5.04E-06

CF,0 from E134 CF ;0 from E125

Air 5.70E-11 | 1.09E-10 | 1.20E-11 | 2.63E-03 | 5.15E-03 | 5.56E-04
Water | 1.39E-09 | 2.66E-09 | 2.94E-10 | 6.43E-02 | 1.26E-01 | 1.36E-02
Soil 7.86E-13 | 1.50E-12 | 1.66E-13 | 3.62E-05 | 7.09E-05 | 7.67E-06

CF,0 from R152a CF ,0 from R152a

Air 3.18E-11 | 7.09E-11 | 6.03E-12 | 1.47E-03 | 3.27E-03 | 2.78E-04
Water | 7.79E-10 | 1.74E-09 | 1.48E-10 | 3.59E-02 | 8.00E-02 | 6.79E-03
Soil 4.39E-13 | 9.78E-13 | 8.31E-14 | 2.02E-05 | 4.51E-05 | 3.83E-06

HF from R134a HF from R134a
Air 5.98E-12 | 1.15E-11 | 1.27E-12 | 2.76E-04 | 5.28E-04 | 5.84E-05
Water | 2.55E-10 | 4.87E-10 | 5.39E-11 | 1.18E-02 | 2.25E-02 | 2.49E-03

Sail 5.33E-12 | 1.02E-11 | 1.13E-12 | 2.46E-04 | 4.71E-04 | 5.21E-05
HF from R152a HF from R152a

Air 1.93E-11 | 4.30E-11 | 3.65E-12 | 8.88E-01 | 1.96E+00 | 1.68E-01

Water | 8.21E-10 | 1.83E-09 | 1.55E-10 | 3.78E+01 | 8.35E+01 | 8.43E-04

Sail 1.72E-11 | 3.83E-11 | 3.25E-12 | 7.91E-01 | 1.75E+00 | 1.50E-01
HF from E125 HF from R152a

Air 2.28E-11 | 4.35E-11 | 4.81E-12 | 1.05E+00 | 2.01E+00 | 2.22E-01
Water | 9.68E-10 | 1.85E-09 | 2.05E-10 | 4.47E+01 | 8.55E+01 | 1.11E-03
Soil 2.03E-11 | 3.87E-11 | 4.30E-12 | 9.37E-01 | 1.79E+00 | 1.97E-01

HF from E134 HF from R152a
Air 3.45E-11 | 6.59E-11 | 7.29E-12 | 1.59E+00 | 3.04E+00 | 3.36E-01
Water | 1.47E-09 | 2.80E-09 | 3.10E-10 | 6.78E+01 | 1.29E+02 | 5.60E+01
Soll 3.08E-11 | 5.87E-11 | 6.50E-12 | 1.42E+00 | 2.71E+00 | 2.99E-01

HCI from R30 HCI from R30
Air 2.97E-11 | 5.66E-11 | 5.61E-12 | 1.37E+00 | 2.62E+00 | 2.59E-01
Water | 1.41E-08 | 2.69E-08 | 2.66E-09 | 6.50E+02 | 1.24E+03 | 3.14E+01
Soll 1.31E-10 | 2.50E-10 | 2.48E-11 | 6.05E+00 | 1.16E+01 | 1.15E+00
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Table 67: Concentrations of certain refrigerant degradatiadpcts in the
environmental compartments air, water, and soltutation based on life
cycle refrigerant emissions and Atmosphere-raigingd model,
Scenario: WC — worst-case, A — average, BC — leest-c

1 car German cars
A wcC BC A wcC BC
[pg/dm3] |[ug/dm?] | [pg/dm3] | [ pg/dm?] | [pg/dm3] | [ pg/dm?]
TFA TFA
Air 4.24E-12 | 5.28E-10 | 5.32E-11 | 1.27E-01 | 2.43E-02 | 2.33E-03
Water | 1.02E-07 | 1.27E-05 | 1.28E-06 | 3.06E+02 | 5.86E+02 | 5.61E+01
Soil 7.78E-14 | 9.67E-12 | 9.74E-13 | 2.32E-04 | 4.46E-04 | 4.26E-05
C3F7,COOH C3F7,COOH
Air 7.50E-10 | 1.44E-09 | 1.38E-10 | 3.46E-02 | 6.54E-02 | 6.54E-03
Water | 1.56E-07 | 2.99E-07 | 2.86E-08 | 7.20E+00 | 1.36E+01 | 1.36E+00
Soil 5.18E-07 | 9.94E-07 | 9.51E-08 | 2.39E+01 | 4.50E+01 | 4.52E+00
C4F9sCOOH C4F9sCOOH
Air 7.40E-10 | 1.42E-09 | 1.36E-10 | 3.41E-02 | 6.54E-02 | 6.07E-03
Water | 1.54E-07 | 2.96E-07 | 2.82E-08 | 7.11E+00 | 1.36E+01 | 1.27E+00
Soil 5.12E-07 | 9.81E-07 | 9.37E-08 | 2.36E+01 | 4.52E+01 | 4.20E+00
C4F9COOCH; C4F9COOCH;
Air 3.69E-10 | 7.07E-10 | 6.77E-11 | 1.70E-02 | 3.27E-02 | 3.12E-03
Water | 9.03E-09 | 1.73E-08 | 1.66E-09 | 4.16E-01 | 8.00E-01 | 7.63E-02
Soil 3.00E-08 | 5.74E-08 | 5.49E-09 | 1.38E+00 | 2.66E+00 | 2.53E-01
C4F9sCH,COOH C4F9COOCH;
Air 3.69E-10 | 7.07E-10 | 6.77E-11 | 1.70E-02 | 3.27E-02 | 3.12E-03
Water | 9.03E-09 | 1.73E-08 | 1.66E-09 | 4.16E-01 | 8.00E-01 | 7.63E-02
Soil 3.00E-08 | 5.74E-08 | 5.49E-09 | 1.38E+00 | 2.66E+00 | 2.53E-01
CF,0 from E125 CF >0 from E125
Air 5.17E-10 | 9.91E-10 | 7.15E-11 | 2.38E-02 | 4.58E-02 | 3.30E-03
Water | 1.27E-08 | 2.42E-08 | 1.75E-09 | 5.83E-01 | 1.12E+00 | 8.08E-02
Soil 7.13E-12 | 1.37E-11 | 9.86E-13 | 3.29E-04 | 6.32E-04 | 4.56E-05
CF,0 from E134 CF >0 from E125
Air 7.84E-10 | 1.50E-09 | 1.44E-10 | 3.61E-02 | 7.01E-02 | 6.54E-03
Water | 1.92E-08 | 3.68E-08 | 3.52E-09 | 8.84E-01 | 1.72E+00 | 1.60E-01
Soil 1.08E-11 | 2.07E-11 | 1.98E-12 | 4.98E-04 | 9.67E-04 | 9.02E-05
CF20 from R152a CF 0 from R152a
Air 4.22E-10 | 8.10E-10 | 6.06E-11 | 1.94E-02 | 3.74E-02 | 2.79E-03
Water | 1.03E-08 | 1.98E-08 | 1.48E-09 | 4.76E-01 | 9.15E-01 | 6.84E-02
Soil 5.81E-12 | 1.12E-11 | 8.36E-13 | 2.68E-04 | 5.16E-04 | 3.85E-05
HF from R134a HF from R134a
Air 8.25E-11 | 1.58E-10 | 1.51E-11 | 3.80E-03 | 7.29E-03 | 6.97E-04
Water | 3.51E-09 | 6.72E-09 | 6.43E-10 | 1.62E-01 | 3.10E-01 | 2.97E-02
Soil 7.35E-11 | 1.41E-10 | 1.35E-11 | 3.39E-03 | 6.50E-03 | 6.21E-04
HF from R152a HF from R152a
Air 2.55E-10 | 4.91E-10 | 3.67E-11 | 1.18E+01 | 2.24E+01 | 1.68E+00
Water | 1.09E-08 | 2.09E-08 | 1.84E-13 | 5.01E+02 | 9.55E+02 | 7.16E+01
Soil 2.28E-10 | 4.38E-10 | 3.27E-11 | 1.05E+01 | 2.00E+01 | 1.50E+00
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Cont. Table 67

1 car German cars
A wcC BC A wcC BC
[pg/dm3] [ pg/dm3] | [pg/dm3] | [pg/dm?] | [ pg/dm?] | [ pg/dm?]
HF from E125 HF from R152a
Air 3.13E-10 | 6.00E-10 | 5.74E-11 | 1.44E+01 | 2.76E+01 | 2.66E+00
Water | 1.33E-08 | 2.56E-08 | 2.44E-09 | 6.14E+02 | 1.17E+03 | 1.13E+02
Soil 2.79E-10 | 5.35E-10 | 5.12E-11 | 1.29E+01 | 2.46E+01 | 2.37E+00
HF from E134 HF from R152a
Air 4.75E-10 | 9.11E-10 | 8.71E-11 | 2.19E+01 | 4.21E+01 | 4.02E+00
Water | 2.02E-08 | 3.88E-08 | 3.71E-09 | 9.33E+02 | 1.79E+03 | 1.71E+02
Soil 4.23E-10 | 8.12E-10 | 7.76E-11 | 1.95E+01 | 3.75E+01 | 3.58E+00
HCI from R30 HCI from R30
Air 3.94E-10 | 7.57E-10 | 6.63E-11 | 1.81E+01 | 3.50E+01 | 3.06E+00
Water | 1.87E-07 | 3.60E-07 | 3.15E-08 | 8.60E+03 | 1.66E+04 | 1.45E+03
Soil 1.74E-09 | 3.35E-09 | 2.93E-10 | 8.01E+01 | 1.55E+02 | 1.35E+01

Table 68: Concentrations of certain refrigerant degradatiadpcts in the

environmental compartments air, water, and soiutation based on refrigerant

emissions during one year of operation and Atmasphaning cloud model,
Scenario: WC — worst-case, A — average, BC — best-c

1 car German cars
A WC BC A wC BC
[pg/dm?] |[pg/dm3] | [pg/dm3] | [pg/dm3] | [ pg/dm3] | [ ug/dm?]
TFA TFA
Air 2.00E-11 | 3.82E-11 | 4.24E-12 | 9.22E-04 | 1.76E-03 | 1.95E-04
Water | 4.83E-07 | 9.20E-07 | 1.02E-07 | 2.22E+01 | 4.25E+01 | 4.70E+00
Soll 3.67E-13 | 7.00E-13 | 7.78E-14 | 1.69E-05 | 3.23E-05 | 3.57E-06
C3F7COOH C3F7COOH
Air 5.45E-11 | 1.04E-10 | 1.13E-11 | 2.51E-03 | 4.67E-03 | 5.19E-04
Water | 1.14E-08 | 2.17E-08 | 2.35E-09 | 5.24E-01 | 9.70E-01 | 1.08E-01
Soll 3.77E-08 | 7.19E-08 | 7.81E-09 | 1.74E+00 | 3.23E-01 | 3.59E-01
C4F9COOH C4F9COOH
Air 5.37E-11 | 1.03E-10 | 1.12E-11 | 2.48E-03 | 4.78E-03 | 5.14E-04
Water | 1.12E-08 | 2.14E-08 | 2.32E-09 | 5.17E-01 | 9.73E-01 | 1.07E-01
Soll 3.72E-08 | 7.09E-08 | 7.71E-09 | 1.72E+00 | 3.23E+00 | 3.55E-01
C4F9COOCH3 C4F9COOCH3
Air 2.68E-11 | 5.12E-11 | 5.59E-12 | 1.24E-03 | 2.36E-03 | 2.60E-04
Water | 6.56E-10 | 1.25E-09 | 1.37E-10 | 3.03E-02 | 5.77E-02 | 6.36E-03
Soil 2.18E-09 | 4.16E-09 | 4.54E-10 | 1.01E-01 | 1.92E-01 | 2.11E-02
C4F9CH,COOH C4F9COOCH3
Air 2.68E-11 | 5.12E-11 | 5.59E-12 | 1.24E-03 | 2.36E-03 | 2.60E-04
Water | 6.56E-10 | 1.25E-09 | 1.37E-10 | 3.03E-02 | 5.77E-02 | 6.36E-03
Soil 2.18E-09 | 4.16E-09 | 4.54E-10 | 1.01E-01 | 1.92E-01 | 2.11E-02
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Cont. Table 68

1 car German cars
A wcC BC A wcC BC
[Hg/dm3] |[ug/dm?3] | [pg/dm3] | [ pg/dm?] | [pg/dm?] | [ pg/dm?]
CF0 from E125 CF ,0 from E125
Air 3.76E-11 | 9.48E-11 | 7.94E-12 | 1.73E-03 | 4.36E-03 | 3.65E-04
Water | 9.19E-10 | 2.32E-09 | 1.94E-10 | 4.24E-02 | 1.07E-01 | 8.94E-03
Soil 5.18E-13 | 1.31E-12 | 1.10E-13 | 2.39E-05 | 6.02E-05 | 5.04E-06
CF,0 from E134 CF ,0 from E125
Air 5.70E-11 | 1.09E-10 | 1.20E-11 | 2.63E-03 | 5.15E-03 | 5.56E-04
Water | 1.39E-09 | 2.66E-09 | 2.94E-10 | 6.43E-02 | 1.26E-01 | 1.36E-02
Soil 7.86E-13 | 1.50E-12 | 1.66E-13 | 3.62E-05 | 7.09E-05 | 7.67E-06
CF,0 from R152a CF ;0 from R152a
Air 3.18E-11 | 7.09E-11 | 6.03E-12 | 1.47E-03 | 3.27E-03 | 2.78E-04
Water | 7.79E-10 | 1.74E-09 | 1.48E-10 | 3.59E-02 | 8.00E-02 | 6.79E-03
Soil 4.39E-13 | 9.78E-13 | 8.31E-14 | 2.02E-05 | 4.51E-05 | 3.83E-06
HF from R134a HF from R134a
Air 5.98E-12 | 1.15E-11 | 1.27E-12 | 2.76E-04 | 5.28E-04 | 5.84E-05
Water | 2.55E-10 | 4.87E-10 | 5.39E-11 | 1.18E-02 | 2.25E-02 | 2.49E-03
Soil 5.33E-12 | 1.02E-11 | 1.13E-12 | 2.46E-04 | 4.71E-04 | 5.21E-05
HF from R152a HF from R152a
Air 1.93E-11 | 4.30E-11 | 3.65E-12 | 8.88E-01 | 1.96E+00 | 1.68E-01
Water | 8.21E-10 | 1.83E-09 | 1.55E-10 | 3.78E+01 | 8.35E+01 | 8.43E-04
Soil 1.72E-11 | 3.83E-11 | 3.25E-12 | 7.91E-01 | 1.75E+00 | 1.50E-01
HF from E125 HF from R152a
Air 2.28E-11 | 4.35E-11 | 4.81E-12 | 1.05E+00 | 2.01E+00 | 2.22E-01
Water | 9.68E-10 | 1.85E-09 | 2.05E-10 | 4.47E+01 | 8.55E+01 | 1.11E-03
Soil 2.03E-11 | 3.87E-11 | 4.30E-12 | 9.37E-01 | 1.79E+00 | 1.97E-01
HF from E134 HF from R152a
Air 3.45E-11 | 6.59E-11 | 7.29E-12 | 1.59E+00 | 3.04E+00 | 3.36E-01
Water | 1.47E-09 | 2.80E-09 | 3.10E-10 | 6.78E+01 | 1.29E+02 | 5.60E+01
Soil 3.08E-11 | 5.87E-11 | 6.50E-12 | 1.42E+00 | 2.71E+00 | 2.99E-01
HCI from R30 HCI from R30
Air 2.97E-11 | 5.66E-11 | 5.61E-12 | 1.37E+00 | 2.62E+00 | 2.59E-01
Water | 1.41E-08 | 2.69E-08 | 2.66E-09 | 6.50E+02 | 1.24E+03 | 3.14E+01
Soil 1.31E-10 | 2.50E-10 | 2.48E-11 | 6.05E+00 | 1.16E+01 | 1.15E+00
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A8 Results of METEOR
Table 69: Weights of selected stability fields

Aggregation Specific weights

¢5 ¢4 ¢3 @2 ¢l g5 g4 g3 g2 gl

S511 | S411 |S31|sS21|sS11|031 |038]005]| 018 | 0.05

S512 | S411 |S31(S21|S11|0625]038]005]| 018 | 0.05

S513 | S411 |[S31(S21|sS11|069 |038]|005]| 018 | 0.05

S514 | S411 |S31|sS21|S11|079 |038]|005]| 018 | 0.05

S515 | S411 [S31(S21|S11|094 |038]005]| 018 | 0.05

S521 | S412 |S31(S21|S1.1|0235]|062]|005]| 018 | 0.05

S522 | S412 |S31|sS21|S11)|0695|062]|005]| 018 | 0.05

S523 | S412 |S31|sS21|S11)|085]|062]|005]| 018 | 0.05

S524 | S412 |S31(S21|S11|09 |062]|005]| 018 | 0.05

S531 | S421 [S32|sS21|S1.1|0095|029]|081| 018 | 0.05

S532 | S421 |S32|s21|sS11|054 |029]|081| 018 | 0.05

S533 | S421 [S32|s21|s11|08 |029]|081]| 018 | 0.05

S541 | S422 | S32|S2.1|S1.1|0625]046]|081]| 018 | 0.05

S542 | S422 | S32|S21|S1.1|0845|046|081| 018 | 0.05

S543 | S422 |S32|sS21|S11|093 |046]|081]| 018 | 0.05

S551 | S423 [S32(sS21|sS1.1|065 |065]|081| 018 | 0.05

S552 | S423 |[S32|sS21|S1.1|0845|065]|081| 018 | 0.05

S561 | S431 |S31|S22|S11|0095]|045]|005]| 034 | 005

S562 | S431 [S31(S22|S1.1|0225]045]005]| 034 | 005

S563 | S431 [S31(S22|sS1.1]|031 |045]|005]| 034 | 005

S564 | S431 |S31|S22|sS11|051 |045]|005]| 034 | 0.05

S565 | S431 | S31(S22|S1.1|063 |045]|005]| 034 | 005

S566 | S431 |S31(S22|S1.1|069 |045]|005]| 034 | 005

S567 | S431 |S31(sS22|sS11|079 |045]|005]| 034 | 005

S568 | S431 |S31(S22|S11|084 |045]|005]| 034 | 0.05

S569 | S431 [S31(S22|S1.1|0905]|045]005]| 034 | 005

S56.10 | S431 |S31|S22|S1.1]097 |045]|005| 034 | 0.05

S571 | S432 |S31|sS22|sS11|068 |067]|005]| 034 | 005

S572 | S432 |S31|S22|S11|085]|067]|005]| 034 | 005

S581 | S441 [S32(sS22|sS1.1|003 |009]|081]| 034 | 005
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Cont. Table 69

Aggregation Specific weights
@5 @4 P3 | @2 Pl 9> | 94 | 93 | 92 g1
S5 8 2 S4 41 |S32|S22|S1.1|089 |0.09]|081]| 034 | 0.05
S59 1 S4 42 |S32|S22|S1.1|08 0.3 | 0.81 | 0.34 | 0.05
S5.9 2 S4 42 |S32|S2.2|S1.1|0905 | 03 |081]| 034 | 0.05
S5101 | S443 |S32|S22|S1.1|0135|0.47 |0.81| 0.34 | 0.05
S5102 | S443 |S32|S22|S1.1|071 |047|0.81| 0.34 | 0.05
S5103 | S443 |S32|S22|S1.1 0785|047 |0.81| 0.34 | 0.05
S5104 | S443 |S32|S22|S1.1|085 |047|0.81| 0.34 | 0.05
S5 105 | S443 |S32|S22|S1.1|093 |047 |0.81| 0.34 | 0.05
S511.1 | S451 |S31|S2.3|S1.1|0.36 0.3 | 0.05 | 0.55 | 0.05
S511 2 | S451 |S31|S2.3|S1.1|069 | 0.3 | 0.05| 055 | 0.05
S511 3 | S451 |S31|S23|S1.1|0825| 03 |0.05]| 055 | 0.05
S511 4 | S451 |S31|S23|S1.1]|0.92 0.3 | 0.05 | 0.55 | 0.05
S5121 | S452 |S31|S2.3|S1.1|003 |052]|0.05]| 055 | 0.05
S512 2 | S452 |S31|S2.3|S1.1|051 |052]|0.05]| 055 | 0.05
S512 3 | S452 |S31|S2.3|S1.1|0.79 |052]|0.05| 055 | 0.05
S512 4 | S452 |S31|S2.3|S1.1|092 |052]|0.05]| 055 | 0.05
S513.1 | S453 |S31|S2.3|S1.1|0.065| 0.7 | 0.05| 055 | 0.05
S513.2 | S453 |S31|S23|8S1.1|021 0.7 | 0.05 | 0.55 | 0.05
S513.3 | S453 |S31|S23|S1.1|055 0.7 | 0.05 | 0.55 | 0.05
S5 13 4 | S453 |S31|S2.3|S1.1 | 0.68 0.7 | 0.05 | 0.55 | 0.05
S5 135 | S453 |S31|S23|S1.1|079 | 0.7 |0.05]| 055 | 0.05
S5 136 | S453 |S31|S23|S1.1|0875| 0.7 | 0.05]| 055 | 0.05
S513.7 | S453 |S31|S2.3|S1.1|0945| 0.7 | 0.05| 0.55 | 0.05
S514 1 | S46.1 |S32|S2.3|S1.1|0.125|0.18 | 0.81 | 0.55 | 0.05
S514 2 | S46.1 |S32|S23|S1.1|033 |0.18|0.81| 055 | 0.05
S514 3 | S46.1 |S32|S23|S1.1|0805|0.18|0.81| 055 | 0.05
S5 144 | S46.1 |S32|S2.3|S1.1|091 |0.18|0.81| 055 | 0.05
S5151 | S4 6.2 |S32|S23|S1.1|0775|032]|0.81| 055 | 0.05
S5152 | S4 6.2 |S32|S2.3|S1.1|0905|032]|0.81| 055 | 0.05
S516.1 | S46 3 |S32|S2.3|S1.1|0.105|0.61|0.81| 055 | 0.05
S516 2 | S46 3 | S32|S2.3|S1.1|059 |061]|081| 055 | 0.05
S516 3 | S4 6.3 | S32|S2.3|S1.1|082 |061]|081| 055 | 0.05
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S516 4 | S46.3 | S32|S23|S1.1]0875/|061|081L| 055 | 0.05

S516 5 | S46.3 | S32|S23|S1.1 0945|061 |0.81| 055 | 0.05

S517 1 | S46 4 | S32|S23|S1.1|0.035]|085]|081| 055 | 0.05

S517.2 | S46.4 | S32|S23|S11]011 |085]|081| 055 | 0.05

S517.3 | S46.4 | S32|S23|S1.1]0.295|085]|081| 055 | 0.05

S517 4 | S464 | S32|S23|S1.1|0.365]|085]|08L| 055 | 0.05

S517 5 | S464 | S32|S23|S11 0395 |085]|081| 055 | 0.05

S517.6 | S4 6.4 | S32|S23|S1.1 0485 085|081 | 055 | 0.05

S517 7 | S464 | S32|S23|S1.1|0545|0.85]|0.81| 055 | 0.05

S517 8 | S46 4 | S32|S23|S11|0635]|085]|081| 055 | 0.05

S517.9 | S4 6.4 | S32|S23|S1.1]068 |085]|08L| 055 | 0.05

S5.17 10 | S4.6.4 |S3.2|S23| S1.1]0.745| 085|081 | 055 | 0.05

S5.17 11 | S4 6.4 |S3.2|S23| S1.1]0.795| 085|081 | 055 | 0.05

S5.17 12 | S4 6.4 |S3.2|S23|sS1.1]085 | 085|081 | 055 | 0.05

S5.17 13| S4. 6.4 |S3.2[S23|sS1.1]|091 | 085|081 | 055 | 0.05

S5.17 14 | S4 6.4 | S3.2|S23|S1.1]|09 |085|081| 055 | 0.05

S518 1 | S471 |S31|S24|S11|021 |0.28]0.05]|0.905]| 0.05

S518 2 | S47.1 |S31|S24|S11]06 |0.28]|0.05]|0905]| 005

S518 3 | S4.7.1 | S3.1|S24|S1.1]069 |0.28]|0.05]|0905]| 0.05

S518 4 | S4 71 | S31|S24|S1.1|0.825]0.28]0.05|0.905]| 0.05

S518 5 | S4.7.1 | S3.1|S24|S1.1 0925/ 0.28]|0.05| 0905 ]| 0.05

S518 6 | S47.1 | S3.1|S24|S1.1]098 |0.28]|0.05]|0905]| 0.05

S5191 | S472 | S31|S24|S1.1|003 |046]|0.05]|0.905]| 0.05

S5192 | S47 2 | S31|S24|S1.1|0.925] 046 0.05| 0905 ]| 0.05

S5201 | S473 |S31|S24/|S11]007 |066]|0.05]|0905]| 0.05

S5202 | S473 |S31|S24/|S1.1]0925]0.66]|0.05]| 0905/ 0.05

S521 1 | S481 |S32|S24|S11|003 |004]|0.81|0.905]| 0.05

S521 2 | S481 |S32|S24/|S1.1]0.895]0.04]|0.81|0905]| 0.05

S5221 | S482 |S32|S24|sS11]08 |0.15]|0.81|0.905]| 0.05

S5 222 | S482 | S32|S24|S1.1|0.905]0.15]| 0.81 | 0.905 | 0.05

S5231 | S483 |S32|S24|S11|079 |0.24]|0.81|0.905]| 0.05

S5232 | S483 |S32|S24/|S1.1]0905]|0.24]|0.81|0905]| 0.05
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S5 24 S484 |S32|S2.4|S1.1|0905 | 03 |0.81]0.905| 0.05

S5 25 S485 |S32|S24|S1.1|09 0.37 | 0.81 | 0.905 | 0.05

S5_26 S486 |S32|S2.4|S1.1 | 0905|043 | 0.81 | 0.905 | 0.05
S5 271 | S487 |S32|S2.4|S1.1|0.115 | 0.49 | 0.81 | 0.905 | 0.05
S5 272 | S487 |S32|S24|S1.1|076 |0.49|0.81|0.905 | 0.05
S5 273 | S487 |S32|S2.4|S1.1|091 |0.49|0.81 | 0.905 | 0.05
S5 281 | S488 |S32|S2.4|S1.1|0.08 | 057 | 0.81 | 0.905 | 0.05
S5 282 | S488 |S32|S24|S1.1|092 |057|0.81]|0.905| 0.05
S5291 | S489 |S32|S24|S1.1|0.8 0.66 | 0.81 | 0.905 | 0.05
S529 2 | S489 |S32|S2.4|S1.1|0.935 | 0.66 | 0.81 | 0.905 | 0.05
S5 301 | S4810|S32|S24|S1.1|006 |0.75]|0.81|0.905 | 0.05
S5 30 2 | S4810|S32|S24|S1.1|013 |0.75| 0.81 | 0.905 | 0.05
S530.3 | S4810|S32|S2.4|S1.1|051 |0.75]|0.81 | 0.905| 0.05
S5304 | S4810|S32|S2.4|S1.1|081 |0.75]|0.81 | 0.905| 0.05
S5 305 | S4810|S32|S24|S1.1|094 |0.75]|0.81 | 0.905| 0.05
S531.1 | S4811|S32|S2.4|S1.1|0.03 | 0.8 | 0.81 | 0.905 | 0.05
S5 31 2 | S4811|S32|S2.4|S1.1 0355 | 0.8 | 0.81|0.905 | 0.05
S5 31.3 | S4811|S32|S2.4|S1.1|0945| 0.8 | 0.81 | 0.905 | 0.05
S6 .11 S411 |S31|S21|S12|0875|0.38]|0.05]| 018 | 0.21
S6_1_ 2 S4 11 |S31|S2.1|S1.2|0965|0.38|0.05| 018 | 0.21
S6 2 1 S412 |S31|S21|S1.2|0815|062]|0.05]| 018 | 0.21
S6 2 2 S4 .12 |S31|S21|S1.2|0945 | 0.62|0.05| 0.18 | 0.21

S6_3 S421 |S32|S2.1|S1.2|0915|0.29|0.81| 018 | 0.21

S6_4 S422 |S32|S2.1|S1.2|089 |046|081| 018 | 0.21

S6_5 S4 23 |S32|S21|S1.2|089 |065]|081| 018 | 0.21
S6 6 1 S4 31 |S31|S22|S1.2|0865|045|0.05| 034 | 0.21
S6_6_2 S431 |S31|S22|S1.2 |09 |045|0.05| 034 | 0.21
S6 7 1 S4 32 |S31|S22|S1.2|0705| 067 |005]| 034 | 021
S6 7 2 S4 32 |S31|S22|S1.2|083 |067]|005]| 034 | 021
S6_7_3 S432 |S31|S22|S1.2|094 |067|005]| 034 | 021

S6_8 S4 41 |S32|S2.2|S1.2|0915|0.09 | 081 | 034 | 0.21

S6_9 S4 42 |S32|S22|S1.2|0915| 03 |081| 034 | 0.21
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S6.10 | S443 |S32|s22|S1.2]0895 047|081 034 | 0.21

S6.111 | S451 | S31|S23|s12]0825]| 03 |005]| 055 | 021

S6.11 2 | S451 | S31|S23|S12)|0895| 03 |005| 055 | 0.21

S6.113 | S451 [ S31|S23|s12]097 | 03 |005]| 055 | 021

S6.121 | S452 | S3.1|S23|s12]0025/(052|005]| 055 | 021

S6.12 2 | S452 | S3.1|S2.3|S12|0495]|052]|005| 055 | 0.21

S6.123 | S452 | S31|S23|S12)|078 |052]|005| 055 | 0.21

S6.12 4 | S452 | S31|S23|s12]0875|052|005| 055 | 021

S6.125 | S452 | S31|S23|S12)|09 |052]|005| 055 | 0.21

S6.13 1 | S453 | S31|S23|S12|056 | 07 |005| 055 | 0.21

S6.13 2 | S453 | S31|S23|sS12]0845| 07 |005]| 055 | 021

S6.133 | S453 | S31|S23|s12]094 | 07 |005]| 055 | 021

S6.14 | S46.1 |S32|S23|S12]092 |018|081| 055 | 0.21

S6.15 | S4 62 |S32|S23|S12|091 |032|081]| 055 | 0.21

S6.16 | S463 |S32|sS23|S1.2]094 |061|081]| 055 | 0.21

S6.17 1 | S4 64 | S32|S2.3|S12|0425|085]|081| 055 | 0.21

S6.17 2 | S46 4 | S32|S23|S12|051 |085]|081| 055 | 0.21

S6.17.3 | S46.4 | S32|S23|S12]0695|085|081| 055 | 021

S6. 17 4 | S4 6.4 | S32|S23|sS12]0955|085|081| 055 | 021

S6.18 1 | S47 1 | S3.1|S24|S12 | 0345|028 |0.05| 0905 | 0.21

S6.18 2 | S4.7.1 | S3.1|S24|s12]0825](0.28]|0.05]|0905| 021

S6.18 3 | S4.7.1 | S3.1|S24|sS12|0895]0.28]|0.05]|0905| 021

S6.18 4 | S4 7.1 | S3.1|S2.4|S12|097 |028]0.05]|0.905]| 021

S6.19 1 | S47 2 | S31|S24|S12|0.32 |046]|0.05]|0905]| 021

S6.19 2 | S472 |S31|S24|s12]08 |046|0.05]|0905]| 021

S6.19 3 | S472 | S3.1|S24|S12|0845]| 046 |0.05 0905 | 021

S6.19 4 | S47 2 | S31|S24|S12| 0895|046 |0.05]|0905| 021

S6.195 | S472 | S3.1|S24|s12]096 |046|0.05]|0905]| 021

S6.201 | S473 |S3.1|S24|s12]0555]066]|0.05]|0905| 021

S6.202 | S473 |S31|S24|S12| 0955|066 0.05]|0.905]| 021

S6.21 | S481 |S32|S24|S12]|0915|004|081]0.905]| 0.21

S6.22 | S482 |S32|s24|sS12]0915|015 0810905 0.21
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S6_23 S483 |S32|S24|S1.2 (091 |024]0.81]0.905| 021

S6_24 S484 |S32|S24|S1.2|091 0.3 | 0.81 | 0.905 | 0.21

S6_25 S4 85 |S32|S2.4|S1.2|0.925|0.37|0.81]|0.905 | 021

S6_26 S4 86 |S32|S24|S1.2 (0935|043 |0.81|0.905| 0.21

S6_27 S487 |S32|S24|S1.2 (094 |0.49|0.81]|0.905 | 021
S6.28.1 | S488 |S32|S24|S1.2|007 |057]|081]|0905| 021
S6. 28 2 | S488 |S32|S2.4|S1.2 | 0695|057 |0.81]|0.905| 021
S6 283 | S488 |S32|S24|S1.2 |09 |057|0.81]|0905| 021
S6.29 1 | S489 |S32|S24|S1.2 | 0615 | 0.66 | 0.81 | 0.905| 0.21
S6.29 2 | S489 |S32|S24|S1.2|0.725| 0.66 | 0.81 | 0.905 | 0.21
S629 3 | S489 |S32|S24|S1.2|0955 |0.66|0.81|0905| 021
S6 301 | S4810|S32|S24|S1.2|014 |0.75|0.81 | 0.905| 0.21
S6.30_ 2 | S48 10| S32|S2.4|S1.2 | 0405 | 0.75| 0.81 | 0905 | 0.21
S6.30.3 | S48 10 |S32|S2.4|S1.2 | 0535|075 | 0.81 | 0.905 | 0.21
S6 304 | S4810|S32|S24|S1.2|0735|0.75|0.81 | 0.905| 0.21
S6.30.5 | S48 10 |S32|S2.4|S1.2 |09 0.75 | 0.81 | 0.905 | 0.21
S6.30 6 | S4810|S32|S2.4|S1.2 |09 |0.75]|0.81|0.905| 021
S6 311 | S4.8.11 |S32|S24|S1.2 | 046 0.8 | 0.81 | 0.905 | 0.21
S6 31 2 | S4.8.11 |S32|S24|S1.2 | 055 0.8 | 0.81 | 0.905 | 0.21
S6 313 | S4811 |S32|S2.4|S1.2 | 0.74 0.8 | 0.81 | 0.905 | 0.21
S6 31 4 | S4.8.11 | S3 2 |S2.4| S1.2 | 0.96 0.8 | 0.81 | 0.905 | 0.21
S7.11 S411 |S31|S21|S1.3|0.28|0.38]|0.05| 018 | 0.575
S7.1.2 S411 |S31|S2.1|S1.3|0.675]|0.38 | 0.05| 0.18 | 0.575
S7.1.3 S411 |S31|S2.1|S1.3|0.77 |038]|0.05]| 018 | 0.575
S7 .14 S411 |S31|S21|S1.3|086 |038]|0.05]| 018 | 0.575
S7.15 S411 |S31|S21|S1.3 093 |0.38]|0.05| 018 | 0.575

S7_2 S412 |S31|S2.1|S1.3 | 085 |062]|0.05]| 018 | 0.575
S7.31 S421 |S32|S21|S1.3|036 |029]|081]| 018 | 0.575
S7.32 S421 |S32|S21|S1.3|077 |029]|081]| 018 | 0.575
S7.3 3 S421 |S32|S2.1|S1.3|083|029]|081| 018 | 0.575
S7.41 S422 |S32|S2.1|S1.3|0.105 | 0.46 | 0.81 | 0.18 | 0.575
S7 42 S4 22 |S32|S21|S1.3|0.645 | 0.46 | 0.81| 0.18 | 0.575
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S743 | S422 |S32|S21|S13)|0805]046]|081| 018 | 0.575

S744 | S422 | S32|S2.1|S13)|0885|046]|081| 018 | 0.575

S745 | S422 | S32|S21|S13| 0965|046 |0.81| 018 | 0.575

S751 | S423 [S32|S21|S13|061 |065]|081| 018 | 0.575

S752 | S423 |S32|S21|S13|0675]|065]|081| 018 | 0.575

S753 | S423 |S32|S21|S13|0.765|065]|0.81| 018 | 0.575

S754 | S423 |S32|S21|S13)0875|065]|0.81| 018 | 0.575

S755 | S423 [S32|S21|S13|097 |065]|081| 018 | 0.575

S761 | S431 |S31|S22|S13|026 |045]|0.05]| 034 | 0575

S762 | S431 |S31|S22|S13)|086 |045]|0.05]| 034 | 0575

S7 71 | S432 |S31|S22|S13|0535]067]|005]| 034 | 0575

S7 72 | s432 |S31|S22|S13|0665]067]|005]| 034 | 0575

S7 73 | S432 |S31|S22|S13|0665]067]|005]| 034 | 0575

S7 74 | S432 |S31|S22|S13|0875|067]|005]| 034 | 0575

S7 75 | S432 |S31|S22|S13)|097 |067]|005]| 034 | 0575

S7.8 S441 |S32[S22|S13|0925]|009|081| 034 | 0575

S791 | S442 |S32|S22|S13)|0145| 0.3 |0.81| 0.34 | 0575

S792 | s442 |S32|sS22|S13|0365| 03 |081| 034 | 0575

S793 | S442 |S32|S22|S13)|0855]| 03 |081| 034 | 0575

S794 | S442 |S32|S22(S13|095 | 03 |081| 034 | 0575

S7.101 | S443 | S32|S22|s1.3]003 |047|081| 034 | 0575

S7102 | S443 |S32|S22|s13]021 |047|081| 034 | 0575

S7103 | S443 | S32|S22|S1.3|031 |047|081| 034 | 0575

S7104 | S443 | S32|S22|S1.3|036 |047|081| 034 | 0575

S7.105 | S443 | S32|S22|s1.3]0655]|047|081| 034 | 0575

S7.106 | S4 43 | S32|S22|s13]0735|047|081| 034 | 0575

S7107 | S443 | S32|S22|S1.3|078 |047|0.81| 034 | 0575

S7.108 | S4 43 | S32|S22|S1.3]0845| 047|081 034 | 0575

S7.109 | S443 |S32|S22|s13]09 |047|081| 034 | 0575

S7.10 10 | S4 43 | S3.2|S2 2| S1.3 | 0965|047 |081| 034 | 0575

S7111 | S451 |S31|S23|S13|0.3 0.3 | 005 | 055 | 0575

S7 112 | S451 |S31|S23|s13]0735]| 03 |005| 055 | 0575

A-53



Attachment

Cont. Table 69

Aggregation Specific weights
@5 @4 P3 | @2 Pl 9> | 94 | 93 | 92 g1

S7.11.3 | S451 |S31|S23|S1.3|0925| 03 |0.05| 055 |0.575
S7.12.1 | S452 |S31|S23|S1.3|002 |052]|0.05]| 055 |0.575
S7.12.2 | S4 52 |S31|S23|S1.3|052 |052]|0.05]| 055 |0.575
S7.12.3 | S452 |S31|S23|S1.3|063 |052]|0.05]| 055 |0.575
S7.12 4 | S4 52 |S31|S23|S1.3|074 |052]|0.05]| 055 |0.575
S7.125 | S452 |S31|S2.3|S1.3|0.885|052]|0.05]| 055 |0.575
S7.12. 6 | S452 |S31|S23|S1.3|094 |052]|0.05]| 055 |0.575
S7.12. 7 | S4 52 |S31|S23|S1.3|098 |052]|0.05| 055 |0.575
S7.13.1 | S453 |S31|S2.3|S1.3|0.18 0.7 | 0.05 | 0.55 | 0.575
S7.13.2 | S453 |S3.1|S2.3|S1.3 | 0.02 0.7 | 0.05 | 0.55 | 0.575
S7.13.3 | S453 |S31|S23|S1.3]|0.61 0.7 | 0.05 | 0.55 | 0.575
S7.13.4 | S453 |S31|S23|S1.3|073 | 07 |0.05]| 055 |0.575
S7 135 | S453 |S31|S2.3|S1.3|0.79 0.7 | 0.05 | 0.55 | 0.575
S7 .13 6 | S4 53 |S3.1|S2.3|S1.3 | 0.87 0.7 | 0.05 | 0.55 | 0.575
S7.13.7 | S453 |S31|S23|S1.3|0915| 0.7 | 0.05| 055 | 0.575
S7.13.8 | S4 53 |S3.1|S2.3|S1.3 | 0.97 0.7 | 0.05 | 0.55 | 0.575

S7_14 S4 6.1 |S32|S2.3|S1.3 093 |0.18|0.81| 055 | 0.575
S7.151 | S4 6.2 |S32|S2.3|S1.3|0.045|0.32|0.81| 055 | 0.575
S7.152 | S4 62 |S32|S23|S1.3|033 |032]|081]| 055 |0.575
S7.153 | S4 6.2 |S32|S2.3|S1.3|0.765| 0.32 | 0.81| 055 | 0.575
S7.154 | S4 6.2 |S32|S2.3|S1.3 0945|032 |0.81| 055 | 0.575
S7.16.1 | S46 3 |S32|S23|S1.3| 0115|061 | 0.81| 055 | 0.575
S7.16.2 | S46 3 |S32|S2.3|S1.3|015 |061|0.81| 055 |0.575
S7.16.3 | S46 3 |S32|S2.3|S1.3|0.185 | 0.61 | 0.81| 055 | 0.575
S7.16.4 | S4 6.3 |S32|S23|S1.3 0215|061 |081| 055 |0.575
S7.165 | S46 3 |S32|S23|S1.3|0.255|061|081| 055 |0.575
S7.16 6 | S4 6 3 | S3 2 |S2.3|S1.3 | 0445|061 | 0.81 | 0.55 | 0.575
S7.16.7 | S46 3 |S32|S23|S1.3|0475| 061|081 | 055 |0.575
S7.16.8 | S46 3 | S32|S23|S1.3 0515|061 |0.81| 055 |0.575
S7.16.9 | S46 3 |S32|S2.3|S1.3|0585|061|081| 055 |0.575
S7.16_10 | S4 6.3 | S3.2|S2.3| S1.3 | 0.695|0.61|0.81| 055 | 0575
S7 1611 | S4 6 3 | S32|S2.3|S1.3|0.745| 0.61 | 0.81 | 0.55 | 0.575
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Attachment

Cont. Table 69

Aggregation Specific weights

¢5 ¢4 ¢3 @2 ¢l g5 g4 g3 g2 gl

S7.16 12| S4 6.3 |S3.2|S23|sS1.3 079 |061|081| 055 | 0575

S7.16 13| S46.3 | S3.2|S23|S1.3]0835|061|081| 055 | 0575

S7 16 14 | S4 6.3 | S3.2|S23|S1.3 089 |061|081| 055 | 0575

S7.16 15| S46.3 | S3.2|S23|S1.3 0925|061 |081| 055 | 0575

S7.16 16 | S4 6.3 | S3.2|S23|S1.3 097 |061|081| 055 | 0575

S7171 | S464 | S32|S23|S1.3|0.37 |085]|081| 055 | 0575

S7172 | S464 | S32|S23|S1.3|0605]|085]|0.81| 055 | 0575

S7.17.3 | S46.4 | S32|S23|S1.3]0685|085|081| 055 | 0575

S717 4 | S464 | S32|S2.3|S1.3|0.765|085]|0.81| 055 | 0.575

S7175 | S464 | S32|S23|S1.3|0.825]|085]|0.81| 055 | 0575

S7 176 | S46.4 | S32|S23|s1.3]0975|085|081| 055 | 0575

S718 | S4 71 |S31|S24|S1.3]0905]|0.28|005]0.905 | 0575

S7191 | S472 | S31|S2.4|S1.3|0.02 |046|0.05]|0.905| 0575

S7192 | S47 2 | S31|S24|S1.3|026 |046|0.05]|0.905| 0575

S7.193 | S472 |S31|S24|s13]|052 |046|0.05]| 0905|0575

S7194 | S47 2 | S3.1|S24|S1.3|0.765 | 0.46 | 0.05 | 0.905 | 0.575

S7195 | S47 2 | S31|S24|S1.3|083 |046|0.05]|0.905 | 0575

S7.196 | S472 | S31|S24|s13]092 |046/|0.05]| 0905|0575

S7.197 | S472 |S31|S24|s13]098 |046|0.05]| 0905|0575

S7201 | S473 |S31|S24|S13| 0525|066 | 0.05]| 0.905 | 0575

S7202 | S473 |S31|S24|s13]|078 |066]|0.05]| 0905|0575

S721 | S481 |S32|S24|S1.3]0925|004|081]0.905| 0575

S722 | S482 |S32[S24|S13|094 |015]|081]0.905| 0575

S7 231 | S483 |S32|S24|S1.3|004 |024]|0.81]|0.905| 0575

S7232 | S483 |S32|S24|s13]|07 |024]|081|0905]| 0575

S7.233 | S483 |S32|S24|S1.3]0945]|0.24|0.81 0905|0575

S7 241 | S484 | S32|S24|S1.3|0035]| 03 |0.81|0.905 | 0575

S7.24 2 | S484 | S32|S24|sS1.3]0225]| 03 |0.81|0905 | 0575

S7 243 | S484 |S32|S24|s1.3]032 | 03 |081|0905| 0575

S724 4 | S484 | S32|S24|S1.3)|0875| 0.3 |0.81|0.905 | 0.575

S7 245 | S484 | S32|S24|S1.3|095 | 03 |0.81|0.905 | 0575

S7 251 | S485 |S32|S24|s1.3]0.025]|0.37 0810905 | 0575
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Attachment

Cont. Table 69

Aggregation Specific weights
@5 @4 P3 | @2 Pl 9> | 94 | 93 | 92 g1
S7.252 | S485 |S32|S24|S1.3 074 |037]|0.81]|0.905 | 0.575
S7 253 | S485 |S32|S24|S1.3|082 |037]|0.81]|0.905 | 0.575
S7.25 4 | S485 |S32|S2.4|S1.3 | 0.955 | 0.37 | 0.81| 0.905 | 0.575
S726.1 | S486 |S32|S24|S1.3|0.18 | 0.43|0.81| 0.905 | 0.575
S726.2 | S486 |S32|S24|S1.3 | 0255|043 0.81| 0.905 | 0.575
S7.26.3 | S4 86 |S32|S24|S1.3 | 0475 0.43 | 0.81 | 0.905 | 0.575
S7.26.4 | S486 |S32|S24|S1.3|0.78 | 043 0.81| 0.905 | 0.575
S7 265 | S486 |S32|S24|S1.3| 083 |0.43|0.81| 0.905 | 0.575
S7.26.6 | S4 86 |S32|S24|S1.3 | 0955 |0.43 | 0.81| 0.905 | 0.575
S7.27.1 | S487 |S32|S2.4|S1.3|0.775| 0.49 | 0.81 | 0.905 | 0.575
S7 272 | S487 |S32|S24|S1.3|0.845 | 0.49 | 0.81 | 0.905 | 0.575
S7 273 | S487 |S32|S24|8S1.3 |09 |0.49|0.81|0.905 | 0.575
S7.28.1 | S488 |S32|S24|S1.3 | 0535|057 |0.81| 0.905 | 0.575
S7.282 | S488 |S32|S24|S1.3|0.79 | 057 |0.81]|0.905 | 0.575
S7 283 | S488 |S32|S24|S1.3 |09 |057]|0.81]|0.905|0.575
S7.291 | S489 |S32|S24|S1.3|0.185 | 0.66 | 0.81 | 0.905 | 0.575
S7.292 | S489 |S32|S24|S1.3 | 0475 | 0.66 | 0.81 | 0.905 | 0.575
S7293 | S489 |S32|S24|S1.3|0.8 0.66 | 0.81 | 0.905 | 0.575
S7294 | S489 |S32|S24|S1.3|09 |0.66|0.81|0.905|0.575
S7.30.1 | S4810|S32|S2.4| S1.3 | 0815 | 0.75 | 0.81 | 0.905 | 0.575
S7.30_2 | S4.8.10|S32|S2.4| S1.3 | 0.965 | 0.75 | 0.81 | 0.905 | 0.575
S7.31.1 | S4811|S32|S24|S1.3|0815| 0.8 | 0.81 | 0.905 | 0.575
S7.31.2 | S4811 |S32|S2. 4| S1.3 | 0965 | 0.8 | 0.81 | 0.905 | 0.575
S8 1.1 S411 |S31|S2.1|S1.4|0.815|0.38|0.05| 0.18 | 0.785
S8 12 S4.11 |S31|S21|S1.4|0.965|0.38]|0.05| 018 | 0.785
S8 2 1 S4.12 |S31|S21|S1.4]|02 0.62 | 0.05 | 0.18 | 0.785
S8 2 2 S412 |S31|S2.1|S1.4|0.365|0.62 | 0.05| 0.18 | 0.785
S8 2 3 S412 |S31|S21|S1.4|056 |062]|0.05| 018 | 0.785
S8 2 4 S4.12 |S31|S21|S1.4]|0.645 | 0.62 | 0.05| 0.18 | 0.785
S8 2 5 S412 |S31|S21|S1.4| 079 | 062 | 0.05| 018 | 0.785
S8 2 6 S412 |S31|S2.1|S1.4| 085 | 0.62|0.05| 0.18 | 0.785
S8 2 7 S4.12 |S31|S2.1|S1.4 0.9 | 0.62 | 0.05| 0.18 | 0.785
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Cont. Table 69

Aggregation Specific weights

¢5 ¢4 ¢3 @2 ¢l g5 g4 g3 g2 gl

S8 28 | S412 |S31|S21|S14| 09 |062]|005]| 018 | 0.785

S8 31 | S421 |S32|S21|S14| 004 |029]|081| 018 | 0.785

S8 32 | S421 |S32|S21|S14| 029 |029]|081| 018 | 0.785

S8 33 | S421 |S32|S21|S14| 091 |029]0.81| 018 | 0.785

S8 41 | S422 |S32|S21|S14| 023 |046]|081| 018 | 0.785

S8 42 | S422 |S32|S21|S14| 002 |046]|0.81| 018 | 0.785

S8 43 | S422 |S32|S21|S14| 061 |046]|0.81| 018 | 0.785

S8 44 | S422 |S32|S21|S14| 071 |046]|081| 018 | 0.785

S8 45 | S422 |S32|S21|S14| 078 | 046|081 | 018 | 0.785

S8 46 | S422 |S32|S21|S14)0915|046|0.81| 018 | 0.785

S8 47 | S422 |S32|S2.1|S14)0975|046]|081| 018 | 0.785

S8 51 | S423 [S32|S21|S14| 014 |065]|0.81| 0.18 | 0.785

S8 52 | S423 |S32|sS21|S14| 051 |065]|0.81| 018 | 0.785

S8 53 | S423 |S32|S21|S14)0565]065]|0.81| 018 | 0.785

S8 54 | S423 [S32|S21|S14)0625]065]|081| 018 | 0.785

S8 55 | S423 |[S32|S21|S14| 068 |065]|0.81| 018 | 0.785

S8 56 | S423 |S32|S21|S14| 079 |065]|0.81| 018 | 0.785

S8 57 | S423 |S32|S21|S14| 09 |065]|081| 018 | 0.785

S8 61 | S431 |S31|S22|S14| 028 |045]|0.05]| 034 | 0.785

S8 62 | S431 |S31|S22|S14| 093 |045]|0.05]| 034 | 0.785

S8 71 | S432 |S31|S22|S14)0.195]067]|0.05]| 034 | 0.785

S8 72 | S432 |S31|S22|S14)0665]067]|005]| 034 |0.785

S8 73 | S432 |S31|S22|S14)079 |067]|005]| 034 |0.785

S8 74 | S432 |S31|S22|S14)0845|067|0.05]| 034 | 0.785

S8 75 | S432 |S31|S22|S14| 095 |067]|005]| 034 | 0.785

S8 8 S441 |S32[S22|S14| 091 |009|081]| 034 |0.785

S8 91 | S442 |S32|S22|S14)0025]| 03 |081| 034 |0.785

S892 | S442 |S32|s22|s14| 03 | 03 |081| 034 |0.785

S893 | S442 |S32|S22|S14)|0935]| 03 |081| 034 |0.785

S8.101 | S443 | S32|S22|S1.4| 0035|047 |081| 034 | 0.785

S8.102 | S443 | S32|S22|S14| 0215|047 |0.81| 034 | 0.785

S8 103 | S4 43 | S32|S2 2| S1.4]0635]|047|081| 034 |0.785
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Attachment

Cont. Table 69

Aggregation Specific weights
@5 @4 P3 | @2 Pl 9> | 94 | 93 | 92 g1
S8 104 | S443 |S32|S22|8S1.4| 078 | 047 |0.81| 0.34 | 0.785
S8 105 | S443 |S32|S22|S1.4 0975|047 |0.81| 0.34 | 0.785
S8 11 1 | S451 |S31|S23|S1.4| 029 | 03 | 0.05| 055 | 0.785
S8 11 2 | S451 |S31|S23|S1.40915| 03 |0.05| 055 |0.785
S8 121 | S4 52 |S31|S23|S1.4| 027 |052]|0.05| 055 |0.785
S8 12 2 | S4 52 |S31|S2.3|S1.4 0455|052 | 0.05| 055 |0.785
S8 123 | S4 52 |S31|S2.3|S1.4 | 0555|052 0.05]| 055 |0.785
S8 124 | S4 52 |S31|S23|S1.4|0.675|052]|0.05| 055 |0.785
S8 125 | S452 |S31|S2.3|S1.4|0.875|052]|0.05| 055 |0.785
S8 12 6 | S4 52 |S3.1|S2.3|S1.4 0955|052 0.05]| 055 |0.785
S8 127 | S4 52 |S31|S23|S1.4 | 0415|052 | 0.05| 055 | 0.785
S8 131 | S453 |S31|S23|S1.4035 | 07 |005]| 055 |0.785
S8 13.2 | S4 53 |S3.1|S2.3|S1.4 0445 | 0.7 | 0.05| 055 | 0.785
S8 13.3 | S453 |S31|S23|S1.4| 058 | 07 | 0.05| 055 | 0.785
S8 134 | S4 53 |S31|S23|S1.4|0905| 07 | 0.05]| 055 |0.785
S8 135 | S453 |S31|S23|S1.4| 097 | 0.7 | 0.05| 055 | 0.785
S8 141 | S4 6.1 |S32|S2.3|S1.4|0.035|0.18|0.81| 055 | 0.785
S8 14 2 | S4 6.1 |S32|S23|8S14 0.3 |0.18 | 0.81 | 055 | 0.785
S8 14 3 | S4 6.1 |S32|S23|S1.4|0.775|0.18|0.81| 055 | 0.785
S8 14 4 | S4 6.1 |S32|S2.3|S1.4| 093 |0.18|0.81| 055 | 0.785
S8 151 | S4 6.2 |S32|S23|S1.4| 005 |032|081| 055 |0.785
S8 152 | S4 62 |S32|S23|S1.4| 026 |032|0.81| 055 |0.785
S8 153 | S4 6.2 |S32|S2.3|S1.4| 087 |032|0.81| 055 |0.785
S8 161 | S46 3 | S32|S2.3|S1.4| 003 |061|0.81| 055 |0.785
S8 16 2 | S4 6.3 | S32|S2.3|S1.4|0.155|0.61|0.81| 055 |0.785
S8 163 | S4 6 3 | S32|S23|S1.4|0.205|0.61|0.81| 055 |0.785
S8 164 | S46 3 | S32|S2.3|S1.4| 048 | 061 |0.81| 055 | 0.785
S8 16 5 | S4 6 3 | S32|S2.3|S1.4 0565 | 061|081| 055 |0.785
S8 16 6 | S46 3 | S32|S23|S1.4| 064 |061|081| 055 |0.785
S8 16 7 | S4 6.3 | S32|S2.3|S1.4|0.705| 0.61 | 0.81 | 0.55 | 0.785
S8 16 8 | S46 3 | S32|S2.3|S1.4| 079 |061|0.81| 055 |0.785
S8 169 | S46 3 |S32|S23|S1.4| 084 |061|0.81| 055 |0.785
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¢5 ¢4 ¢3 @2 ¢l g5 g4 g3 g2 gl

S8 16 10 | S4. 6.3 | S3.2|S23| S1.4 | 0905|061 |081| 055 |0.785

S8 16 11 | S4 6.3 | S3.2|S23| S1.4 | 0975|061 |081| 055 |0.785

S817 1 | S464 | S32|S23|S14 | 0085 |085|0.81| 055 | 0.785

S8 172 | S46.4 | S32|S23|S1.4]0195|085|081| 055 |0.785

S8 173 | S46.4 | S32|S23|s14 | 027 |085|081| 055 |0.785

S8 17 4 | S464 | S32|S2.3|S1.4| 037 |085]|0.81| 055 | 0.785

S8 175 | S464 | S32|S23|S14|0435]|085]|0.81| 055 | 0.785

S8 176 | S4 6.4 | S32|S23|s14| 053 |085|081| 055 |0.785

S8.17 7 | S4 64 | S32|S2.3|S1.4|0.605]|085]|0.81| 055 | 0.785

S8.178 | S46 4 | S32|S23|S14| 067 |085]|0.81| 055 | 0.785

S8 179 | S4 6.4 | S32|S23|s14| 079 |085|081| 055 |0.785

S8 17 10 | S4 6.4 | S3.2|S23|S1.4 | 093 | 085|081 | 055 |0.785

S8 17 11| S4 6.4 | S3.2|S23|S1.4 | 098 | 085|081 | 055 | 0.785

S818 1 | S47 1 | S31|S24|S14| 035 |028]0.05]|0.905 | 0.785

S8 18 2 | S47.1 | S3.1|S24|s14]| 063 |0.28]0.05| 0905 |0.785

S8.183 | S4 7.1 | S3.1|S24|S1.4|0.945|0.28 | 0.05| 0.905 | 0.785

S8.19 1 | S47 2 | S31|S24|S14| 0275|046 | 0.05| 0.905 | 0.785

S8 192 | S472 |S31|S24|s14]| 089 | 046 0.05| 0905 |0.785

S8 193 | S472 | S3.1|S24|s1.4]| 097 | 046 0.05| 0905 |0.785

S8201 | S473 |S31|S24|S14| 019 | 0.66 | 0.05| 0.905 | 0.785

S8 202 | S473 |S3.1|S24|S1.4]0.345]|0.66 | 0.05| 0905 | 0.785

S8 203 | S473 |S31|S24|S1.4 0435|066 0.05| 0905 |0.785

S8204 | S473 | S31|S24|S1.4| 0545|066 | 0.05| 0.905 | 0.785

S8 205 | S473 |S31|S24|S14)| 0605|066 0.05]|0.905| 0.785

S8 206 | S473 |S31|S24|s14]| 067 |0.66|0.05]| 0905 |0.785

S8 207 | S473 |S31|S24/|sS1.4 0915/ 0.66 | 0.05| 0905 | 0.785

S8208 | S473 |S31|S24|S14| 098 |066|0.05]|0.905| 0.785

S8 211 | S481 |S32|S24|s14]| 081 |004]|0.81|0905|0.785

S8 212 | S481 |S32|S24|sS1.4]0925]|004| 0810905 |0.785

S8 221 | S482 | S32|S24|S14| 002 |015 | 0.81 | 0.905 | 0.785

S8 222 | S482 | S32|S24|S14| 007 | 015 0.81 | 0.905 | 0.785

S8 223 | S482 |S32|S24|s1.4]0175|0.15| 0.81 | 0.905 | 0.785
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Cont. Table 69

Aggregation Specific weights
@5 @4 P3 | @2 Pl 9> | 94 | 93 | 92 g1
S8 22 4 | S482 |S32|S24|S1.4 | 0.255 | 0.15| 0.81 | 0.905 | 0.785
S8 225 | S482 |S32|S24|S1.4 | 0.295| 0.15| 0.81 | 0.905 | 0.785
S8 226 | S482 |S32|S24|S1.4|0.33 | 0.15| 0.81 | 0.905 | 0.785
S8 22 7 | S482 |S32|S24|S1.4|0.38 | 0.15| 0.81 | 0.905 | 0.785
S8 228 | S482 |S32|S24|S1.4 | 0445 | 0.15| 0.81 | 0.905 | 0.785
S8 229 | S482 |S32|S24|S1.4|0.485 | 0.15| 0.81 | 0.905 | 0.785
S8 22 10 | S48 2 | S3.2|S2.4| S1.4 | 0.515 | 0.15 | 0.81 | 0.905 | 0.785
S8 22 11 | S4 82 |S32|S24|S1.4| 069 | 0.15| 0.81 | 0.905 | 0.785
S8 22 12 | S48 2 | S3.2|S2.4|S1.4| 0.79 | 0.15 | 0.81 | 0.905 | 0.785
S8 22 13 | S48 2 | S3.2|S2.4|S1.4|0.835|0.15 | 0.81 | 0.905 | 0.785
S8 22 14 | S4 82 |S32|S2.4|S1.4| 093 | 0.15| 0.81 | 0.905 | 0.785
S8 22 15| S4 82 |S32|S2.4|S1.4| 098 | 0.15| 0.81 | 0.905 | 0.785
S8 231 | S483 |S32|S24|S1.4| 004 |0.24|0.81| 0.905 | 0.785
S8 23 2 | S483 |S32|S24|S1.4| 023 |0.24|0.81| 0.905 | 0.785
S8 23.3 | S483 |S32|S24|S1.4|0.28 | 0.24 | 0.81 | 0.905 | 0.785
S8 23 4 | S483 |S32|S24|S1.4 0485 | 0.24 | 0.81 | 0.905 | 0.785
S8 235 | S483 |S32|S24|S1.4| 081 | 0.24|0.81| 0.905 | 0.785
S8 236 | S483 |S32|S24|S1.4| 094 | 0.24|0.81| 0.905 | 0.785
S8 237 | S483 |S32|S24|S1.4| 098 | 0.24 | 0.81 | 0.905 | 0.785
S8 241 | S484 |S32|S24|S1.4| 004 | 03 | 0.81| 0.905 | 0.785
S8 242 | S484 |S32|S24|8S1.4| 025 | 0.3 |0.81]| 0.905 | 0.785
S8 24 3 | S484 |S32|S24|S1.4 0465 | 0.3 | 0.81| 0.905 | 0.785
S8 244 | S484 |S32|S24|8S1.4| 057 | 03 | 0.81| 0.905 | 0.785
S8 245 | S484 |S32|S24|S1.4| 073 | 0.3 | 0.81| 0.905 | 0.785
S8 246 | S484 |S32|S24|8S1.4)0.775| 03 | 0.81| 0.905 | 0.785
S8 247 | S484 |S32|S24)|8S14 0.9 0.3 | 0.81 | 0.905 | 0.785
S8 248 | S484 |S32|S24|S1.4| 098 | 0.3 | 0.81| 0.905 | 0.785
S8 251 | S485 |S32|S24|S1.4 | 0.035 | 0.37 | 0.81 | 0.905 | 0.785
S8 252 | S485 |S32|S24|S1.4| 018 | 0.37 | 0.81 | 0.905 | 0.785
S8 253 | S485 |S32|S24|S1.4| 024 |0.37|0.81| 0.905 | 0.785
S8 254 | S485 |S32|S24|S1.4)| 044 | 0.37 | 0.81 | 0.905 | 0.785
S8 255 | S485 |S32|S24|S1.4| 056 | 037 |0.81| 0.905 | 0.785
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¢5 ¢4 ¢3 @2 ¢l g5 g4 g3 g2 gl

S8 256 | S485 | S32|S24|s14]| 072 (0370810905 |0.785

S8 257 | S485 |S32|S24|sS1.4]0.785|0.37 0810905 |0.785

S8 258 | S485 |S32|S24|S14| 084 | 037|081 0.905 | 0.785

S8 259 | S485 |S32|S24/|S1.4]0905]| 0370810905 |0.785

S8 25 10| S485 | S32|S24|sS1.4 | 098 | 0370810905 |0.785

S826 1 | S486 | S32|S24|S14| 003 |043]|0.81|0.905 | 0.785

S8 262 | S486 | S32|S24|S14| 019 | 043 | 0.81 | 0.905 | 0.785

S8 263 | S486 | S32|S24|S1.4]0725]|043| 0810905 |0.785

S8.26 4 | S486 | S32|S24|S1.4| 0905|043 | 0.81 | 0.905 | 0.785

S8 265 | S486 | S32|S24|S14) 0975|043 | 0.81 | 0.905 | 0.785

S8 271 | S487 |S32|S24|s14]| 003|049 0810905 |0.785

S8 272 | S487 | S32|S24]|s1.4]0115]| 049 | 0.81 | 0.905 | 0.785

S8 273 | S487 | S32|S24|S1.4| 0155|049 | 0.81 | 0.905 | 0.785

S8 27 4 | S487 | S32|S24|S14| 021 |049|0.81|0.905 | 0.785

S8 275 | S487 | S32|S24|sS1.4 0335049081 |0905 | 0.785

S8 276 | S487 | S32|S24|S1.4| 0365|049 | 0.81 | 0.905 | 0.785

S8 277 | S487 | S32|S24|S14| 049 | 049 | 0.81 | 0.905 | 0.785

S8 278 | S487 | S32|S24|S1.4 0565|049 |0.81|0905 | 0.785

S8 279 | S487 |S32|S24|s14]| 062|049 0810905 |0.785

S8 27 10| S4 87 |S32|S24|S14 | 066 | 049|081 | 0905 | 0.785

S8 27 11| S487 | S3.2|S24| S1.4|0.725]| 049|081 |0.905 | 0.785

S8 27 12| S487 |S32|S24|s14| 08 | 0490810905 |0.785

S8 27 13| S4.87 | S3.2|S24| S1.4 | 0845|049 | 0.81 | 0.905 | 0.785

S8 27 14 | S4 87 | S3.2|S2 4| S1.4|0915| 049 | 0.81 | 0.905 | 0.785

S8 27 15| S4.87 | S3.2|S24| S1.4|0975]| 049|081 | 0905 | 0.785

S8 28 1 | S488 |S32|S24]|sS1.4]0155]| 057|081 0905 |0.785

S8 282 | S488 | S32|S24|S14| 066 |057|0.81|0.905| 0.785

S8291 | S489 |S32|S24|s14| 01 |066|0.81|0905|0.785

S8 292 | S489 |S32|S24|s14]| 029 |066]| 0810905 |0.785

S8293 | S489 | S32|S24|S14| 051 | 066 |0.81|0.905 | 0.785

S8294 | S489 | S32|S24|S14) 0585|066 | 0.8L|0.905| 0.785

S8 295 | S489 |S32|S24|sS14]| 064 | 0660810905 0.785
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Cont. Table 69
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@5 @4 P3 | @2 Pl 9> | 94 | 93 | 92 g1

S8 296 | S489 |S32|S24|S1.4| 072 |0.66 | 0.81| 0.905 | 0.785
S8 297 | S489 |S32|S24|S1.4| 079 | 0.66 | 0.81 | 0.905 | 0.785
S8298 | S489 |S32|S24|S1.4| 086 | 0.66 | 0.81| 0.905 | 0.785
S8 299 | S489 |S32|S24|S1.4| 098 | 0.66 | 0.81 | 0.905 | 0.785
S8 301 | S4.8.10|S32|S24|S14 0.1 | 0.75 | 0.81 | 0.905 | 0.785
S8 302 | S4 810 |S3 2 |S2. 4| S1.4 | 0415 0.75| 0.81 | 0.905 | 0.785
S8 303 | S4 810 |S32|S24|S1.4| 048 | 0.75| 0.81 | 0.905 | 0.785
S8 304 | S4. 810 |S32|S24| S1.4 | 055 |0.75| 0.81 | 0.905 | 0.785
S8 305 | S4810|S32|S24|S1.4| 065 | 0.75| 0.81 | 0.905 | 0.785
S8 306 | S4 810 |S3 2|S2. 4| S1.4 | 0.795 | 0.75 | 0.81 | 0.905 | 0.785
S8 307 | S4.8.10|S32|S24|S1.4| 086 |0.75| 0.81 | 0.905 | 0.785
S8 308 | S4. 810 |S32|S24|S1.4| 093 | 0.75| 0.81 | 0.905 | 0.785
S8 309 | S4810|S32|S24|S1.4| 098 | 0.75| 0.81 | 0.905 | 0.785
S8 31 1 | S4811|S32|S24|S1.4| 006 | 0.8 | 0.81 | 0.905 | 0.785
S8 31.2 | S4.8.11 | S32|S24| S1.4 | 0.205| 0.8 | 0.81 | 0.905 | 0.785
S8 31.3 | S4811 |S32|S2.4|S1.4| 027 | 0.8 | 0.81 | 0.905 | 0.785
S8 31 4 | S4811 |S3 2|S2.4|S1.4 0345 | 0.8 | 0.81 | 0.905 | 0.785
S8 315 | S4.8.11 | S3 2 |S24 | S1.4 0.4 0.8 | 0.81 | 0.905 | 0.785
S8 31 6 | S4.8.11 |S32|S24|S1.4| 046 | 0.8 | 0.81 | 0.905 | 0.785
S8 31 7 | S4811|S32|S2.4|S1.4| 051 | 0.8 | 0.81| 0.905 | 0.785
S8 31.8 | S4.8.11 |S32|S24|S1.4| 055 | 0.8 | 0.81| 0.905 | 0.785
S8 31.9 | S4811 |S32|S24|S1.4 058 | 0.8 | 0.81| 0.905 | 0.785
S8 3110 | S48 11 | S3.2 | S2.4| S1.4 | 0645 | 0.8 | 0.81 | 0.905 | 0.785
S8 31 11 | S48 11 | S3.2 | S2.4| S1.4 | 0685 | 0.8 | 0.81 | 0.905 | 0.785
S8 3112 | S48 11 | S3 2| S2.4|S1.4 | 072 | 0.8 | 0.81 | 0.905 | 0.785
S8 31.13 | S48 11 | S3.2|S2.4| S1.4 0.8 0.8 | 0.81 | 0.905 | 0.785
S8 31 14 | S48 11 | S3.2 | S2.4| S1.4 | 093 | 0.8 | 0.81 | 0.905 | 0.785
S8 31.15|S4 8 11 | S3 2| S2.4| S1.4 | 0985 | 0.8 | 0.81 | 0.905 | 0.785

S9.11 S411 |S31|S21|S15]|0.215|0.38|0.05| 0.18 | 0.975

S9.1.2 S411 |S31|S2.1|S1.5 | 0475|038 | 0.05| 0.18 | 0.975

S9 1.3 S411 |S31|S2.1|S1.5 | 059 |0.38|0.05| 018 | 0.975

S9 14 S411 |S31|S21|S15]|0.685|0.38]|0.05| 018 | 0.975
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¢5 ¢4 ¢3 @2 ¢l g5 g4 g3 g2 gl

S915 | S411 |[S31|S21|S15| 086 |038]0.05]| 018 | 0.975

S9 21 | S412 |S31|S21|S15)|0275]062]|0.05]| 018 | 0.975

S9 22 | S412 |S31|S21|S15)0.345|062]|0.05]| 018 | 0.975

S9 23 | S412 |S31|S21|S15| 048 |062]|0.05]| 018 | 0.975

S9 24 | S412 |S31|S21|S15| 058 |062]|0.05]| 018 | 0.975

S9 25 | S412 |S31|S21|S15)|0405|062]|0.05]| 018 | 0.975

S9 26 | S412 |S31|S21|S15)0645]062]|0.05]| 018 | 0.975

S9 27 | Ss412 |S31|sS21|S15| 073 |062]|0.05]| 018 | 0.975

S9 28 | S412 |S31|S21|S15)0.785|062]|0.05]| 018 | 0.975

S9 29 | S412 |S31|S21|S15| 091 |062]|0.05]| 018 | 0.975

S9 31 | S421 [S32|S21|S15| 004 |029]0.81| 018 | 0.975

S9 32 | S421 |S32|S21|S15)0.145|029|0.81| 018 | 0.975

S9 33 | S421 |S32|S21|S15)|0.175|029|0.81| 018 | 0.975

S9 34 | S421 |S32|S21|S15)0205]029]|081| 018 | 0.975

S9 35 | S421 |[S32|S21|S15| 025 |029]|081| 018 | 0.975

S9 36 | S421 |S32|S21|S15)0325]029]|0.81| 018 | 0.975

S9 37 | S421 |S32|sS21|S15| 028 |029]|0.81| 018 | 0.975

S9 38 | S421 |S32|S21|S15) 0445|029 |0.81| 018 | 0.975

S9 39 | S421 |S32|S21|S15)|0475/|029]|081| 018 | 0.975

S9 310 | S421 | S32|S21|S15| 052 |029]|0.81| 018 | 0.975

S9 311 | S421 |S32|S21|sS15]0565]|029|081| 018 |0.975

S9312 | S421 |S32|S21|S15]0.745]|029|081| 0.18 | 0.975

S9 313 | S421 | S32|S21|S15| 088 |029]|0.81| 018 | 0.975

S941 | S422 |S32|S21|S15)0.195|046|0.81| 0.18 | 0.975

S942 | S422 |S32|S21|S15| 028 |046]|081| 018 | 0.975

S9 43 | S422 |S32|S2.1|S15) 0435046081 018 | 0.975

S9 44 | S422 |S32|S21|S15| 048 | 046 |0.81| 0.18 | 0.975

S945 | S422 |S32|S21|S15| 062 |046]|081| 018 | 0.975

S946 | S422 |S32|S21|S15| 068 |046]|081| 018 | 0.975

S947 | S422 |S32|sS21|S15| 081 |046|0.81| 018 | 0.975

S9 48 | S422 |S32|S21|S15| 086 |046|0.81| 018 | 0.975

S949 | S422 |S32|S21|S15) 0915|046 |0.81| 018 | 0.975
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S9 51 S4 23 |S32|S21|S15| 002 |065]|081| 018 | 0.975
S9 52 S423 |S32|S21| 815 0.2 | 0.65|0.81 | 0.18 | 0.975
S9 5 3 S423 |S32|S2.1|S1.5|0.325|065]|0.81| 018 | 0.975
S9 5 4 S4 23 |S32|S21|S15| 065 |065]|081| 018 | 0.975
S9 55 S423 |S32|S21|S15| 074 |065]|081| 018 | 0.975
S9 5 6 S423 |S32|S21|S1.5| 078 |065]|0.81| 0.18 | 0.975
S9 57 S423 |S32|S21|S1.5| 085 |065]|0.81| 018 | 0.975
S9 6 1 S431 |S31|S22| 815 0.2 | 045 | 0.05| 0.34 | 0.975
S9 62 S431 |S31|S22|S1.5|0.365 ]| 045 | 0.05| 0.34 | 0.975
S9 6_3 S431 |S31|S22|S1.5|0435 | 045 | 0.05| 0.34 | 0.975
S9 6 4 S4. 31 |S31|S22)|S15|0485 | 045 | 0.05| 0.34 | 0.975
S9 6 5 S4 31 |S31|S22|S15|0585 | 045 | 0.05| 0.34 | 0.975
S9 6_6 S431 |S31|S22)|S1.5 | 0675|045 | 0.05| 0.34 | 0.975
S9 6 7 S431 |S31|S22|S1.5| 079 | 045 | 0.05| 0.34 | 0.975
S9 6 8 S4 31 |S31|S22)|S1.5|0865| 045 | 0.05| 0.34 | 0.975
S9 69 S431 |S31|S22|S1.5| 092 | 045 | 0.05| 0.34 | 0.975
S9 7.1 S432 |S31|S22|S1.5| 026 | 067 |0.05| 034 |0.975
S9 72 S4 32 |S31|S22)|S1.5|0.33|067|005]| 034 |0.975
S9 7 3 S4 32 |S31|S22|S15| 047 | 0.67 | 0.05| 0.34 | 0.975
S9.7 4 S4 32 |S31|S22|S1.5| 058 | 067 |0.05]| 034 |0.975
S9 75 S4 32 |S31|S22|S15| 063 | 067 |0.05| 034 |0.975
S9 76 S432 |S31|S22| 815 0.7 | 0.67 | 0.05 | 0.34 | 0.975
S9. 7.7 S432 |S31|S22|S1.5|0825 | 0.67 | 0.05| 034 | 0.975
S9 7.8 S4 32 |S31|S22)|S1.5 | 0915 | 0.67 | 0.05| 0.34 | 0.975
S9.8 1 S4 41 |S32|S22|S15| 002 |0.09]081| 034 |0.975
S9 8 2 S4 41 |S32|S22|S15| 006 |0.09]|081]| 034 |0.975
S9 8 3 S4 41 |S32|S22|S1.5| 015 | 0.09 | 0.81 | 0.34 | 0.975
S9 8 4 S4 41 |S32|S22|S1.5|0.205]|0.09|081| 034 |0.975
S9 85 S4 41 |S32|S22|S1.5|0.255]0.09]081| 034 |0.975
S9 8 6 S4 41 |S32|S22|S1.5 028 |0.09|081| 034 |0.975
S9 87 S4 41 |S32|S22|S1.5| 034 |0.09|081]| 034 |0.975
S9 8 8 S4 41 |S32|S22)|S1.5 (039 |0.09]|081| 034 |0.975
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S9 89 | S441 |S32|S22|S15)|0455|009]|081| 034 | 0.975

S9 810 | S4 4.1 | S32|S2 2| s15 0485|009 |081| 034 | 0975

S9 811 | S441 | S32|S22|S15|0525]|009|0.81| 034 | 0.975

S9 812 | S4 41 |S32|S22|s15]0.765]|009|081| 034 | 0975

S9 813 | S441 |S32|S22|s15]| 087 | 009|081 034 | 0975

S9 814 | S441 | S32|S22|S1.5| 0945|009 | 0.81| 034 | 0.975

S991 | S442 |S32|S22|S15| 002 | 03 |081| 034 |0.975

S992 | S442 |S32|sS22|S15| 025 | 03 |081| 034 |0.975

S9 93 | S442 |S32|S22|S15)|0395 | 03 |081| 034 |0.975

S9 94 | S442 |S32|S22|S15)|0525]| 03 |0.81| 034 |0.975

S995 | S442 |S32|S22|S15)|0885| 03 |081| 034 | 0.975

S996 | S442 |S32|S22|S15| 095 | 03 |081| 034 |0.975

S9 101 | S443 | S32|S22|S1.5| 003 | 047|081 | 034 | 0.975

S9 102 | S443 | S32|S22|S15| 0295|047 |0.81| 034 | 0.975

S9 10 3 | S4 4.3 | S32|S2 2| S1.5 0445|047 |081| 034 | 0975

S9 104 | S443 | S32|S22|S1.5| 0915|047 | 0.81 | 0.34 | 0.975

S9 111 | S451 | S31|S23|S15| 006 | 03 |0.05]| 055 | 0.975

S9 112 | S451 |S31|S23|sS15]0425| 03 |0.05| 055 | 0975

S9 113 | S451 | S31|S23|s15]| 086 | 03 |0.05]| 055 |0.975

S9 121 | S452 | S31|S23|S15| 0465|052 0.05| 055 | 0.975

S9 12 2 | S452 |S31|S23|s15]| 067 |052]005]| 055 | 0975

S9 123 | S452 |S31|S23|s15]0875|052|005| 055 | 0975

S9 131 | S453 | S31|S23|S15| 004 | 0.7 |0.05| 055 | 0.975

S9 132 | S453 | S31|S23|S15)0.135]| 0.7 | 0.05| 055 | 0.975

S9 133 | S453 | S31|S23|s15]0175| 0.7 | 0.05| 055 | 0975

S9 13 4 | S453 |S31|S23|sS15]0205]| 07 |005| 055 | 0975

S9 135 | S453 | S31|S23|S15| 027 | 07 | 005]| 055 | 0.975

S9 136 | S453 | S31|S23|s15]033]| 07 |005| 055 | 0975

S9 137 | S453 | S31|S23|s15]0375| 07 |005| 055 | 0975

S9 138 | S453 | S31|S23|S15|0425]| 07 | 0.05| 055 | 0.975

S9 139 | S453 | S31|S23|S15|0475]| 07 | 0.05| 055 | 0.975

S9 13 10 | S453 | S3.1[S23|S15|0515| 0.7 |0.05| 055 | 0975
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S9 13 11| S453 |S31|S23|S15| 056 | 07 | 0.05| 055 | 0.975
S9 13 12| S453 | S31|S2.3|S15|059 | 0.7 | 0.05| 055 | 0.975
S9 13 13 | S4 53 | S3.1|S2.3|S1.5|0625| 0.7 |0.05| 055 | 0.975
S9 13 14 | S453 |S31|S23|S15| 069 | 07 | 0.05| 055 | 0.975
S9 13 15| S453 |S31|S23|S15| 074 | 07 | 0.05| 055 | 0.975
S9 1316 | S4 53 | S3.1|S2.3|S1.5|0775| 0.7 |0.05| 055 | 0.975
S9 1317 | S4 53 | S3.1|S2.3|S1.5| 082 | 0.7 |0.05| 055 | 0.975
S9 13 18| S453 | S31|S23|S15| 089 | 07 | 0.05| 055 | 0.975
S9 13 .19 | S453 | S3.1|S2.3|S1.5| 093 | 0.7 |0.05| 055 | 0.975
S9 141 | S46 1 |S32|S2.3|S1.5|0.03|0.18|0.81| 055 | 0.975
S9 14 2 | S4 6.1 |S32|S23|S15|0.145| 0.18 |0.81| 0.55 | 0.975
S9 14 3 | S4 6.1 |S32|S23|S15|0.175|0.18|0.81| 0.55 | 0.975
S9 144 | S4 6.1 |S32|S23|S1.5| 021 |0.18|0.81| 055 | 0.975
S9 145 | S46.1 |S32|S23|S1.5| 025 |0.18|0.81| 055 | 0.975
S9 14 6 | S46 1 |S32|S23|S15|0.28|0.18|0.81| 055 |0.975
S9 147 | S46.1 |S32|S23|S1.5| 033 |0.18|0.81| 055 | 0.975
S9 148 | S46 1 |S32|S23|S1.5| 039 |0.18|0.81| 055 | 0.975
S914 9 | S4 6.1 |S32|S23|S15 (0485 |0.18|0.81| 055 | 0.975
S9 14 10 | S4 6 1 | S32|S2.3| S1.5|0535|0.18 | 0.81| 055 | 0.975
S9 14 11 | S4.6.1 | S3.2|S2.3| S1.5|0.705 | 0.18 | 0.81 | 0.55 | 0.975
S9 14 12 | S4 6.1 |S32|S2.3|S15| 076 |0.18|0.81| 055 | 0.975
S9 14 13| S4 6 1 | S32|S2.3|S1.5| 089 |0.18|0.81| 055 | 0.975
S9 14 14 | S4.6.1 | S3.2|S2.3| S1.5 | 0945 | 0.18 | 0.81 | 0.55 | 0.975
S9 151 | S4 6.2 |S3 2|S2.3|S1.5 (0345|032 |0.81| 055 | 0.975
S9 152 | S4 62 |S32|S23|S15|0875|032|0.81| 055 |0.975
S9 16 1 | S46 3 | S32|S23|S15|0.03|061]|081]| 055 |0.975
S9 16 2 | S46 3 | S32|S2.3|S1.5| 013 | 0.61 | 0.81| 0.55 | 0.975
S9 16 3 | S46 3 |S32|S23|S15| 025 |061|081| 055 |0.975
S9 16 4 | S46 3 | S32|S23|S15 (038 |061|081| 055 |0.975
S9 165 | S46 3 |S32|S23|S1.5| 064 |061|0.81| 055 |0.975
S9 16 6 | S46 3 | S32|S2.3|S1.5| 073 |061|0.81| 055 |0.975
S9 16 7 | S4 6.3 |S32|S23|S15| 079 |061|081]| 055 |0.975
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S9 16 8 | S46.3 | S32|S23|S15]0905]|061|081| 055 |0.975

S9 171 | S4 6.4 | S32|S23|S15]0435|085|081| 055 | 0975

S9 172 | S464 | S32|S23|S15| 058 |085|0.81| 055 | 0.975

S9 173 | S4 6.4 | S32|S23|s15]| 064 |085|081| 055 | 0975

S9 17 4 | S4 6.4 | S32|S23|s15]0735|085|081| 055 | 0975

S9 175 | S464 | S32|S23|S1.5| 083 |085]|0.81| 055 | 0.975

S9 176 | S464 | S32|S23|S15|0925]|085|0.81| 055 | 0.975

S9 18 1 | S4.7.1 | S3.1|S24| sS15]|0435]|0.28|0.05| 0905 | 0975

S9 18 2 | S4 71 | S31|S24|S1.5| 0535|028 | 0.05| 0.905 | 0.975

S9 183 | S47 1 | S31|S24|S15 | 0655|028 | 0.05| 0905 | 0.975

S9 18 4 | S4.7.1 | S3.1|S24|s15]0.855]0.28]|0.05| 0905|0975

S9 185 | S47.1 | S3.1|S24|s15]| 096 |0.28|0.05|0.905 | 0975

S9 191 | S47 2 | S31|S24|S1.5| 021 | 046 |0.05| 0.905 | 0.975

S9 192 | S47 2 | S31|S24|S15| 025 | 046 | 0.05| 0.905 | 0.975

S9 193 | S472 |S31|S24|sS15]| 036 |046|0.05| 0905|0975

S9 194 | S47 2 | S31|S24|S1.5| 045 | 0.46 | 0.05 | 0.905 | 0.975

S9 195 | S47 2 | S31|S24|S15| 0585|046 | 0.05| 0.905 | 0.975

S9 196 | S472 | S31|S24|s15]| 077 | 046 | 0.05| 0905 | 0975

S9 197 | S472 | S3.1|S24|sS15]0.865]| 046 | 0.05| 0905 | 0975

S9 198 | S47 2 | S31|S24|S15| 0965|046 | 0.05| 0.905 | 0.975

S9 201 | S473 |S31|S24|s15]| 026 |0.66]|0.05]| 0905|0975

S9 202 | S473 |S31|S24|s15]0.355]0.66|0.05]| 0905|0975

S9 203 | S473 |S31|S24|S15| 0565|066 | 0.05]| 0905 | 0.975

S9 204 | S473 |S31|S24|S15)| 0675|066 | 0.05| 0.905 | 0.975

S9 205 | S473 |S31|S24|s15]| 073|066 0.05]| 0905|0975

S9 206 | S473 |S31|S24|s15]| 086 |0.66|0.05]| 0905|0975

S9 207 | S473 |S31|S24|S15| 0905|066 | 0.05]| 0905 | 0.975

S9 211 | S481 |S32|S24|s15]| 015 | 0.04 | 0.81 | 0905 | 0975

S9 212 | S481 |S32|S24|s15]0.215]|0.04|0.81 0905|0975

S9 213 | S481 | S32|S24|S1.5|0.335 004|081 | 0.905 | 0.975

S9 21 4 | S481 |S32|S24|S15|0.395 | 004|081 | 0.905| 0.975

S9 215 | S481 |S32|S24|s15]| 053 (0040810905 0975
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Attachment

Cont. Table 69

Aggregation Specific weights
@5 @4 P3 | @2 Pl 9> | 94 | 93 | 92 g1
S9 216 | S481 |S32|S24|S1.5| 076 | 0.04 | 0.81| 0.905 | 0.975
S9 217 | S481 |S32|S24|S1.5| 088 | 0.04|0.81| 0.905 | 0.975
S9 221 | S482 |S32|S24|S1.5| 002 |0.15| 0.81 | 0.905 | 0.975
S9 222 | S482 |S32|S24)| 815 0.2 | 0.15 | 0.81 | 0.905 | 0.975
S9 223 | S482 |S32|S24|S1.5 | 0.245| 0.15| 0.81 | 0.905 | 0.975
S9 224 | S482 |S32|S24|S1.5|0.275| 0.15| 0.81 | 0.905 | 0.975
S9 225 | S482 |S32|S24|S1.5 | 0315 0.15| 0.81 | 0.905 | 0.975
S9 226 | S482 |S32|S24|S15|0.355 |0.15| 0.81 | 0.905 | 0.975
S9 227 | S482 |S32|S24|S1.5|0.39 | 0.15| 0.81 | 0.905 | 0.975
S9 228 | S482 |S32|S24|S1.5 | 0445 | 0.15| 0.81 | 0.905 | 0.975
S9 229 | S482 |S32|S24|S1.5 | 0475 0.15| 0.81 | 0.905 | 0.975
S9 22 10| S4 82 |S32|S24|S1.5| 052 |0.15| 0.81 | 0.905 | 0.975
S9 22 11 | S4.82 |S3.2|S2.4| S1.5|0.755 | 0.15 | 0.81 | 0.905 | 0.975
S9 22 12 | S4.82 | S3.2|S2.4|S1.5| 087 |0.15 | 0.81 | 0.905 | 0.975
S9 22 13| S4 82 |S32|S24|S1.5| 094 | 0.15| 0.81 | 0.905 | 0.975
S9. 231 | S483 |S32|S24|S1.5 | 0.035 | 0.24|0.81| 0.905 | 0.975
S9 23 2 | S483 |S32|S24|S1.5| 034 |0.24|0.81| 0.905 | 0.975
S9 233 | S483 |S32|S24)| 815 0.5 | 0.24 | 0.81 | 0.905 | 0.975
S9 234 | S483 |S32|S24|8S1.5|0.875|0.24|0.81| 0.905 | 0.975
S9 241 | S484 |S32|S24|S1.5|0.03 | 03 | 0.81| 0.905 | 0.975
S9 242 | S484 |S32|S24|8S1.5| 024 | 03 | 0.81| 0.905 | 0.975
S9 243 | S484 |S32|S24|S1.5|0305| 03 |0.81| 0.905 | 0.975
S9 244 | S484 |S32|S24|8S1.5| 047 | 0.3 | 0.81 | 0.905 | 0.975
S9 245 | S484 |S32|S24|S1.5| 079 | 03 | 0.81| 0.905 | 0.975
S9 246 | S484 |S32|S24|S1.5| 014 | 0.3 | 0.81 | 0.905 | 0.975
S9 247 | S484 |S32|S24|8S15| 088 | 03 |0.81| 0.905 | 0.975
S9 248 | S484 |S32|S24|S1.5| 093 | 0.3 | 0.81| 0.905 | 0.975
S9 251 | S485 |S32|S24|S1.5|0.035 | 0.37 | 0.81 | 0.905 | 0.975
S9 252 | S485 |S32|S24|S1.5|0.305|0.37 | 0.81 | 0.905 | 0.975
S9 253 | S485 |S32|S24|S1.5 | 0.925 | 0.37 | 0.81 | 0.905 | 0.975
S9 261 | S486 |S32|S24|S1.5| 003 | 043 | 0.81| 0.905 | 0.975
S9 262 | S486 |S32|S24|S1.5|0.145 | 0.43 | 0.81 | 0.905 | 0.975
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Attachment

Cont. Table 69

Aggregation Specific weights

¢5 ¢4 ¢3 @2 ¢l g5 g4 g3 g2 gl

S9 26 3 | S486 | S32|S24|sS15]0195]| 043|081 0905|0975

S9 26 4 | S486 | S32|S24|sS15]| 027 | 043|081 0905|0975

S9 265 | S486 | S32|S24|S15| 0315|043 | 0.81 | 0.905 | 0.975

S9 26 6 | S4 86 | S32|S24|S15]|0425]|043|0.81|0905 | 0975

S9 26 7 | S486 | S32|S24|S15]|0475]|043|0.81|0905 | 0975

S9 268 | S486 | S32|S24|S15| 0535|043 | 0.81 | 0.905 | 0.975

S9 269 | S486 | S32|S24|S15| 074 | 043 0.81 | 0.905 | 0.975

S9 26 10 | S4 86 |S32|S24|s15| 08 | 043|081 0905|0975

S9 26 11 | S4 86 | S3.2|S2 4| S1.5|0.855]| 043|081 |0905 | 0975

S9 26 12 | S4 86 | S3.2|S2 4| S15 0925|043 |0.81 |0.905 | 0975

S9 26 13| S486 | S3.2|S24|sS15| 097 | 043|081 | 0905 | 0975

S9 271 | S487 |S32|S24|s15]0.035]| 049|081 0905|0975

S9 272 | S487 | S32|S24|S1.5| 013 | 049 | 0.81 | 0.905 | 0.975

S9 273 | S487 | S32|S24|S15| 026 | 049 |0.81 | 0.905 | 0.975

S9 27 4 | S487 |S32|S24|s15]| 04 |049| 08109050975

S9 275 | S487 | S32|S24|S1.5|0.795 | 049 | 0.81 | 0.905 | 0.975

S9 276 | S487 | S32|S24|S15| 085 | 049 |0.81 | 0.905 | 0.975

S9 277 | S487 |S32|S24|s15]| 097 | 049|081 0905|0975

S9 281 | S488 |S32|S24|sS15]0.015]| 057|081 0905 | 0975

S9 282 | S488 |S32|S24|S15| 01 |057|0.81|0.905| 0.975

S9 283 | S488 |S32|S24|sS15]0155]| 057|081 0905|0975

S9 28 4 | S488 |S32|S24|s15]| 023 (0570810905 | 0975

S9 285 | S488 | S32|S24|S15| 0295|057 |0.81|0.905 | 0.975

S9 286 | S488 |S32|S24|S15| 035 | 057|081 | 0.905 | 0.975

S9 287 | S488 |S32|S24|sS15]| 041 | 057|081 0905|0975

S9 288 | S488 |S32|S24|sS15]| 046 | 057 |0.81 0905|0975

S9 289 | S488 |S32|S24|S15| 054 | 057|081 | 0.905 | 0.975

S9 28 10| S4.88 | S32|S24|S15 0605|057 0810905 | 0975

S9 28 11| S4.88 | S3.2|S24| S1.5 0645|057 | 0.81 | 0.905 | 0.975

S9 28 12| S4.88 | S32|S24| S15|0.705| 057 | 0.81 | 0.905 | 0.975

S9 28 13| S4 88 | S32|S2 4| S15 0735|057 081 | 0905 | 0975

S9 28 14 | S488 |S32|S24|s15]| 088 | 057|081 0905|0975
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Attachment

Cont. Table 69

Aggregation Specific weights
@5 @4 P3 | @2 Pl 9> | 94 | 93 | 92 g1
S9 28 15| S488 | S32|S2.4| S1.5 | 0965 | 0.57 | 0.81 | 0.905 | 0.975
S9 291 | S489 |S32|S24|S15| 019 | 0.66 | 0.81 | 0.905 | 0.975
S9 292 | S489 |S32|S24|S1.5| 035 |0.66|0.81| 0.905 | 0.975
S9 293 | S489 |S32|S24| 815 0.4 | 0.66 | 0.81 | 0.905 | 0.975
S9 294 | S489 |S32|S24|S1.5 | 0475 | 0.66 | 0.81 | 0.905 | 0.975
S9 295 | S489 |S32|S24|S1.5| 064 |0.66 | 0.81| 0.905 | 0.975
S9 296 | S489 |S32|S24|S1.5| 071 | 0.66 | 0.81 | 0.905 | 0.975
S9 297 | S489 |S32|S24|S15| 088 | 0.66 | 0.81| 0.905 | 0.975
S9 298 | S489 |S32|S24|S1.5| 097 | 0.66 | 0.81 | 0.905 | 0.975
S9 301 | S4810|S32|S24| S1.5 | 0485 | 0.75| 0.81 | 0.905 | 0.975
S9 30 2 | S48.10|S32|S24|8S15 0.7 | 0.75 | 0.81 | 0.905 | 0.975
S9 311 | S4811|S32|S24| S1.5 | 0445 | 0.8 | 0.81 | 0.905 | 0.975
S9 31 2 | S4811|S32|S24|S1.5| 061 | 0.8 | 0.81| 0.905 | 0.975
S9 31 3 | S4811|S32|S24|S1.5| 068 | 0.8 | 0.81 | 0.905 | 0.975
S9 31 4 | S4.811 |S32|S24|S1.5|0.745| 0.8 | 0.81 | 0.905 | 0.975
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