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1 Automotive Materials and Greenhouse Gas Emissions

1.1 Introduction

The environmental performance of materials can belyssessed within the context of their ap-
plication. This study is thus concerned with gremrge gas emissions (GHG) from automotive
vehicles rather than automotive materials alongrimciple, this includes all emissions that con-
tribute to climate change from any process necgdsgproduce, use and retire vehicles, i.e. all
GHG emissions that are emitted during the so-caléducle life cycle and attributed to the vehi-
cle. This definition of automotive GHG emissionsludes but goes beyond tailpipe £€mis-
sions of vehicles. There are many different drividr&HG emissions from vehicles. For exam-
ple, how vehicle owners use and maintain their bassa large impact. However, the design of
vehicles determines their GHG emission potentiad substantial degree, and it is thus impera-
tive that GHG emission reduction objectives aready considered at the design stage. Automo-
tive engineers and designers have a whole rangesagn options that might have the potential
to significantly reduce automotive GHG emissionasiof the options discussed in literature
and the public debate focus on the use phase ofethiele. Examples are reductions of aerody-
namic drag and rolling resistance, engine modificet like variable valve timing (VVT) and
variable displacement, charge modifications likeect fuel injection and turbochargers, fuel
changes like liquefied petroleum gas (LPG), bicduehd hydrogen, transmission modifications
regarding the number of gears and shifting schaedaled overall power train modifications like
hybrid designs (CARB 2005).

The design strategy that is the subject of thi®mejs vehicle mass reduction based on material
substitution, specifically the use of aluminium adl/anced high strength steel (AHSS) to re-
place mild steel. Obviously, there are other paddmbaterials and design strategies to achieve
vehicle mass reduction, like magnesium, fibre kicdd plastics or the use of smaller platforms
or more efficient packaging. Mass reduction is glst one of many design strategies aimed at
automotive GHG reductions. The focus of the stsdyus rather narrow and highlights only one
aspect of the broader agenda of GHG emission reahgctrom the automotive sector. This re-

port does also not contain any technical and ecan@waluations of vehicle mass reduction



based on material substitution. Scientific validatyd policy implications of this work thus have

to be assessed with its intentionally narrow sdoprind.

The design focus on the use phase is unsurprisggng that the percentage of the life cycle
GHG emissions of a vehicle emitted during its use e associated fuel production and deliv-
ery typically ranges from 70% to 90% (see e.qg.i%al & Cobas-Flores 2001, Schmidt et al.
2004, DBJ 2004 (Figure 1)). However, this doesmean that the other stages of the vehicle life
cycle are irrelevant. Changes in vehicle desigralligscause GHG emissions changes at several
stages of the vehicle life cycle. These GHG emissitanges may be of the same order of mag-

nitude, regardless how disparate the absolute GHiGsens of those life cycle stages might be.
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Figure 1: Typical life cycle GHG emissions of an | CE passenger car (Source: DBJ 2004)

An observation that corroborates the need foreadyicle perspective is that successful emission
reductions of the use phase are likely to reduceeiitive importance as can be seen in Figure 2.
Here, the vehicle from Figure 1 is shown in itd fulbrid electric version. The use phase share
of the life cycle GHG emissions of the vehicle @éases, while the shares of all other life cycle
stages increase. The same is true for emissiorctieda due to the use of fuels that have, rela-
tive to gasoline or fossil diesel, lower well-to-®#d¢i GHG emissions per driven kilometre, such
as certain types of ethanol and biodiesel (IEA 2adlucchi 2006). All measures that reduce
GHG emissions from fuel production, delivery andhtaistion per driven kilometre, increase the
relative importance of all other life cycle stageshe vehicle life cycle, which increases the im-

portance of a life cycle perspective in the assessmethodology.
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Figure 2: Typical life cycle emissions of a hybrid electric passenger car (Source: Own cal-
culations based of DBJ 2004 and Bren School 2005)

1.2 Assessment Methodology

The assessment methodology presented in this repbdsed on life cycle assessment (LCA)
according to ISO 14040/44 (2006). LCA is a techeigompiling a quantitative inventory of
relevant inputs and outputs of a product systeraluating the potential environmental impacts
associated with those inputs and outputs; andpregng the results of the inventory and impact
phases in relation to the goal and scope of thegystisO 2006a). The presented methodology
also emphasizes parametric modeling of the velifeleycle and therefore has similarities with

previous studies such as Sullivan & Hu (1995).

According to ISO, LCAs investigate product systemith regard to a broad variety of environ-
mental impact categories, such as resource depleimmne depletion, acidification, eutrophica-
tion, photochemical oxidation, toxicity and alsinwte change. This raises the possibility that
changes in the product system decrease some emérdal impacts but increase others; e. g.
reducing ozone depletion but increasing climatengka Since there is no scientific method of
reducing LCA results to a single overall score hstrade-offs across environmental impacts can
not be assessed scientifically but need to be atedubased on the relative societal importance
of environmental impact categories, i.e. value judgts. Because the methodology advanced
herein addresses only climate change, trade-adfraitas do not arise. However, this methodol-
ogy could be generalized to include multiple impea&tegories, in which case trade-offs would

be possible. The product system, in our case aleelifie cycle, is only assessed in terms of its
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potential impact on global warming, which is doheotigh the well-established concept of radia-
tive forcing (IPCC 2001). This scientific concepékes it possible to quantify and aggregate all
relevant emissions, the so-called GHG emissionsenims of their Global Warming Potential,
measured in kg C42q. Due to its narrow focus on climate change réperted methodology is
not an LCA according to ISO but an assessmenteofrtipact of material choice on automotive

life cycle GHG emissions based on LCA methodology.

Another central aspect of LCA methodology is itsphasis on the life cycle of a product. It is
not just the use of vehicles that causes GHG eamisdiut all its life cycle stages, including ma-
terial production, vehicle manufacturing and vehiehd-of-life (EOL) management (see Figure
3). Adopting a life cycle perspective is criticak fthe subject of this study since changes in the
material composition of vehicles, such as usinghaiium or AHSS instead of mild steel in body
in white applications, may decrease the global viegrpotential of the use phase at the expense
of increasing the global warming potential of thatemial production stage. It is precisely these
potential trade-offs within one environmental imipeategory but across different stages of the
vehicle life cycle that are the focus of the assesg methodology presented in this report.
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Figure 3: Assessing vehicle GHG emissionsrequiresa life cycle perspective

A methodological distinction needs to be made betwso-called attributional and consequential
LCAs. Whereas attributional LCA assesses a prosiggiem in a given state, consequential LCA
aims at quantifying the environmental impacts change in the product system (Ekvall & Wei-

dema 2004, Ekvall 2006). This results in significdifferences in the required methodology.



Attributional LCA requires allocation of elementafipws between different product systems

whenever there are product flows crossing the systeundaries of the investigated product sys-
tem. Clause 4.3.4.2 of ISO 14040/44 (2006) recontme@voiding allocation wherever possible

through further division of unit processes or exgyan of the product system. In order to meet its
objective, i.e. quantifying the environmental im{gaof a change in the product system, conse-
guential LCA requires system boundaries that inelatl processes that experience significant
changes due to the studied change in the prodsttray Changes in product flows crossing the
system boundaries thus indicate that the boundhaaes not been chosen correctly, since conse-
guential LCA needs to account for any significamarege in elementary flows caused by studied
change in the product system, regardless wherelémeentary flows occur. This eliminates the

need for allocation, but can come at the expensarataching system boundaries.

Another important difference exists regarding tmecpss data used to derive and quantify the
elementary flows of each process in the productesysThe data used in attributional LCAs

typically describe the processes of the produdesysn a given state, say, how steel and alumin-
ium is produced at the moment. Process inventaresherefore typically provided as averages
of a certain technological, temporal and geogradldoverage. Most process inventories are also
modelled as linear functions of the economic outpuels of the processes, i.e. doubling eco-
nomic output doubles all elementary flows. Changented consequential LCAs need to quan-
tify the changes of elementary flows due to thengea in process technology and economic
output levels that would follow from the investigdtchange in the product system. An example
would be a world-wide increase in aluminium produttdue to a large-scale penetration of

rolled and extruded aluminium in the automotivetesed-or this reason, consequential LCA re-

quires process inventory models that accuratelgaehow changes in process technology and

economic output levels change the related elemgefitars.

The rigorous and systematic methodological distimcbetween attributional and consequential
LCA has emerged only recently (Curran et al. 2080 2006a). It is fairly usual to find LCA

studies that contain elements of both methodologiesh as attributional studies using conse-
guential system expansion (see next two paragraphmeore discussion). Consequential life cy-

cle inventory (LCI) modelling is significantly mo@mmplex than attributional modelling based



on average process data and simple allocation stersiyexpansion rules. Like all other assess-
ments of the GHG impacts of automotive materialiadd&nown to the author, the presented

methodology is based on average process data.dJmdst previous studies, it supports a con-
siderable range of allocation / consequential sysgpansion choices. This approach is a natu-
ral first step towards more complex consequent@ad@ts of unit processes, process relationships

and system boundaries, the impact of which shoelstbdied in future research.

In general, the need for allocation in attributiob@As is caused by so-called co-production, i.e.
when the product system or a unit process has twonooe economic outputs (ISO 2006a). Ex-
amples are the distillation and cracking processgsetroleum refineries. The basic issue is the
following: Assume that a unit process generatdg) of CQeq and hag kg of economic output

A andy kg of economic output B. The studied product systly uses economic output A,
while economic output B is used in other produatayms. How much of the kg of CQeq are
attributable to economic output A and should thesalbocated to it? Allocation has been one of
the major challenges in the development of LCA mdthogy, and the principles and procedures
published in ISO 14041 (1998) (now contained in 31044 (2006)) recommend that allocation
should be avoided where possible through furtheisidin of unit processes or expansion of the

system boundaries.

Automotive scrap recycling causes the followingedition issue: The vehicle itself is not the
only economic output of the vehicle life cyclealso generates prompt and end-of-life scrap as
economic outputs, which typically leave the systeoundaries of the vehicle life cycle. The
guestion is now how to allocate the GHG emissidrith@® vehicle life cycle between the vehicle
itself and the scrap outputs. The same is truesdoap inputs into the vehicle life cycle through
the use of scrap-containing metal in vehicle pradac Just like product flows in general, eco-
nomic scrap flows across the chosen boundarigseovehicle life cycle generate the need to al-
locate the inputs and outputs of process invergasieto further expand the boundaries of the
investigated product system. Clause 4.3.4.3.1 0f 18044 (2006) states that the generic alloca-
tion procedures from Clause 4.3.4.2 also appletse and recycling. It also states that changes
in the inherent properties of materials shall betainto account. It does not further specify what

constitutes a change in the inherent propertiesaiérials.



Clause 4.3.4.3.3 makes a distinction based on lsedcalosed-loop and open-loop recycling.
According to Figure 2 in ISO 14044 (2006) the tachhdefinition of closed-loop recycling is
“Material from a product system is recycled in #ane product system”. ‘Same’ has to be inter-
preted as ‘the same kind of’, since material cahb®recycled into the product it physically
came from. ISO 14044 (2006) does not further spagliat constitutes the same or a different
kind of product system. The usefulness of a distindbetween closed-loop and open-loop recy-
cling is unclear since 1ISO 14044 (2006) also sttitasthe distinction between closed- and open-
loop recycling is irrelevant with regard to allacat According to the standard, the only relevant

issue is whether recycling changes the inheremigsties of the material or not.

According to Clause 4.3.4.2 of 1ISO 14040/44 (208§%tem expansion means “expanding the
product system to include the additional functiohso-products [...]". The standard does not
distinguish between attributional and consequemti@lhodology. However, there are two ways
in which system expansion can be applied (Guind®2R0vhich can be interpreted as attribu-
tional and consequential system expansion. Syskgansion in attributional LCA simply means
the inclusion of additional processes in a givexteste.g. recycling of automotive scrap into
metal products. As a result, the functional unithe product system is also expanded (see e.g
Saur et al. 1995). System expansion in consequidr@A means the inclusion of additional
process changes, e.g. increased secondary medaighon and decreased primary metal produc-
tion due to increased scrap supply. The consealdgpe of system expansion is also called
avoided burden method (Guinée 2002, Frischkneddé 20

To be able to use the avoided burden method fatymtosystems with recycling it is necessary
to determine the exact effects of increased/deeteasrap generation or use. The challenges re-
lated to this have been pointed out in literatiEkvall 1999, Ekvall & Finnveden 2001, Wei-
dema 2001, Guinée 2002). One reason for theseeagal is the fact that the relationship be-
tween increased scrap collection and decreasedapriproduction is of socioeconomic rather
than physical nature and thus based on socioeceon@thier than physical causality. In princi-
ple, an increase in scrap collection in a prodystesn can lead to reduced primary production of
the investigated material, reduced scrap colleaisewhere, an increase in the sum total of sec-

ondary and primary production of the investigateatarial, or reduced production of materials



other than the investigated material (see e.g. Ek989, Ekvall & Finnveden 2001). Some LCA
experts therefore caution against the indiscrineinge of the avoided burden approach, espe-
cially in attributional methodology (see e.g. Baat 2001, Frischknecht 2006). Using the
avoided burden approach in attributional life cyidkeentory modelling also constitutes a mixing

of methodologies, which may or may not be problétnat

Clause 4.3.4.1 of ISO 14044 (2006) states thasémsitivity of the results with regard to the
chosen allocation method has to be explicitly easssnd communicated: “Whenever several
alternative allocation procedures seem applicabkensitivity analysis shall be conducted to il-
lustrate the consequences of the departure fronsdlexted approach”. As argued previously,
the use of the avoided burden approach, i.e. colesgigl system expansion, has the risk of in-
troducing significant uncertainties into attributad LCA. The methodology presented in this re-
port is thus designed to facilitate sensitivity lgae of the effects of scrap inputs and outputs

into and from the vehicle life cycle, regardlessettter allocation or system expansion is used.

1.3 Automotive Materials and GHG Emissions of Vehicles

Material choices in vehicle design potentially irnp&HG emissions at all stages of a vehicle
life cycle (see Figure 4), the most obvious beihg materials production stage. The global
warming potential of economic material is typicaliyen as so-called cradle-to-gate GHG emis-
sions in kg C@eq per kg of material, which includes all upstrganmduction processes (mining,
smelting, refining, etc.). There are not only lavgeiations in cradle-to-gate GHG emissions be-
tween different materials but also between diffemoduction routes, technologies and sites for
the same type of material. It is important to maksonscious decision about how specific or ge-
neric the used process inventory data should be@mdat extent these choices impact the re-
sults. The cradle-to-gate emissions of aluminiuodpction, for example, vary widely between
primary and secondary production routes and alemgly depend on the choice of production
technology and inputs, like the type of anodes @lrdtricity mix used in the Hall-Heroult proc-
ess. Secondary production routes of metals tygitele much lower GHG emissions than their
respective primary production routes. The presentethodology thus explicitly discriminates

between primary or secondary production routet®iuised automotive materials.



For allocation or system expansion purposes, a distinguishes between the GHG emissions of
all material production processes up to slab/inge¢l and those involved in further processing,
like rolling, extruding, shape casting or galvangsi The material production stage includes all
main processes to make finished or semi-fabricataterials (see Figure 5). Depending on the
material product, the last process accounted ftiteamaterial production stage is rolling, galva-
nising, extruding or shape casting. Allocation du¢he generation of co- or by-products during
material production, including all metallic by-praats (called home scrap), is typically already
included in the available process inventory ddtal 2002, IAl 2003).

( Greenhouse Gases >
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Figure 4: Material choice can impact GHG emissioihall vehicle life cycle stages

Due to mostly unavoidable inefficiencies in vehia@nufacturing more material needs to be
produced than is contained in the vehicle. The athofimaterial required in the manufacturing

process is called shipped material. The part osthipped metal that does not end up in the vehi-
cle is called prompt, pre-consumer or manufactuscrgp. Prompt scrap is typically easy to re-
cycle due to ease of separation and low contanosimaBrompt scrap generation can be specified
either through prompt scrap rates or manufactuyiredds, which are calculated as 1 minus

prompt scrap rates. GHG emission allocation oresygseéxpansion due to prompt scrap genera-

tion at vehicle manufacturing is modelled explicith the presented methodology.

Different materials can also require different nmiacturing processes, like forming, joining or

coating technologies, which can also contributditterences in GHG emissions. However, ve-
hicle manufacturing contributes a relatively snptcentage to the total GHG emissions of ve-
hicles (Sullivan et al. 1998, Sullivan & Cobas-E®r2001, DBJ 2004, Bren School 2005). The



presented assessment methodology therefore doascmint for the GHG emissions of material
forming, joining or coating beyond the processest@ioed in the material production stage (see

previous paragraph).

GHG emissions from the vehicle use phase are daedray fuel production, delivery and com-
bustion. The emissions of other aspects of thephase, like vehicle maintenance and repair, are
typically small (see e.g. Sullivan et al. 1998)isTmeans that the single most important influ-
ence of material choice on use phase GHG emissatsimpact on vehicle fuel economy, even
though it may also impact other aspects like edsepair. A possible exception might be the use

of automotive material that can not be repairealland has to be replaced after damage.

The only relationship between material choice agldiale fuel economy that is studied in litera-
ture and known to the author is the mass savingenpal of the material. Reducing the mass of
a vehicle will improve its fuel economy, other thgsbeing equal. Even though the relationship
between vehicle mass reduction and fuel economyawgment is very important, many studies
use simple rules of thumb such as the so-calledl6%-rule, which says that every 10% of

saved vehicle mass improve fuel economy by 5% (ABafatani 2004).

Research carried out by FKA, a German automotigearech institute, shows that the relation-
ship is much more complex than this simple rulegests (FKA 2005). The use of a constant
mass elasticity of the fuel economy, like the 5%&élflle, means that for vehicles of different
baseline mass and fuel economy the same mass ieduesults in different absolute fuel econ-
omy improvements. Assuming a constant elasticigy, that the ratio of the two percentage
changes is constant, also creates some fundanmethbdological problems (see Section 2.4.2

for a more detailed treatment of this issue).

To avoid these problems, this study uses the mweetdconcept of absolute fuel savings (in
I/200km per 100kg mass savings), which better c&efléhe fact that all resistance forces of vehi-
cle motion are linear functions of the vehicle mgagllivan & Cobas-Flores 2001, IFEU 2003).

Once this relationship is established, the totalGaéinissions from the vehicle use phase (in-

cluding the fuel cycle) can be calculated for th@ssireduced vehicles, given that baseline fuel
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economy, mass savings, total vehicle mileage an® @htissions from production, delivery and

combustion of a unit of fuel are known.

Previous studies have shown that GHG emissions frelnicle end-of-life management opera-

tions, like shredding of vehicles, separation @&f dlifferent metal and plastic fractions, and land-
filling of automotive shredder residue (ASR), asgwsmall relative to the other life cycle stages
(Sullivan et al. 1998, Sullivan & Cobas-Flores 200BJ 2004, Schmidt et al. 2004, Daimler-

Chrysler 2006). Any GHG emission differences duditferent separation processes required by
different automotive materials are thus also likedybe very small. The processes of vehicle
shredding and material separation and landfilliregtherefore not accounted for in the presented

assessment methodology.

However, vehicle end-of-life management generatesiderable amounts of economic output,
mostly in the form of automotive end-of-life metdrap. GHG emission allocation or system
expansion due to end-of-life scrap generation htcke manufacturing is modelled explicitly in
the presented methodology. The scrap input intetacle life cycle is generally considerably
smaller than the output. Vehicles are thus net ige¢oes of scrap, the majority of which is end-
of-life scrap. Automotive end-of-life scrap is tgplly recycled and used either in automotive or
non-automotive applications. During scrap collettand processing, contamination with prob-
lematic substances and unsuitable mixing of alklysuld be minimised, since this can impact
the yield and quality of the secondary metal (Beatl. 1999, Russo et al. 1999, EAA 2000,
Utigard 2005).
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2 A methodology for Life Cycle GHG Emission Assessments

of Automotive Materials

2.1 General Aspects

This study was commissioned by WorldAutoSteel a@b®motive group of the International Iron
and Steel Institute (IISI). It was conducted by &l Geyer, Assistant Professor at the Donald
Bren School of Environmental Science and Managemdnith is part of the University of Cali-
fornia at Santa Barbara (UCSB). The objective «f #tudy is to develop a methodology for the
parametric modelling and assessment of the liféec@dG emissions related to automotive ma-
terials, with particular emphasis on body-in-whiBdW) designs based on mild steel, alumin-
ium, and advanced high strength steels (AHSS), asdine Ultra Light Steel Auto Body - Ad-

vanced Vehicle Concept (ULSAB-AVC). For this purpas parametric model has been devel
oped which calculates life cycle GHG emissionsitaitable to vehicles as a function of their
material composition and power train design. Aslaxed in Section 1.2, the assessment meth-
odology underlying the parametric model is basedifercycle assessment (LCA) according to
ISO 14040/44 (2006). The scope of the life cyclpaet assessment is limited to climate change
impacts related to automotive material choice. iBR@.2 contains the definition of the goal of
this study. In Section 2.3, functional unit andteys boundaries are defined. Section 2.4 explains
how the reference flows are derived from the d&éniof the functional unit. Section 2.5 details
the parametric model of the inventory analysishvaarticular emphasis on material production
and recycling (Section 2.5.1) and vehicle use {8e@.5.2). Section 2.6 briefly explains how
impact assessment is integrated into the modettisthodology. Model transparency was a key
criterion for this study. To facilitate peer-revieall model calculations and assumptions are pre-
sented explicitly and in detail. The implementatadrthe parametric model is described in Sec-

tion 2.7. Section 2.8 details all the input datat tre required to populate the model.

2.2 Goal of the Study

The immediate goal of this study is to develop @peetric model that quantifies the net changes
in the GHG emissions that are attributable to pagsevehicles and that result from replacing a

mild steel BIW with an aluminium-based or an AHS&&d BIW. To ensure meaningful com-
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parisons, all three vehicles have to be functignadjuivalent. The study uses LCA methodology
as outlined in ISO 14040/14044 (2006). The lifeleyaventory modelling is highly parameter-
ised. Parametric life cycle modelling has been dmegiously (see e.g. Sullivan & Hu 1995) and
has been chosen for two main reasons:

1. To separate the computational structure of the irfodla its input data.

2. To facilitate sensitivity analysis of the modeluks with respect to input

data and modelling choices.

The broader goal of the study is to contributehto gcientific debate on the GHG implications of
automotive material choice. For over a decade,iesudontaining comparative assertions dis-
closed to the public have been published on tlsiseisDue to differences in modelling method-
ology and input data, they are not in agreemeng. @drametric model developed in this study is
designed to facilitate the building of consensuthwegard to choosing the appropriate model-
ling methodology and selecting the required inpaiiad The focus of this study is on computa-
tional structure, model sensitivity and data regmients. The model is aimed at supporting the
application of LCA in the automotive industry toh@mce environmental performance. The tar-
get audience includes everyone who has a stake is interested in this issue and is familiar

with the basic principles of LCA and automotive eegring.

2.3 Scope of the Study

2.3.1 Functional Unit and Reference Flows

The primary function of the product system stucdiedein, cars and trucks, is to provide people
with personal mobility. The study is thus concermgth regular passenger cars and excludes
motorcycles and freight vehicles, like vans andksu Secondary functions such as safety, com-
fort and status are assumed to be approximatelsl dqu all reference flows derived from the
functional unit. The functional unfU of the study is defined as follows:

FU : Transportation services of passenger cars olvatgrit size, utility, equip-

ment and power train configuration over their totathicle life.

The resulting reference flows are three passermsraf equivalent size, utility, equipment and

power train configuration but with BIWs made fronffetent materials. BIW designs based on
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AHSS and aluminium are both treated as ways toceedibe mass of vehicles whose BIW is
based on mild steel. To explicitly document the snsavings achieved by AHSS- and alumin-
ium-intensive BIW designs, a conventionally desdjbaseline vehicle is defined in terms of its
vehicle mass, material composition, power traingtesand the resulting fuel economy. This is
the first reference flow. AHSS- and aluminium-irges@ design changes are then specified and

used to derive material composition and fuel econofrthe other two reference flows.

2.3.2 System Boundaries

Vehicle life cycles are very complex product systefideoleian et al. 1998). In this methodol-
ogy, boundaries are chosen based on the objectiasdess the differences in life cycle GHG
emissions between the three reference flows, ratlaerto comprehensively capture all life cycle
GHG emissions of vehicles (see Figure 5). All ield processes are shown in black boxes with
solid lines. They are primary and secondary pradoatf steel (mild and AHSS) and aluminium
ingots and slabs, further processing of these sgotl slabs into finished material products, ve-
hicle use, and fuel production and delivery. Furflw®cessing includes rolling, galvanising, ex-
truding and shape casting. It excludes all otheniiog operations, such as forging and stamping,
and all joining operations. The main process grabps are excluded are shown in grey boxes
with dashed lines. They are production and finiglohall materials other than steel and alumin-
ium, vehicle manufacturing, and vehicle end-of-if@anagement. Considering the contribution
analyses shown in Figure 1 and Figure 2, and asguthat around 28% of the mass of a pas-
senger vehicle comes from materials other tharl atekaluminium, this boundary choice cap-

tures roughly between 90% and 95% of the life c@HG emissions of passenger cars.

However, the primary goal of the assessment methggas to quantify GHG emission differ-
ences between vehicles that only differ in theMBhaterials and the resulting secondary mass
savings. This justifies the omission of all pro@ssghat are not or not significantly affected by
the material choice for the BIW. Examples for spcbcesses are production of manufacturing
equipment and transportation infrastructure, distion of materials, components and the fin-
ished vehicle. For example, transportation of a mehicle from the manufacturing plant to the
dealer has been estimated to account for at mtfsh ipercent of total life cycle GHG emissions
of passenger vehicles (Bren School 2005). The GéaMihgs from transporting a lighter vehicle
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from plant to dealership will thus be at best a fea mille of total life cycle GHG emissions of
the vehicle. Vehicle end-of-life operations (withdbe impact of scrap generation) is estimated
to account for one or a few per mille of total lifgcle GHG emissions of passenger vehicles
(Sullivan et al. 1998, DBJ 2004). It is thus readula to assume that the difference in GHG
emissions from end-of-life management due to défiermaterial composition of the vehicles
will also be no more than one or a few per milléatél life cycle GHG emissions. The materials
that are outside of the system boundaries are predmtly plastics, rubber, glass, and some
non-ferrous base metals such as copper, zinc,lrackklead. These materials are only indirectly
affected through the secondary mass savings maskbp® through the mass reduction of the
BIW. However, the vast majority of secondary masgrgys will be in steel and aluminium. As-
suming that all secondary mass savings are in ateebluminium is thus estimated to generate

an insignificant error.

Hot rolling of
> steel coil
Primary v .
production Hot-dip
of steel galvanising
, Fuel
Secondary N Rolling of production
production |— long products and delivery
of steel
Shape casting
> of steel . SR v O .
' Vehicle ! Vehicle | Vghlfclli E
' manufacturing ' [ ] use » end-otife |
; [ | 1 management !
Rolling of A [
Primary | aluminium
production —
of aluminium -
Extruding of
> aluminium
Secondary
production  |— -
of aluminium | ,| Shape casting
of aluminium '
| v \ 4
i Production ! : )
i ofallother L----------mmmiiii ; Prompt End-of-life
i materials ! scrap scrap

Figure5: System boundaries of the study. Included processes arein black boxeswith solid
lines, excluded processesin grey boxes with dashed lines, ovals signify product
flows leaving the vehiclelife cycle.
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Vehicle manufacturing (without the impact of scogmeration) is estimated to account for 4 to 7
percent of total life cycle GHG emissions of pagsercars (Sullivan et al. 1998, Sullivan & Co-
bas-Flores 2001, DBJ 2004, Bren School 2005). GH@son differences due to the different
manufacturing processes required for the diffeBY materials might thus conceivably be in
the order of 1 percent of total life cycle GHG esiss. Previous studies that estimate GHG
emission differences from manufacturing steel alumnaium BIWs are considerably lower,
however, and for this reason all vehicle manufactuprocesses have been omitted from this
study (Ecobilan 1997). However, this is estimatetde the largest error source in the methodol-

ogy and thus should be the first system boundaneisddressed in any future work.

2.4 Parametric Model of Reference Flows
The functional unitFU is translated into three functionally equivaleeference flowsRF”
y =b,a,u. The three reference flows describe vehicles efshme vehicle class, vehicle mass
and power train configuration, but with differertdy-in-whites (BIW):
« RF": Vehicle with a BIW made entirely of mild steel
* RF?: Vehicle with a BIW made entirely of aluminium

 RF": Vehicle with a BIW made entirely of AHSS

For the modelling purposes of the study, the tlederence vehicles are fully characterised by

their fuel economyFE”, and a 7-dimensional material composition vechg;

REY = (my,my,my,m, g, g, Y, FEY),  y =b,au 1)

2.4.1 Material Composition of the Reference Vehicles

The material composition of reference fl&F° (vehicle with mild steel BIW) is characterised
by its total mas&W?" (given in kg) and the mass percentages of thesd anhd three aluminium

categories,mc’. The material categories are: flat carbon s(deeil), long and special steel
(i=2), cast steeli =3), rolled aluminium(i = 4), extruded aluminiun{i =5), cast aluminium
(i =6). The mass of each material category containetidrvehicle,ny’, is calculated as total

mass times mass percentage=VW?" [inc’. The remainder of the vehicle mass is assigned to
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generic seventh catego('y: 7) containing all other materialsy) = VW"° —Z;mb. The result
is a material composition vector containing seveatemal categoriesn? i=1..., ,7with
VWP = zillmb. The change in material composition that resuttsnfthe AHSS- and alumin-

ium-intensive designs of reference flows*, z=a,u, is characterised by the following set of
parameters:

AM  totalmasf replacedmaterial
k*  materiareplacemercoefficiert of vehicledesignz (z = a,u)
ratioof secondarynasssavingso primarymasssavings
T, materialcomposition of replacednaterial
T ELm = ==, =0
compositim of replacingmaterialof vehicledesignz
A Elz=au === =00 =0l =00 = Py =0
o, materiacompositim of secondarynasssavings Lan =10,=0

Material composition vectors of the AHSS- and alionin-intensive designs are calculated as
My =P - 77AM + p’k*AM - g;s(1-k?JAM with z=a,u. )
Resulting vehicle mass of the AHSS- and aluminiatensive designs are calculated as
z 7 z b _ z _ —lZ
VW2 =37 Y = VWP - AM +K*AM - s{L-k?JAM . (3)
Net weight savings of the two lightweight designs therefore

AVW? =VWP ~VW? = (1+s)(1-k?)AM . 4)

The following example is only meant to illustrate ttomputational approach and was developed

together with experts from the 11ISI WorldAutoSteeirking group:

VWP =126(kg AM = BIW" = 360kg

mc® =( 04,015 ,0.1,001,001,005,028)

k*=06 k' =075

7, =( 090.100000)

ot =( 00000.7,030) s=03

o' =( 090100000) o =( 030200010103)
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The material composition of reference fl&F® simply follows fromm =VW" [inc’. The ma-

terial compositions of reference flowRF*, z=a,u, are derived fromRF® with the help of

equation (2). The results are shown in Table 1.

b

b

a

U

(All values in kg) mc m m m

Flat carbon steel 1 40% 504.0 167.0 414.9
Long and special stee 2 15% 189.0 144.4 174.6
Cast steel 3 10% 126.0 126.0 126.0
Rolled aluminium 4 1% 12.6 159.5 9.9
Extruded aluminium 5 1% 12.6 73.1 9.9
Cast aluminium 6 5% 63.0 50.0 54.9
All other material 7 28% 352.8 352.8 352.8
Total weight 100% 1260.0 1072.8 1143.0

Table 1. Example calculation of the material compositions of the threereference vehicles

The parametric model of the material compositionthef reference vehicle is descriptive rather
than normative. This means that it does not attempredict the material composition of the
reference vehicles based on their design charatitasrbut rather describes it based on empirical
information gathered from industry and academiae fass of the baseline vehicle depends,
among other things, on the vehicle class and theeptrain configuration. The impact of those

two vehicle characteristics should be studied gizsgivity analysis.

2.4.2 Fuel Economy of the Reference Vehicles

The characterisation of the reference flows is deted by determining the fuel economy of the
vehicles. The average fuel economy of the referéioee RF® (vehicle with mild steel BIW) is
denoted by the paramet&E® (given in litres/100km). The value of the fuel economy not only

depends on vehicle mass and power train configurddut also on the type of fuel used and the
driving characteristics, which are typically spesdf through so-called driving cycles. The im-

pact of those four vehicle characteristics sho@ldtudied via sensitivity analysis.

The fuel economy of the reference flows correspogdd the two lightweight designBF*,

z=a,u, is derived from the baseline fuel economy by madiing the fuel economy improve-

ment AFE? generated by the mass savings, i.e.

FE? = FE° -AFE?, z=a,u. (5)
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The fuel economy improveme®E* of the two lightweight designs is calculated as

AFE? = FSIAVW?, z=a,u, (6)
where FS denotes the ratio of fuel savings per mass savi'rmgstre/(100<mELOG<g). Using
equation (4), the fuel economy improvement canimpeessed as a function of replaced mass:

AFE? = FS(1+s)(1-k?)aM?, z=a,u (7)

In literature, mass-reduction related fuel economgrovements are often calculated using the

concept of a mass elasticity of the fuel econongy,the ratio of relative fuel savings per relative
. AFEIVW . : , .
mass savmgslm. This ratio of percentage changes is typicallyuassd to be constant,

e.g. 0.5, which means that mass savingX &6 generate fuel savings &5 X % he use of the
economic concept of elasticity is problematic fotemst two reasons: First, a relative fuel econ-
omy improvement ofX %yields different absolute fuel economies, depegain whether the

unit of measurement usedrigpg or litres/10Gkm. Second, functions with constant elasticity are
of the form f(x)=alX", i.e. generally non-linear. However, FIZEULW = constant, then the

fuel economy is a linear function of the vehicleigi®, which directly contradicts the assump-
tion of a constant elasticity. These problems aeded in this model since the fuel savings due

to mass savings;S, are given in absolute instead of relative termdescribed above.

FS is a critical model parameter, which has to sunmseas complex reality (Wallentowitz et al.
2000, An & Santani 2004). Separate research has daeied out by FKA (2005) to investigate
how FS depends not only on vehicle mass reduction, s ah parameters like power train
configuration, driving cycles and type of poweritiradjustment. The results of the FKA study
clearly show that the assumption of a constanttieisis not a good approximation. It also
shows that the value dfFS depends on vehicle mass, power train configuratioiving cycle
and power train adjustment and thus has to be reablek a function of these parameters. The
impact of those four vehicle characteristics shdaddstudied via sensitivity analysis. Parameters
like rolling resistance coefficient, aerodynamisistance coefficient, frontal area and energy

demand of accessories (zero load) are assumedidettéal for all reference vehicles.
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2.5 Parametric Model of Life Cycle Inventory Analysis

The parametric model of the inventory analysisdsdal on attributional LCA, which facilitates

benchmarking with previous studies and also seages natural starting point for additional con-
sequential modelling. In this methodology the irtoey of the life cycle GHG emission&Cl Y,
attributable to each reference floRF* y=b,a,u, is calculated as the sum of the GHG emis-

sions from all its life cycle stages:

—

LCIY =)o + 10 + 15 +12  with y=bau (8)

y
man use
Tg,od are the cradle-to-gate emissions from the materiadluction stage of vehiclg Tn{m are

the emissions from the vehicle manufacturing s{ageuding prompt scrap recycling)j}ge the
emissions from the vehicle use phase (includingssiomns from fuel production and delivery),

and r;,, the emissions from its end-of-life (eol) managet{ercluding eol scrap recycling).

At the vehicle manufacturing and eol stages, tlventory model currently only covers the im-
pact of co-producing prompt and eol scrap, i.e.dh@ssions from the manufacturing and eol
management processes are not accounted for. Serggling is included since many previous
studies show that the GHG implications of prompd and-of-life scrap recycling are significant
and need to be accounted for (Saur et al. 199%lc&tk et al. 1995, Ecobilan 1997, Takamatsu
and Ohashi 2000, IAI 2000, Das 2000, Field et @@ Dhingra et al. 2001, Hayashi et al. 2001,
Birat et al. 2004). The scrap flows into and outha vehicle life cycle create the need for alloca-
tion or system expansion in attributional LCA. Tiheentory model quantifies the GHG impacts
from material production and recycling in conjunati As a result of this and the above-
mentioned process omissions, equation (8) simplife

LCTY = T2 4T = (T + T o+  aJF 1 With y=b,a,u 9)
LCI'Y does not calculate the total amount of GHG emissattributable to a vehicle life cycle,
but rather the GHG emissions related to producéind recycling of automotive steel and alu-
minium and the use of the resulting vehicles. Tiasowed scope is deemed appropriate for the
goal of the study, the calculation of life cycle GHemission differences between the reference
flows, and therefore considered in agreement vth 14040/44 (2006).
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2.5.1 Inventory Model of Material Production and Recycling

For each reference flolRF’, y =b,a,u, the GHG emission inventory of material production
and recycling is calculated as
1Y, :ﬁﬂyrﬁ“ y=b,au, (10)
=
where ria“ are the GHG emissions attributable to one kg ofenel category used in vehicle
manufacturing. For each material type, the massimred) for vehicle manufacturing, i.e. the

shipped material, is the material content dividgdtie manufacturing yield, i.eny’/y; , where
¥, denotes the manufacturing yield of material catggoNote that the model does currently not

account for GHG emissions from automotive matermtser than steel and aluminium. This is
considered to be in agreement with the scope oftindy, which is to quantify GHG emission
differences between mild-steel-, AHSS- and alunmmiatensive vehicle designs rather than to

estimate total life cycle emissions of vehicles.

The main challenge posed by equation (10) is theulzion of IT"“, which essentially deals

with the question of how to account for the use gederation of scrap and the resulting metal
products from secondary production (see e.g. EankiR97, Schmidt et al. 2004) . The secon-
dary production routes of steel and aluminium haneeh lower GHG emissions than their re-
spective primary production routes. In the casalominium, GHG emissions per kg of ingot
differ by a factor of about 20. It is thus of utmhasiportance to make sound and consistent

choices forﬂa“. There are many possibilities of allocating eletagnflows in product systems

with recycling (see e.g. Klopfer 1996, Ekvall & filan 1997). One possibility is to simply track
which of the materials used in the vehicles comeenfprimary and which from secondary pro-
duction routes, and multiply them with their regpex cradle-to-gate GHG emissions (see e.g.
Ecobilan 1997, 1Al 2000, Dhingra et al. 2001, Hdyast al. 2001). This approach accounts for
the GHG emissions generated during the productidheoautomotive materials used in the ve-
hicle life cycle. However, it does not account &my GHG impacts related to the consumption
and generation of metal scrap, which has been #ie aniticism of this so-called secondary con-
tent or cut-off method (see e.g. Ekvall & Tillma@9r, Atherton 2007). The USAMP Generic
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Vehicle Life Cycle Inventory Study (Sullivan et dl998), for example, accounts for prompt

scrap contribution to the LCI. Details on its metblmgy can be found in Keoleian et al. (1998).

One way to account for scrap recycling at the emtanufacturing and end-of-life management
stages is the so-called avoided burden approadgrsequential system expansion, as described
in Section 1.2 (Guinée 2002, Frischknecht 2006yeHbe system boundaries are expanded to
include the secondary production processes thatheserompt and end-of-life scrap as inputs
and the changes in other production processespmingary production of the same material type,
that result from the increase in scrap recyclinge @voided burden approach models changes in
flows and processes and is thus based on consé&jueasoning. In the standard use of this ap-
proach for metals it is assumed that scrap reoyal@duces primary production of the same
metal by an equal amount (Stodolsky et al. 199%bian 1997, Das 2000, Field et al. 2000,
Brimacombe et al. 2001). Typically, no attempt igd® to verify this assumption. In the standard
use for metals, the avoided burden approach thussgh scrap-generating product system an
emission credit that is equal to the emission wkffiee between primary and secondary produc-
tion multiplied by the amount of metal producednfrecrap recycling.

In attributional LCA, the sum of the life cycle ientories of two product systems has to be equal
to the life cycle inventory of the joint productssgm (Ekvall & Tillman 1997, Guinée 2002).
Use of the avoided burden approach thus requikgspttoduct systems that use metal from sec-
ondary production receive an emission debit of dhme size as the emission credit given to
product systems that generate scrap for secondadygtion. In the standard use for metals, this
is equal to the emission difference between prinaary secondary production multiplied by the
amount of secondary content. From a perspectiveoasequential system expansion, this is
equivalent to assuming that increased recycledecomnly diverts scrap from other applications
instead of increasing scrap collection and recyclifstherton (2007) e.g. argues that “the spe-
cific origin of input material (whether recycled primary) is not relevant [...]” since, for metals,
specifying recycled content is ineffective for rethg environmental impact. Typically, no at-
tempt is made to verify this assumption. From drbaitional perspective, the avoided burden
approach can also be regarded as a method to ai@caulGHG emission inventory for scrap,

which is thus treated as a product flow rather @warlementary waste flow (11SI 2005).

22



A large group of metal industry associations, idahg IAl and 1ISI, recently expressed their
strong support of the avoided burden approach (#ahe2007). It has been pointed out in litera-
ture that cut-off and avoided burden approach laewo extreme cases of a possible continuum
of credit/debit schemes (Ekvall 2000, UBA 2002, &k& Weidema 2004), with the so-called
50/50 method in the centre (Kl6pfer 1996, EkvalT8man 1997, UBA 2002). Without loss of
generality, the presented methodology thus usddiags credit/debit system (CDS) with the
fraction of recycling credit given to the vehicleelcycle as a model parameter. It thus supports
an infinite number of allocation methods, includiogt-off, avoided burden and 50/50, which
facilitates sensitivity analysis. From a conseqiamterspective, the sliding credit/debit system
can be regarded as a refined way of applying sysbgmansion. From an attributional point of

view, it can be interpreted as a refined way ofwelating a GHG inventory for scrap.

In its own publications, the International Iron a8teel Institute (11ISI) endorsed two allocation
methods, the avoided burden approach and the kmtgallti-step recycling method (11ISI 2005,
Birat et al. 2005). The multi-step approach hasnbseggested earlier in literature (Borg &
Anderson 1998). The standard use of the avoideddnuapproach, or consequential system ex-
pansion, for metals is based on the assumptionutbeat collection, separation and recycling of
the metal leave its inherent properties unchangith thus makes it potentially recyclable for
an infinite number of times. However, the avoidedden approach accounts only for one recy-
cling cycle. The multi-step recycling method is ideged to reflect not only the recycling of the
prompt and end-of-life scrap from the vehicle lffgcle but also the subsequent cycles of the
metal. Clause 4.3.4.3.4 of ISO 14044 (2006) mestible number of subsequent uses of a recy-
cled material as a basis for allocation, but do&sgive it a high priority. In order to facilitate
sensitivity analysis of the model results with mdpto allocation/system expansion, the multi-
step recycling (MSR) method is included in the preded methodology. In the limit case of infi-
nite recycling cycles and identical recycling ratesall cycles, the MSR method yields results
identical to the standard avoided burden approachfetals. However, the two methods are
based on fundamentally different allocation pritesp All allocation methods supported by the
presented methodology have been chosen for thigabdity to account for recycling of automo-

tive metals. They are thus not necessarily equgdjyropriate for other automotive materials.
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25.1.1 Allocation via diding credit/debit system (CDYS)

The emissions attributable to each material typecatculated as follows:

out _ oin \, N
I_’iatt — (1_ ricont )I_’lp + ricontris + rif _G(S - Sp j(lip _ Iis) (11)

S-S

The maximum amount of displaced primary producti@iy —s")/(s® - s?), which determines

the maximum recycling credit, is derived on thetrneage by balancing all external scrap flows

(see Figure 6). The definitions of all the neceggarameters are:

|.°P  ore/scrap to-ingotemissiongprimaryproductionroute)of 1kg of materialtypei

scrap-to - ingotemissiongsecondaryroductionroute)of 1kg of materialtypei

ingot - to - finished- materialemissiongfurtherprocessinyjof 1kg of materialtypei

percentagef shippedmaterialtypei comingfrom thesecondaryproductionroute

kg of scrapinput perkg of slab/ingotfrom thesecondaryroductionroute

s’  kgof scrapnputperkg of slab/ingotfrom theprimaryproductionroute

grossamountof scrapnput (in kg) into thevehiclelife cycle

grossamountof collectedandseparatedcrapoutput(in kg) from thevehiclelife cycle
a 0O [O]] ,amountof recyclingcreditallocatedo thevehiclelife cycle

The scrap flows in and out of the vehicle life &@nd the combined recycling rate of prompt
and end-of-life vehicle scrap are calculated as

3" =" @) 5T

5™ =cese (1~ y;) +ce™ s y; : (12)

r = celsry" (L~ ) + cg sy,
The definitions of the additional parameters are

ce” collectionefficiencyof automotivenanufactung (prompt)scrapof materialtypei
se” separatiorefficiencyof automotivenanufactung (prompt)scrapof materialtypei
ry™ recyclingyield of automotivemanufactuing (prompt)scrapof materialtypei

ce™ collectionefficiencyof automotiveend- of - life (eol)scrapof materialtypei
separatiorefficiencyof automotiveend- of - life (eol)scrapof materialtypei
ry:” recyclingyield of automotiveend- of - life (eol)scrapof materialtypei

Y, manufactuing yield of materialtypei
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Scrap recycling rates are defined as secondaryrialat@itput over scrap generation and thus

account for collection efficiency, separation a#fitccy and the metal yield of secondary produc-

tion. The average scrap input to secondary prooidsi calculated as® = s™ /r® .

For a =1, equation (11) gives maximum credit to the gemanadf recycled scrap and maxi-
mum debit to the use of scrap. The value for thasimum credit/debit is calculated by balanc-
ing all the scrap flows in Figure 6 and assumirag #ny changes in scrap input or output cause
displacement between secondary and primary pramtuctitside of the vehicle life cycle as as-

sumed by the standard avoided burden approachdtalsn

out in
t _d _ -S
SU+s’B=8"+B=> =" (13)
§~S
i Primary 1 poon Vehicle life cycle E
1 - 1
\—> production ' !
| of material .| Material | Vehicle | Vehicle i Vehicle i |
1 s . —» > . 1
' S d cont finishing 1 manufacturing use , end-of-life !
' econdary r LR ' L mmmm o !
g production : !
! of material |
§*=as L p) ST,
s Secondary
s B production

of material

Sin = sp (l_ rcont) + Ssr cont

Displacement

Primary
production
of material

Figure 6: The standard avoided burden approach for maximum credit/debit calculation

Figure 6 shows that the avoided burden approactl imsethe credit/debit system accounts for

scrap consumption of primary metal productionsahé case in BF/BOF steel production. In the
case thass® = Qit follows that 8 =r" —r®" . For a = 1, equation (11) now simplifies to
B U0 L S (14)

and no longer reflects the use of material fronoedary production, i.e. is independentr§t™ .
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For a = 0, equation (11) simplifies to
riatt — (1_ r.icont )rlp + r.icontris + rif (15)
This is the previously discussed recycled contemub-off method, which only accounts for the

emissions that occur during production and finighai the material contained in the vehicle.

out

The same is true ™" = 5", i.e. if the vehicle uses and generates idengicalunts of scrap.

In the case of steel, primary production emissamesbased on BF/BOF technology and secon-
dary production emissions are based on EAF techggolBrimary steel thus denotes steel from

the BF/BOF or primary production route, which camtain significant amounts of scrap. A dis-

tinction thus needs to be made between the secpmdate content of a vehicle®" and the

scrap content of a vehicle. The latter is not aigiitforward concept, since it is unclear how to

determine the scrap yield of primary steel productiOne possible definition of automotive
scrap content iss"/s° = (1-r®")s?/s*+r®" . In the case of aluminium, primary production

emissions are based on Hall-Heroult electrolytiocpss technology and secondary production

emissions on secondary remelting and refining teldyy.

25.1.2 Allocation via multi-step recycling method (M SR)

Here, the emissions attributable to each matey tire calculated as follows:

car =1 ar |\ n
d Zmzo(ri ) _ i O [ﬂria“)

with r, = Tore an_:lo (ria” )m e g g o [ﬁria“ )n (17)

L= (L=n )P e+ 1 :rip"'rif_ri(rip_rs) (16)

Here are the definitions of all parameters useshimations (16) and (17):

n numberof recyclingcycles

rip cradle- to - ingotemissiongprimaryproductionroute)of 1kg of materialtypei

> cradle- to - ingotemissiongsecondaryroductionroute)of 1kg of materialtypei

. Ingot -to - finished- materialemissiongfurtherprocessinyof 1kg of materialtypei
r  overallautomotiverecyclingrateof materialtypei,i.e.r®: = (1-y, )r,”*™ +y,r.*

r overallrecyclingrateof materialtypei (for allits applicatians)
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r; is the overall recycling rate of primary route evél of category, that is recycled once with
the automotive recycling rate,” , and then recycled anotherl times with the average recy-

cling rate of material categoryor all its applicationsr,”" .

In the case that™ =r* the calculation of, simplifies to

car _ [, car 01

ro=- ' (18)

For n - o, equation (18) further simplifies to =r.*, given thatr™ < 1 In this special case,
the avoided burden approach of equation (14) and-stap recycling yield the same amount of
GHG emissions attributable to the production amyckng of material categorny

I#iatt = (1_ ricw)rip +r Iﬁis + Ef
If the overall recycling rate of the material isffeient from its automotive recycling rate,
r? # 1™, then the attributable emissions calculated baseavoided burden (witls® = )owill
be different from those calculated based on mtdfp-secycling, even ifi - o

T I T Uty

Avoided burden and multi-step recycling methodsdamentally differ in the way they allocate
emissions to material production and recycling. Tditer calculates the average emissions per
kg of material for a metal production system cairggsof initial primary production and sub-
sequent recycling cycles. Every kg of metal, relgsmslof recycled content or recycling fate, is
attributed the same amount of emissions, the aeevghe specified metal production system.
The avoided burden approach only accounts forrtimedadiate scrap outputs and inputs from and
to the product system and ignores the charactsisti the overall metal production system.
Both methods, CDS and MSR, require the knowledga wériety of recycling rates. It may be
difficult to obtain individual prompt and end-ofdi scrap recycling rates for the different steel

and aluminium categories and thus more practicalotobine the three steel grad@as 12,3)
and the three aluminium gradéis: 4,5,6) for the purpose of collecting or modelling prorapd

end-of-life scrap recycling rates.
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2.5.2 Inventory Model of Vehicle Use

For each reference flolRF”, y =b,a,u, the GHG emission inventory of vehicle use is @alc

lated as

Y =FE'O,,0M ,y=b,a,u, (19)

The model parameters are defined as follows:

Averagdueleconomy(in litres/100km) of referencevehicley for givenfuel type

anddriving cycles
l..a GHGemissiorinventoryof productiondeliveryandcombustiorof 1litre fuel

TM  totallife of thevehicle(in km) (assumedo bethesamdor all threevehicledesigns)

Ey

The use phase GHG emissions per kilometre are latdcuas the product between vehicle fuel
economy and the GHG intensity of fuel productioalivery and consumption. To illustrate the
GHG emission impact of biofuel use, the inventorgdal can be adjusted to reflect the GHG
emissions of vehicle use based on gasoline blemdédethanol made from three alternative
types of fuel crops. The impact of ethanol contamd biofuel crop should then be assessed via
sensitivity analysis. Ethanol fuel crops are diddato starch-based such as corn (g), sugar-
based such as sugar cane (s), or cellulose-basbdasuswitch grass (c), since their production
has very different GHG emission inventories (IEA20Delucchi 2006). Adjusted GHG emis-

sions per 100 driven kilometres, i EY O, , for ethanol / gasoline blends are calculated as:

FEy |:ll_.fue| = I:Eg;/asoline |:Iﬁgasoline [(ﬂ._ec |Ef]) (20)
rgaso“ne GHG emissioninventoryof productiondeliveryandcombustiorof 1litre gasoline
ec Ethanolcontent(in volume%o)

Well - to- wheelsGHG emissiorfactor(in %) of ethanofromfuelcropj =g,s,c
) relativeto gasolineandperdrivenkilometre

The GHG emission factor of ethanef,, gives the well-to-wheels GHG emissions of ethawol

a percentage of the well-to-wheels GHG emissiorgasbline (given irkgCO,eq/km) and thus
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summarises the assumptions for production, deliarg combustion of ethanol (IEA 2004,
Delucchi 2006). This notation is used in most babfand hydrogen pathway analyses (see
Delucchi (2006) for a recent review) and accouwntsdhanges in volumetriclier /km) and
(MJ/km) calorific fuel economy that result from fuel ctiges and the resulting power train ad-
justments. Along the same lines, the presented adetbgy can be readily extended to model
the GHG impacts of other fuel types, such as fasesel / biodiesel blends.

2.6 Life Cycle Impact Assessment

Impact assessment is the process of convertingvamiory of elementary flows into a set of en-
vironmental impact indicators. In this study, thelyoconsidered elementary flows are GHG

emissions, and the only considered impact indicstatimate change. The global warming po-

tential GWP, of a given inventoryaX of elementary flows is calculated as:

GWR, = 3" gwp' 1), with T, = (12,12,1%,...17)

The model parameters are defined as follows:

gwp Globalwarmingpotentialof greenhousgas(GHG)|
N Elementarflow of GHGI for process
GWP, Globalwarmingpotentialof process for agiven processlnventorylaX

Such a conversion of an inventory vector into ahaator result can be done on any level; proc-
ess, sub-system, or whole system. In fact, it ssfide to first convert the emission inventories
of the unit processes from Figure 5 into indicatsults and base all model calculations from

Section 2.5 on the indicator resul®MP, (in kg CO2eq) rather than inventory ddia of the
processes. All equations in Section 2.5 remairs#tme, only with scalars of global warming po-
tentials GWP, instead of inventory vectorEk. This is, in fact, the way inventory analysis and

impact assessment has been implemented in a shesdd®rsion of the presented methodology.
The sequence of inventory analysis and impact sssad is reversible since the inventory
model contains only linear manipulations of the ®sitn inventories of the unit processes. The

list of greenhouse gases covered by the processtones should be consistent across all proc-
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esses and as comprehensive as possible. The iagmagtsment of the represented methodology
could be readily extended to include more impategaries, given that all relevant elementary
flows are covered by the process inventories ahcel@vant processes are contained within the
chosen system boundaries. An extension of the itngsgessment would thus require a re-

examination of the available process inventoriesthe chosen system boundaries.

2.7 Implementation of Parametric Model

The presented methodology is readily translateal anparametric model. This section describes
how the different elements of the parametric mdaele been implemented in a simple Excel-
based spreadsheet model. Due to the parametricenaitthe model, all input data can be modi-
fied. Choice of input data and model results arepant of the presented methodology and are
discussed in a separate publication.

1. The GHG emission inventories of all processes withe system boundaries are converted

into global warming potentials

GWP, = Z";l gwp' 0!

2. Material composition and fuel economy of the bameteference flonRF® are selected

RFY = (g, mg, b, g, nt, mg, b, FE®)

3. Material composition and total mass of the lightyitivehicle designsRF*, z=a,u, are
calculated:

=P - 77AM + p?k?AM - g;s{1-k?)AM and

VW2 =3 =W - (L+s)L- k7 JAM = VWP - Avi?

4. The gasoline-based fuel economies of the lightwierghicle designs are calculated:

FEZ e = FE® im0 — AFE? = FSIAVW = FS(1+s)(1-k?)aM

gasoline gasoline gasoline

with AFE_

gasoline
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5. Global warming potentials of the use phase areutatied for all three vehicles:
GWR., = FE' [GWP,, M with FE’ [GWP,, = FE], .. (GWP, (1_&@]_)

gasoline gasoline

6. Attributable global warming potentials are calcatator each material category:

out __ «in
CDS: GWP™ = (1- ™" JGWR? + r "GWR® + GWP' —a(—s 3

o j(GWPiP -GWe*) or

MSR: GWR™ = (1-1,)GWP" +1,GWP® + GWP'

7. Global warming potentials from material productaomd recycling are calculated for all three

vehicles:

7 rr‘y
GWRY, =Y —-GWe™

i Vi

8. Global warming potentials of the product systemcaleulated for all three vehicles:

GWPY = GWPY, +GWPY,

9. The life cycle GHG emission differences betweenicleh are calculated:
Baseline vs. AluminiumAGWP™? = GWP - GWP?
Baseline vs. AHSS:  AGWP"™ = GWP" —GWP"
AHSS vs. Aluminium: AGWP*? = GWP" - GWP?

10. The crossover distances are calculated:

voe = CWRn, -GWP?, Mus = CWPL —~GWR,,
o (FE” - FE® JGWP,, o (FE" - FE® JGWP,

The crossover distance between two reference flswigfined as the total driving distance
at which both reference vehicles have the same anafattributable life cycle GHG emis-
sions. The difference between the cross over distand the assumed vehicle life (193,080

km) indicates which reference vehicle has lowailattable life cycle GHG emissions.
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2.8 Required Input Data

This section lists all the input data that are negito populate the parametric model. It is as-
sumed that impact assessment is conducted at tloegs level, not the product system level.
The required input data are thus the global warrpioigntials (per unit output) of the processes,
rather than their process inventories. It is furth&sumed that recycling rates are only available
for steel and aluminium as a whole and not forittthvidual steel and aluminium categories.

However, the model can accommodate individual rdtdey are available.

VW" (ICEV) | VW" (HEV) Replaced mass (BIWAM

Compact
Midsize
SUV
Table 2: Mass of referenceflow RF® and itsBIW (in kg) as a function of vehiclesizeand
power train configuration V

FE gassiine ICEV (NEDC) | ICEV (Hyzem)| HEV (NEDC) | HEV (Hyzem)
Compact
Midsize
SuUvV
Table 3: Gasoline-based fuel economy FEgasoIine of referenceflow RF® (in litre/100km) asa

function of vehicle size and power train configuration ?

FS ICEV (NEDC) | ICEV (Hyzem)| HEV (NEDC) | HEV (Hyzem)
Compact
Midsize
SUV
Table 4: Fud savings per mass savings FS (in litres/100km and 100kg) without power
train adjustment

FS ICEV (NEDC) | ICEV (Hyzem)| HEV (NEDC) | HEV (Hyzem)
Compact
Midsize
SUV
Table5: Fud savings per masssavings FS (in litres/200km and 100kg) with power train
adjustment

Y |CEV = internal combustion engine vehicle, HEV ybtid electric vehicle
) NEDC = new European driving cycle (modal), Hyzerar{sient)
% Engine power is reduced to yield the same 0-10Bkanteleration as the baseline vehicle
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Composition | Composition Composition of
of reference | of replaced replacing material
flow RF®, material, AHSS, | Aluminium,
mc’ 4 oy P’

Composition

of secondary

mass savings
a.

Flat carbon steel

Long & special steel

Cast steel

Rolled aluminium

Extruded aluminium

Cast aluminium

Table 6: Datarequired to calculate material compositions of reference flows RFY y =b,a,u

Material replacement coefficient AHSE) %
Material replacement coefficient aluminiuk? | %
Secondary mass savings coefficient, %

Table 7: Datarequired to calculate primary and secondary mass savings

Vehicle life (total mileage in km)TM

Well-to-wheel GWP of gasoline (in kgG&xy/litre), GWPR,

asoline

Ethanol content (in volume %gc

GHG emission factor of ethana#; | =g,s,c (in %)

from grain-based fuel crops=@Q)

from sugar-based fuel crogs§)

from cellulose-based fuel crogs€)

Table 8: Datarequired to calculate global warming potential from vehicle use, GWP.,

Material product System boundaries Symbol kg€xikg
BF /BOF slab Cradle-to-slab GWP,,

EAF slab Scrap-to-slab GWP;,

Hot rolled coil (HRC) Slab-to-finished-product GWR/!

Hot dip galvanised (HDG)| Slab-to-finished-product GWR,

Long and special Slab-to-finished-product GWP,

Cast steel Slab-to-finished-product | GWP,

Table 9: Global warming potentials of steel production and further processing

HRC vs. HDG steel sheet in automotive (in % vs. %)

Scrap input to primary steel production (BF/BOFteuin kg/kg) sp, , ,

Table 10: Data required to calculate global war ming potential from steel production
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Material product System boundaries Symbal kg€x{kg
Primary ingot Cradle-to-ingot GWP),

Secondary ingot Scrap-to-ingot GWPS, 6

Rolled aluminium Ingot-to-finished-product GWP,

Extruded aluminium Ingot-to-finished-product G\NPSf

Cast aluminium Ingot-to-finished-product GWPR,

Table 11: Global war ming potentials of aluminium production and further processing

Scrap input to primary aluminium production (Halketdult route) (in kg/kgep, e

Table 12: Datarequired to calculate global war ming potential from aluminium production

Yield in vehicle
manufacturingy,

Vehicle's content of material from

secondary roduction rout

cont

Flat carbon steel

Long & special steel

Cast steel

Rolled aluminium

Extruded aluminium

Cast aluminium

Table 13: Manufacturing yields (in fraction of shipped material) and secondary contents
for passenger vehicles (in fraction of total content of material type))

Prompt scrap recycling Eol scrap recycling
Symbol 1% Symbol %
Collection efficiency ce™ ce™
Separation efficiency sg™ e
Recycling yield ry" ry;”

Table 14: Automotive prompt and end-of-life (eol) scrap recycling data

Steel

Aluminium

Recycling allocation parameter

Number of recycling cycles

Overall recycling rate

Table 15: Additional datarequired for allocation viaCDS: a

Additional datarequired for allocation viaMSR: n, r'
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4 Appendix A: External Review Panel Report

The following review has been performed as a @itieview by a panel of interested parties ac-
cording to Clause 6.3 of ISO 14044 (2006).

4.1 The Review Process

The panel chairman, Dr. Atsushi Inaba, was selebtetlSI. The chairman selected the other
panel members, Dr. Greg Keoleian, Dr. Gerald Rehitand Dr. John Sullivan. A draft docu-
ment was submitted to the review panel on 22 Jg2@07. On 1 March 2007 and 4 May 2007
the external review panel met with Dr. Roland Gegediscuss draft document and underlying
study. A decision was made to not review input datd model results but only the research
methodology. A methodology report was submittedhi review panel on 7 May 2007. After
receipt of draft comments and conclusions from ii@ew panel, Dr. Geyer submitted an
amended draft methodology report on 2 August 20iis draft formed the basis of the final
comments and conclusions that are reported belbe.réview panel results and comments were
approved by all review panel members and sent t@Byer on 27 October 2007. The final ver-
sion of the methodology report contains eight meaditorial changes request by the panel and an
extension of the recycling methodology based on @ent 2) b) of Reviewer 1. Please note that
the reviewers’ page references refer to the drathodology report from 2 August 2007, while

the author’s page references refer to this finedio@ of 7 December 2007.

4.2 Results of the External Review

The methodology presented in this study is welleflgyed and complies with the concept of the
life cycle approach of products of ISO 14040(2086) 1SO 14044(2006), although ISO does
not assume this kind of LCI study mainly focusingtbe deviation of GHG emissions from the

baseline presenting the functional unit using patans.

The methodology presented is generally consistéht i 8O 14040 and 14044. While a full LCA
includes results with multiple impact categoriéss tstudy is limited to the methodology and fo-
cuses exclusively on greenhouse gas emissiondSBut14044(2006) and 1ISO 14044(2006) ac-
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cept an LCI study focusing on limited emissions. the author states, the methodology pre-
sented in this study can relatively easily be exieanto address other impact categories as well.
In general, assumptions, data sources, and datgsenenethods are well documented, as re-
guested by ISO 14040(2006) and ISO 14044(2006).

In this paper state of the art methods for recgchilocation were presented including the sliding
credit/debit system. It is important to point ohat these approaches each suffer from several
limitations. As many of these limitations were autated by the author, it must be strongly em-
phasized that the recycling allocation methods c¢anifluence the overall life cycle greenhouse

gas emissions as calculated with the method.

The author says that he used the attributional lcGAcept in this paper (in contrast to the con-
sequential approach). In the scientific field ofA,Ghere are many arguments regarding the dif-
ference between these methodologies. The authaidsheflect these discussions more in the
paper, but this does not significantly impact timportance and originality of the methodology
presented in this paper.

4.3 Comments from Individual Reviewers

Individual reviewers of the External Review Paredammend that the author shall consider the

following points. These comments were not alwayspsuted by all Panel members.

1) The methodology discussion in the review prodasgely clarifies the issue of conse-
guential/attributional LCA, but there are still serstatements which are clearly an opinion of the

author and therefore must be indicated as suchef®ev 1 pointed out the following;

a) On page 4, last paragraph, the author statesityéional LCA requires allocation of
elementary flows between different product systevhenever there are product flows
crossing the system boundaries of the investigateduct system”. This is clearly the
opinion of the author but not a methodological @nssis, since many other scientists and

practitioner would argue that also in attributioh@A allocation can be avoided by sys-
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tems expansion, which is actually the preferredoopn 1ISO 14040/44 (2006). It shall be

stated that the statement is the opinion of theawnd not a generally accepted view.

b) Page 5, second paragraph: Here the author merttiat the distinction between attribu-
tional and consequential LCA has emerged only iiice@n the other hand he quotes a
source from 2001 (Curran et al. 2001), which shtves this distinction is already quite
established. 6 years (from 2001 to 2007) are a long taken the overall history of LCA
development into account. This is also confirmedI®® 14040 (2006), Appendix 2,
where it is clearly stated that both approache lteweloped in recent years. Therefore

the argument that the distinction has only emergedntly needs to be changed.

c) In Chapter 1.2. the author quotes several inaporteferences, but omits (Atherton,
2007), which is a key reference in this discussiespecially since it is a consensus
document of the metals industry, including the ahiom and steel and iron industries.
The arguments of this important paper have to loeesded in this methodology chapter
as well (in addition to referencing it later in @ier 2).

d) In Chapter 2.5.1 the discussion regarding camseitpl and attributional modeling is
taken up again and on page 21, last paragraphlutimer states “From a perspective of
consequential system expansion, this is equivatetite assumption that the use of metal
from secondary production displaces secondary mtamuoutside of the product system
instead of displacing primary metal production (@tion 2007)”. This may be the opin-
ion of the author, but does not represent any fofscientific or industry consensus and
it is not founded on the source given (Atherton 2000 the contrary (Atherton 2007)
shows that every amount of metal recycled displacesary production, independent if
the metal originally came from the primary or tee@ndary route. The statement needs
to be changed so that it is clearly indicated asgothe opinion of the author and that it is
not based on (Atherton 2007).
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2) In this paper, the methods to evaluate recydiygiems were presented. It is important to
point out that these approaches have several tionia Although the author states those limita-

tions in this paper, Reviewer 1 pointed out théofeing.

a) As stated e.g. in Chapter 2.5.1.1, directlyragtpiation 12 , the author states that the re-
cycled content or cut —off method only accountsedunissions that occurred during pro-
duction and finishing of the material containedthe vehicle. In other words, this also
means that the end-of-life phase of the automotnaterial is not considered, which
demonstrates that the recycled content or cutqoff@ach does not cover the complete
life cycle, since the implications of recycling amitted. This needs to be addressed also

in the methodology discussion in the report, afsarh commenting on the formula.

b)In Chapter 2.5.1.1, last paragraph, the authoest#iat the consideration of primary and
secondary metal is based on the production roudenahon the actual scrap content, for
all alternatives considered in the model. On thesohand, in the preceding paragraph,
where equation 13 is elaborated, he states thaavbeled burden or system expansion
method gives full emission credit for scrap andsdoet reflect the use of material from
secondary production. In addition, the report imegal and in several chapters stresses
the importance of the methodological treatment afs for the overall result of any
analysis. These points result in the fact that baseto be taken in selecting input data for
comparative purposes (e.g. steel vs. aluminiumlegards to data symmetry, i.e. their
suitability for being used in comparative analysEsis is important since the primary
production route of aluminium does not use anygscha consequence any scrap use in
the BF/BOF production route for steel has to beoanted for, e.g. by assigning a debit
to the scrap use, otherwise the assessment wotlldenconsistent and might lead to bi-
ased results. The author shall address this pathtshortly explain the requirements for
any data to be used (needs also to be mentionibe irelated tables in Chapter 2.8., sys-
tem boundaries). In this context, the terminologyatlle-to-slab” and “cradle-to-ingot”
for the EAF slab steel product and the secondamni@ium ingot can be easily misun-
derstood. It is strongly suggested to change ttexses to “scrap-to-slab” and “scrap-to-

ingot” to avoid confusion.

42



Reviewer 2 pointed out on this issue also.

c) On page 23, “Faor = 1 equation (11) simplifies to equation (13).d'td the avoided bur-
den method from above, which gives full emissiceddrfor prompt and end-of-life scrap
recycling and does not reflect the use of secondaterial.” The implications of this
approach are significant for a comparative asseassmédse ofg = 1 can understate the
burdens that are incurred and can favour one maht@ver the other. The methodology
properly allows for use of different values but the user should justify their selectbn
theg value for a given application.

In addition for MSR it is unclear that this methaduld result in an overall balance in
GHG emissions if it is applied for an automotivesteyn and other product systems in-
volved through material recycling. In other woitls not clear whether GHG emissions

will be conserved across systems.
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5 Appendix B: Response to External Review Panel Report

The author of this report welcomes the resultdhefdaxternal review and all comments from in-
dividual reviewers. He would like to express hiatgude for the reviewers’ expertise, scrutiny
and constructive criticism, all of which added siigant value to the report and the methodology
it describes. As customary for a critical revieve@atcling to 1ISO 14044 (2006), this chapter con-
tains the author’s response to the external repiawel report.

5.1 Response to Results of the External Review

The author would like to express his full satisiattand overall agreement with the results of
the external review, reproduced in Section 4.2wdeld like to assure the review panel that he
is very much aware of the mentioned ongoing disoas® the field of LCA regarding the dif-

ferences between and merits of attributional antsequential LCA methodology. However, he
trusts that the relevant paragraphs in Sectionsadd22.5 are sufficient for the purpose of this

report. A manuscript with a detailed discussiomhid issue is in preparation.

5.2 Response to Comments from Individual Reviewers

1) Responses to comments from Reviewer 1 regamingequential/attributional LCA:

a) The citation in this comment is incomplete. Tdwmmplete statement is: “Attributional
LCA requires allocation of elementary flows betwedfierent product systems when-
ever there are product flows crossing the systeondlaries of the investigated product
system. Clause 4.3.4.2 of ISO 14040/44 (2006) recenas avoiding allocation wher-
ever possible through further division of unit peeses or expansion of the product sys-
tem.” The sole aim of system expansion is to avbat product flows cross the system

boundaries, so that no allocation is necessary.

b) Appendix 2 of ISO 14040 (2006) states: “Two plolesdifferent approaches to LCA have
developed during theecent years. [Italics by author]” The author’s statemértte rig-
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orous and systematic methodological distinctiowieen attributional and consequential
LCA has emerged only recently” thus merely reflehesview of ISO 14040 (2006).

c) Atherton (2007) is cited three times in Sect®s.1, which contains a detailed explana-
tion of the avoided burden approach (consequensyisiem expansion) for the case of
metals recycling. Section 1.2 only contains a gernteeatment of the allocation issue in
LCA, which is the reason why this publication ig neentioned there. Atherton (2007) is
an industry declaration and does not contain aamsss of the scientific LCA commu-

nity. Neither does it contain any proof or evidefmeits statements.

d) This comment appears to be based on a misuaddimsg of the last paragraph on page
22 (Section 2.5.1). The paragraph has been rewftteclarification. It explains how the
standard avoided burden approach for metals da#issevap inputs to the product sys-
tem, i.e. recycled content. Assigning a debit toselary metal inputs that is equal to the
difference between primary and secondary produainissions is equivalent to saying
that using secondary metal does not reduce lifeeamissions. In the words of Atherton
(2007): “If a designer specifies high recycled emttin a well-meaning effort to reduce
environmental impacts, it may stimulate the matkedirect recycled feedstock towards
designated products and away from production whesgcling is most economical.” In
rigorous consequential language this means that tige of metal from secondary pro-
duction displaces secondary production outsiddefproduct system instead of displac-
ing primary metal production”, which is the sentertisat has been criticised in comment
1) d). In the author’s view this is a more rigorougy of saying “market stimulation is
ineffective”, which again are the words of Ather{@007).

2) Responses to comments regarding methods toageakcycling systems:
a) lItis incorrect to say that the secondary canfeumt-off) method does not cover the com-
plete life cycle. It is important to distinguishtiveen the emissions from the actual end-
of-life management processes, i.e. collectionréiben, separation, etc., and the emission

implications of generating scrap. Regardless afcalion/system expansion methodol-
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ogy, the former can and should be included if gignificant. As it happens, it is not sig-
nificant in the case of passenger vehicle life egclit is also not correct to say that the
implications of recycling are omitted in the secarndcontent (cut-off) method. The cor-
rect interpretation is that the secondary conteat-¢ff) method makes certain (strong)

assumptions regarding the implications of recygljngt as the avoided burden approach.

b) The author fully agrees with the statement ofi®&er 1 in comment 2) b) that “[...] any
scrap use in the BF/BOF production route for sheel to be accounted for.” In fact, this
comment inspired the author to extend the creditidystem (CDS) (Section 2.5.1.1) to
explicitly model the scrap inputs to primary megiebduction. As shown in equation (14),
the old version of the CDS system is now a spe@saé of the extended version. The au-
thor would like to thank Reviewer 1 for this exesit comment, which helped to further

improve the methodology.

c) The author fully agrees with the comment of Resdr 2 that “use af = 1 can understate
the burdens that are incurred and can favour orterrabover the other.” This is exactly
the reason why the parameteinas been introduced in the methodology.

The author is of the opinion that the multi-stegycling (MSR) method results in an
overall GHG emission balance if allrecycling cycles are considered.

Roland Geyer, Dipl. Phys., PhD Santa BarbarafdZaia, 7 December 2007
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