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Abstract

In mass flow analyses the use phase is often not adequately integrated. Above all user-relatcd ef-
fects, life-time of products or product-systems are lrequently unconsidered. Looking at the entire
process chain the total demand fbr aluminum is important. But balancing the environmsntal impaets
of the use phase of aluminum-bearing products such as cars, trains, window fiames, or beverage
cans three other targets win importance. These are the identification of environmental impacts dur-
ing the use phase itselfand its integration in the process chain. Using this data the third target aims
at case sfudies which point out various user-related effects.

For this purpose niass flows and induced environmental impacts of the particular product use,
startup. maintenance and repair have to be quantified separately using LCA. For this targets the
consideration of the multifunctional material properties is important which requires the choice of a
suitable functional unit in order to reproduce all parameters. Furthermore, those mass flows have to
be constdered which are influenced by the user. Besides socio-economic factors the individr"ral user
behavior is determined by exogenous parameters such as distribution and availabrlity of product
infbrmation' Additionally, it is important to include the life-time of products, because the effects
can only be shown after a certain time of usage or, due to the high life time of some products, by
summation on the basis of examples from the aluminum sector particular spectra of the usage are

::ä**"0 
with focus either on user behavior, technorogicar potential, recycring abirity or life
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Introduction

The process chain of alumrnium produciron is described by the several studies of the Collaborative

Rescarch Center (CRC) 525 "Resource-orientated analysis of metallic raw material tlows" de-

scribed but the use phase was excluded up to now. The purpose ofthis study is on one hand to olose

the gap and on the other hand to develop a method for integration the use phase in the mass flow.

Aluminium is well suited for many uses because of its properties and processing methods. The total

demand of aluminium in Germany, which amounts to 2.7 mio. Tonnes (2001), is shared into eight

comsumer sectors (see figure 1 (left). It can be calculated that that about 10 % (285000 tonnes.l it

covered by the automobile industrie (3.341 mio. newly admitted vehicles). ln these sectors alunttn-

ium is bounded in depots during the usephase. According to the lit'espan of the diff-erent product

components, products respectivley product systems it is estimated that this amount sums up to

approx. 700 mio. Tonnes (2001).

Figure l :  Distr ibution of the aluminium consumption to the industry sectors in Germanl

(2001)t1l ( lef i)  and rol l ing stock per permissible maximum weight [2](r ight)

The largest end-consumer market tbr aluminium has been the transportation sector already over a

long period. About 44 %r of the aluminium produceci is captured here. Original ly essential fbr l ight-

wcight appl icat ions in the aerospace industry, aluminium is now widely used in bicycles, cars'

buses, coaches, lorr ies, trains, ships, f 'err ies, and aircrafts.

The use of aluminrum in vehicles rised continuously in the last years. Presently the average alumin-

ium mass is approximately 80 kg per vehicle in Europe. The European Aluminium Associattor

(EAA) estimates that this value will increase to approximately 160 kg per vehicle in the year 200E

(see figure 2). Several aluminium applications are already established in functional units like en-

gine, drive trarn, and chassis (see table 1). While in the past aluminium is widely used in upper-

class cars, at the present time car manufacrurers became more interested tbr aluminium application:

of the middle and compact ciass in order to reduce the car weight or at least to compensate the

weight ofnew features in the cars.
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Figure 2: Aluminir"rm use in car-components (est imatcd)| l [3][1 1][12]

.n this reporl an analysis will be canied out on the environmental impacts which are connected with
:r',e use in individual traffic applications due to its lightweight potential in present and lirture vehi-
, ,es. As a basis for the analysis a "state-of-the-art aluminium vehicle" (SAV) with 80 kg (2002) as
.re current average aluminium weight in vehicles is defined as a reference-car (2000). ln a second
.:cp an estimation is made of the flrture average use of aluminium of 160 kg per vehicle (2008),
--'spectively of 210 kg per vehicle (2015), whereas these vehicles are called "aluminium-intensive-

chicle" (AIV) respectively "aluminium-maximised vehicle" (AMV). This study covers the envi-
---.nmental impacts of primary weight savings as well as the potential fcr the so called secondary
.,, eight savings. A second view is given to the impact of the ressource requirements of individual
.ie types (driving styles) compared with a "standard" consumer behaviour, which nray superim-
-.rse any l ight-weight-advantage of Aluminium.

Application of aluminium al loys (examples)
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2 Method

2.1 The integration of the use phase in the Aluminium mass flow

ln order to reduce the environmental impacts of product components, products or a service as etlr.
ciently and effbctively as possible, it is necessary to analyse the ressource requirements (e.g. energ..
consumption) ofall process steps in ofa "closed loop"- view fiom production to the disposal. Fr:
this a balance method is necessary, which seizes mass as well as energetic in- and outputs in an ir-
ventory. Throughout the requirements ofmass- and energy preservation in the regarded system rh-
completeness ofthe balance in the sense ofan Holistic view has to be examined (see figure 3).

. . .along the material f low of aluminium

-]

q#i
: f f i

inanufacture
and use
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Figure 3: Life cycle of Aluminium

The inventory can be designed as a matrix, whereby the regarded processes along the life span .-:
described in a vertical analysis and the categories ofthe in- and outputs ofthe respective subp: ,.

esses are described in a horizontal analysis. In this paper the subprocess "use phase" is investis,:::
(see table 2).

Different investigations 16,7,8,91 postulate that in the entire life cycle of a product the use p:.,,e

has the highest environmental relevance so that a detailed view ofthe use phase is nessecary. ln -;

model the use phase consists offive subphases (see figure 4), which have different relevance ,'(
intensity depending upon product. Generally the use ofa product begins with the distribution rl :E
final consumer (private or commercial consumer, service) and/or with its purchase and ends ,. :r
the operation shut down and supply to the recycling cycle (collecting, sorting, processing) re.:,,.
tively to the waste utilization plant.
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2.2 Life-cycle-balances tool: GaBi

The software system GaBi [4] is a commercial tool to build up mass flow and life-cycle-balance.

Its calculation possibilities are limited to productlife cycle analysis but GaBi illustrates quite go,.
the life cycle in f'low charts respectivley in Sankey diagrams, allowing a quick overview of ma,.
energy or even financial requirements. Some data is already contained in GaBi ciata bases and e.,
be easily expanded and changed using the powerful datasource ofthe collaborative research cen:,

SF'8525 in Aachen [0]. From the calculated mass flow analyses the results can be rranslerrecl

build ecobalances, w'hich reprcsents a combination of inventory and asseessment. For the evaluar:

using the "GaBi-analyst", variations ofthe parameter and scenario analyses have to be carried..

Thus the ecological effects (greenhouse effect etc.) and its changes due to different assumtions L .

SAV, AIV and AMV can be determined.

3 The future of the passenger vehicle as means of transporr

This question the pioneers ofthe passenger cars asked themselves such as Ford and Benz in the r

of the l8d' century. llardly any product in our claily use. afl'ected in such a manner the entire so! ,

over several  generat ions in th inking,  act ing and planning.  Whi le the autontobi le became technic. .

perf-ect, rnore comlbrtably as well as affbrdable lbr almost everyone, the economical, social ..

ecological  problems wi l l  grows wi th the use of  the automobi le (wor ld-wide 500 mi l l ions in the . .

2001) (data fbr Gcrmany see tigure 5).

Figure 5: Rolling stock of emission reduced vehicles in Germany [2]

The individual traffic seems to become a victim of its own success and the further rising demar.
mobility creates oonstantly new challenges, because still the social, economical and cultural
gress is connected with the speed of mobility. T'he transportation sector plays a central role :
modern economy, because only the mobility of raw materials, semi and finished products as \\,
people (e.g. pupils, trainees, working persons, travelers, consumers) ensures the share oflabc,l.'
wellfäre in all sectors ofthe economy. ln the background ofthe globalization the traffic secr,
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: 's  a constant ly  growing s igni f icance.  Resource-requirements,  land consurnpt ion ancl  enr j ron-

: :1 pol lut ions rnduced by t raf l ic  as wel l  as d i rect  and indirect  damage of  humans and nature

-  by accidents)  require a reor ientat ion in prodr. rct ion and recycl ing of  vehic lcs.  This is  a lso in
-Jct  to t raf f ice space and t raf f ic  management as wel l  as dr ivsr  t ra in ing.  In the last  dccades the

:ht  of thc vehic les increased cont inously (see f igure 2 and 6) .  Safety measures.  gr-n iss ion reduc-

measures,  and c la ims for  more comfort  led di rect ly  and indirect ly  through adjustment ot  en-

- '  and chassis to an increasing wcight  of  1,600 kg ofprescnt  vehic les in the prcvious 40 years.
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Dynamical lbrces during driving

F* - F*o + FL + Fsr+ FA
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New technique concept

Primary weight
saving effects

Figure 7: Dynamical forces during driving (left) [3] and primary and secondary effects of auro
motive light weight construction (right) [3][12]

The importance of the vehicle weight for a reduced fuel consumption is undisputed. Primary
saving effects can be obtained through weight reduction ofthe body. The success ofsuch
is basis for further savings at other vehicle components. The light weight construction leads
downsized aggregates and components like engine or tank. They induce again fürther potential

weight construction, the so called secendoray weight saving effects.Both the primary and
effects have to be considered when weight savings through the use of aluminium are determi
and assessed. By replacing more components with current or new developed aluminium
nents a primary weight saving is realized. To determine the secondary weight saving the impao

this measure on the weight ofthe motor, chassis, body and drive-train have to be cosideres, as

can reduced by downscaling according to the new technique concept (see figure 7, right). For

vehicle generations the target for weight reduction is 30 - 35 %, which is equivalent to approx
- 450 kg for a midclass vehicle. (see figure 8)[5].
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:iigure 8: Targeted weight saving in the next car generations [4, modified]

-1 Environmental Impact of the User Behaviour

lollowing the rule "To succed in an one-litre-vehicle it is nessecarry to have an one-litre-driver",
::e behaviour of the car drivers has to be taken in account. Motor vehicles are subject to various
:EC-guidelines, where the requirements regarding active and passive vehicle safety as well as fuel
: ' rnsumption and thus CO2-emissions of a vehicle are regulated. Consequently the definit ion of a
'rormal consumption" ofa vehicle is vehicle specif ic and varies upon the class. Fuel can be saved
-.ot only with a low-consumption car, but also significantly with a foresighted and resen'ed driving
rethod and last not bus least with a regularly maintained car. Driver trainings give helpful tips:

. "30-liter-vehicle"? by frequent cold startings

. 1.5 - 2.7 % fuel saving with l ight oi ls

. aircondition is costly: approx. 0.3 - 0.7 I per hour
r powergeneration(e.g.music,navigationsystem)needsfuel: 0.5 l / l00km(averagevalue)
' when the vehicle stops for more than 60 seconds - engine out
. drive in high gears / low rpm-values
. keep to the recommended speed on motorways

r..most each use ofproducts leads to environmental impacts by the interaction "user * product -
:1\ironment". The user and his use behavior attain thereby special attention, because the extend of
':: environmental impact is directly dependent on the use behavior. The environmental impact of a
-.: phase consists ofuser independend, so called technology-determined, indiviclual and social de-
-':rnined effects (see figure 9, left)"
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F' igure 9:  Classi f icat ion of  environmetal  impact  sources ( lef i ) ,  descr ibt ion of  the user behavi t

(right), and influence ofthe user behaviour (own calculation)(down)

The technology-determined environmental impacts are product intrinsrc, which means that the u:

has no influence. Neglecting the influence of any user behavior this would be the expectable en

ronmental eff-ect from the outgoing product and thus represents the optimal behavior. The indir.

ual-determined impacts depends directly on the user behavior. since these are af'fbctecl by varic,

fäctors such as motivation, environmental interest, time and budget as well as by the social :..

rounding. The surplus ofenvironmental impacts as a function ofthe number ofpersons in the vt:

cle can be related to social-determined effects, compared with the purpose to use a vehicle with :

capacity. Individual-determined impacts results for e.g. fiom high speed or high accelerating clr

ers.

The "normal behavior" of an user is located somewhere betwesn optimal behaviour and lapse .

pending on what kind of preference the user has regarding time, budget, or environmental inter-

(see figure 9 (right)). Altogether the consumer-dependent use behaviour always lead to f'arlur

which are oftentimes multilayered.

ln ligure 9 (down) the C02-emissions is distributed to the individr-ral subphases. The purchase pl-.

is estimated because in thrs study this subphase is deeply investigated. The coh"rmns correspond
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the environmental impacts, calculated with GaBi which vary upon the above describcd factors as
well as climatic or regional parameters.

Results and Assessment

The environmental impact ofthe vehicle use phase rs signif icant and the reasons are manifold and
many parameters have to be considered simultaneously. Using a "spider chart" i t  is possible to i l -
lustrate qualitative as well as quantitatii,e results and to give a summerized assessment of the use
phase at the sarne time. The center of the cobwebs reprcsents the optimum of all parameters, the
outer edge ofthe cobwcb stands for the worst case. The scale is l inear in order to provicle distorions.

tk

comfort
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emission

tt<gl

weight life span

Ia][ 00 kg]

global warming potential

It COr-equivalent]

1

"., "state-of-the-artaluminium 
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"aluminium-intensive-vehicle" (AIV)
"aluminium-maximised 

vehicle" (AMV)
normal dr iv ing

AIV, high speed, high comfort
"aluminium-intensive-vehicle" (AlV)

AIV, optimal driving, mod. safety & cornlort

tegead ü }iüfi hiuh medium lörÄ vsrv low
5 7 I

:tsure l0: Environmental impact (left) and user influence (right) of the use phase of a aluminium
vehicle (calculated)

:igure 10 (left) schows the GaBi calculated smission results of the three technologies using rliffer-
:nt shares of aluminium (sAV, AIV, ÄMV) together with improvments in safty, comfort, weight
.nd l i fe span' In view ofthe vehicle (user independent fäctors) the consumption offuel can be re-
:uced signif icant with which a reduction ofemissions is obtained. For every 100 kg recluct ion ofthe
',eight, there is a decrease of 0.3 to 0.6 l i tres per 100 km in fuel consumption accompanied with a
-:duction of gas emissions up to 20% [3]. As schown in the spider chart the ernissions of CO2 and
'.O* are obviousley lower for the aluminium-intensive-vehiclcs (AIV) and aluminium_maximised_
':hicles (AMV) than for the state-of-the-art aluminium vchicle (SAV). Even safety improrerrents
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and lif-e span exrending measures can be realized without increasing emissions. Furthermore aiu-
minium rn vehicles increases saf-ety directly through the new body concept or increasing energ,v.�
absorbency during crash" Through the mass reduction there is the possibility to add more saf-etr
components without exceeding the actual car weight (indirect effect).

The big share of drivers with non-optimal user behaviour lead to considerable environmental im-
pacts. The user does have influence on fuel consumption on fbur levels (see figure l0):

1. select ion ofvehicle type (consumption, safety, extras,.. .)

2. driving reason and "beeing lazy" (especially: short distances)

3. driving style (speed, foresighted,...)

4. transportating ofnot actual needed material (empty waetr bottles,..)

The diagramm reflects three scenarios, alss based on the aluminium-intensive-vehivcle (AlV) (basr:

2008). One scenario combines a highely equipped (healy) vehicle, which is driven agressiviv. .1
second scenario represents a moderate driver in a vehicle with moderate safety and comlbrt stan
dard (no sealheating, no navigation system, no extra hifi-equipment,...). The third scenarro rs rh,
referece vehicle also used in figure l0 (left) (btue lines) equiped standard, but normal user behai-
lour.

6 Summary

Thcsc results summarized it can be schown that

1. emissions can be reduced signif icantly by using more aluminium in vehicles

2. A part ofthe weight reduction gained by aluminium use can be transferred to an improi i

safety and comfort level ofthe vehicles.

3. A sl ight improvement of the l i fe span of the vehicle can be obtained by using alumini i , '

oomponents,

4. The user behaviour inf ' luences the ernissions signif icantly. A high-speed driver comp.

sates the advanrages of an aluminium use by tär.
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Abstract

The prccipitation stage ofthc innc
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