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This deliverable addresses the issue of structuedérials (steel, aluminum, cement, plastics, wood
and glass, in this study), which have several itgmdrproperties with regards to the purposes of the
PACT project:

» they are bulk materials,
» they are used and therefore produeadnasse

» they account for a large part of the energy and fo@print of the industrial sector, which it-
self is a significant part of all anthropogenichates.

» structural materials are ubiquous, as they are te#al either in almost every artifact or in
the machines and industrial complexes that are tasedike them.

The deliverable examines each material from tipdetistandpoint of:
e production volume,
» specific energy consumption
* and CQ emissions.

A state-of-art for today (2010) is given and praes for 2050, based on scenarios available in the
literature, are analyzed. Needless to say, thesigint information is not fully coherent, even taki
on board the various scenarios examined by authidrs is the downside of many future studies.

One strong conclusion of this deliverable is that bulk materials of 2010 will continue to be tha-m
jor bulk materials in 2050. They will remain thenge but will change and evolve, in their properties
and behaviors. This will move in the directionhigher levels of properties. However, the core na-
ture of these materials will remain the same.

This is actually a historical trend, as these saraterials have been playing that role for histped-

ods of time: steel, cement, non-ferrous metals di&pper and zinc, wood, have been used for thou-
sands of years; aluminum was invented at the saneeds electricity came to be used in a modern

way, more than a century ago, and plastics aree@tame generation as organic chemistry based on
the large scale use of oil, also roughly one cembld.

Completely new materials will be invented in thxtné0 years, but they are not likely to displace
structural materials in significant volumes. Thiguld not necessarily be true of functional materia
which are in some respects the contrary of strattuaterials.

The other conclusion of this work is that the natefacts that will be developed for the post-carbon
society will mostly use these same structural nelterNew artefacts do not go with new materials,
for many reasons, one being that innovations thetesed cannot pile up too many different levels of
innovation in their design.

The volume of these bulk materials will increasandatically by 2050, a two-fold increase on the av-
erage. It will be driven by population growth aoyg the economic growth which will bring higher
standards of living to more people in the world ishappening today outside of Europe.
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This is due to the fact that they will continueéb®central to all artefacts as they are alreadanytod

These projections take on board a certain leveleofiaterialization, i.e. a leaner way of using niater
als and resources, based on eco-design, reuseeyuaimg, but the overall trend is in favor of more
production, worldwide.

All structural materials have broad leeway for @dg energy consumption and GHG emissions, a
kind of theoretical potential that will only be teted if political, economic and business issues a
sorted out to make it happen.

Energy savings are possible, but most of the gaithsome from more recycled content. Some mate-
rials are already performing at high level todajthwtherefore only a limited potential for improve-
ment, but many others can improve their performance

Reduced GHG emissions are also possible, virtuallthe level that will be needed for mitigating
Climate Change, if the political and economic ctinds for making the switch possible are created.
This by itself is a formidable task, but one tisahot the focus of PACT.
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1 Introduction

This work package is here to provide a visiorstofictural materials both longitudinally, along the
stream of time from today until the second halfha$ century diachronicdescription) and, transver-
sally, across the economy and the supply chairootlg and services where they play a key eya{
chronicdescription).

By structural materialswe mean the materials that constitute the straatfirartefacts used to make
things (industrial production), of final consumearogls and of means and tools used to provide ser-
vices, including the enclosures, packaging and ihgusf these objects: the core of machines, the
structure of automobiles or trains, the infrastnuetof housing, buildings and also of civil engirieg
equipment, from roads to rail tracks and from damnairports. More specifically we includement,
steel, non-ferrous metals, wood and paper/cardboard, glass and plastics.

These materials account for most of the materiaddyred and used in the world in terms of volume,
energy needs and environmental footprint, includgt§G emissions. Sector turnover and amount of
direct and indirect jobs are also very ldrgés an example, the sectoral final energy consiamgor

5 major EU countries is given in Figure 1 and shévesimportance of some of the key materials that
we have been mentioning as structural materials.

Energy consumption
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Figure 1- final energy consumption per sector (EBOQ)

Note that these structural materials have beenstaross historical time, meaning by this thay the
have been used for at least a century for the yeatrend for many centuries, even millennia, for the
oldest ones. This is due to the fact that theyaateallycumulative materials’. These materials have
evolved by continuous progress for very times, Whiave been cumulated over the same historical
periods of time. They have thus become lean imgesf energy and raw materials used to produce

! In Europe (EU) the Steel sector alone accountd2@r000 direct jobs, 23 million jobs in the stealue (sup-
ply) chain and 190 million jobs in the local comrities (teachers, bankers, doctors, etc.).

In terms of GDP, again in the EU and Europe, 18#d&# turnover of the steel sector (1.5 % of 12,8 PPP,
regional GNP), while 8,440 G£ of the EU GDP is tedibto steel.

2 Cumulative here refers tumulative technologiesyhich are the result of cumulative innovation, aeon-
tinuous effort to develop the technology by a seakstep-by-step or breakthrough developmentadaltessing
the same object. The EU Commission liked this epha few years back, to emphasize the importaetof
nomic activities which are robust and durable.
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them and they are delivering high-level usage pta@seand hence a high property/price rafip |
They also are at the heart of the technologicatepie of today, which is also quite robust oveetim
Moreover, the amount of capital frozen in industeguipment related to these materials is huge,
which is another reason for their robustness, Herlongevity of their sector and for the viscosty
moving to alternative solutions.

Structural materials bear other names, some ofhwhre negatively connoted, likaulk, conven-
tional or traditional materials. The implicit connotation is that they are "old fested". We resist
using these expressions, because they are simplyrue Love or life are not particularly old-
fashioned, they are just enduring and transcentifimg, historical time. The same is true of steel,
wood or of any of the structural materials.

The deliverable is organized in four sections:

» the first one is devoted to a presentation of stinat materials in terms of volume, energy and
GHG emissions from today until 2050;

* the second section deals with the use of matanasciety to meet economic and social de-
mand;

» the third section gives more focused informatiomuaterials energy and G@otprints,

» while the fifth section gives an overview, matetigl materials of its main relevant features
useful to flesh out the PACT analysis.

One difficulty has been encountered all througk ttiapter relative to the meaning of the 2050 time
horizon. If it means 2050 as opposed to 2040 &&D2then the chapters' authors do not really be-
lieve that it is a proper time stamp for the pastbon society: most of the changes that are in@lti
related to such a post-carbon society will not hiaken place yet by then; but if it is only a sytidbo
date for referring to this post-carbon societyntbécourse it is all right. Some of the quantiatin-
formation given in this chapter is rather preciselated to 2050, while the qualitative story tedliis
more fuzzily timed.
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2 Prolegomena

2.1 Materials

The essential role that materials play in society heen recognized by a broad array of disciplines:
soft and hard sciences interface on the is§uér¢m anthropology, history or economics to mitisr
science, complemented by application technologieh sas political science, Life Cycle Analysis
(LCA) or Material Flow Analysis (MFA). The core dlfie analysis is that, from the emergence of
mankind as a society in the Lower Paleolithic te timeline of human History, materials have been
associated with this millennia-long evolution: Gzation has been the appropriation of the world by
man both at a physical and a symbolic level anceri@s have been fundamentally instrumental in
making this possible.

Paradoxically though, there are very few studigsclvproject this understanding into the futureain
long-term vision supported by full-fledged prospeetor future studies’f]. This may be due to the
fact that materials, at a symbolic level, are tedisles of the dreams of mankind for a continuous
progress that would lead to a better life. Thiuisdies on new materials abound, which promise ex-
traordinary new properties, but they come in wivie® new wave chasing the former one, or putting
it back into a more confined perspective. Howeveomprehensive vision of what may be to come is
lacking, probably because future studies are notlected as part of a comprehensive agenda to map
possible futures but as an answer to questionsatigataised at a particular time. There are more
popular issues than that of materials and therefoeg do not get in the headlines often enough to
warrant his kind of attention.

Materials are viewed in very different ways by tligciplines that talk about ther.[

The distinction betweestructural and functional materials[?] is common among material scientists
and economists to separate bulk materials from niadgeexhibiting very specific functions. The for-
mer constitute the structural core of most humégefaats - from infrastructure, investments goods an
consumer goods, while the latter provide very feduand sophisticated properties to goods and prod-
ucts: for example, carbon steel is a structuralenwtwhile electrical steel (Silicon steels) isuac-
tional one.

In a language favored by economists, the formeaks calledntermediary goods or commodities,
while the latter argpecialties.

3 000

—Cement ——Steel —Wood Plastics

2 500 -

2 000 -

1 500 -

1 000 -

500 -

World Production (million tons/year)

000 ' T T L] L] v
1 900 1 920 1 940 1 960 1 980 2 000

Figure 2 — evolution of the annual production ofrgostructural material plus plastics over 100 yedis

% e.g. composite materials, monocrystalline materialetallic glasses, bucky balls, intelligent mater self-
replicating materials, biomimetic materials, nantamals
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A lot of attention is continuously given to funate materials, as their diversity is literally lithaiss:
many new materials are continuously being inveiated they thus make good “material” for "break-
ing news". On the other hand, functional materaall/ get in the news when some iconic object is
erected, like the Millau bridgé][or the Burj Khalifa highrise’[ in Dubai, but the materials them-
selves stay in the background of the story, metagdity and physically under the surface of things.

The work carried out in PACT is focused on strualtumaterials, based on the rationale that they are
produced in much higher volumes than functionalsptigerefore requiring high absolute amounts of
energy for their production and, in parallel, gextieig large quantities of greenhouse gases. Steel,
example, accounts for 5 to 6 % of anthropogenie @@issions’f).

2.2 Historical trends and foresight projections
Information is available from the literature regagidemand and production of structural materials.

The past level of production of some important malke like steel, cement and wood, is shown in
Figure 2 []. It also shows plastics or polymers.

The evolution until 2050 of the production of stemment, glass and aluminum, available from pub-
lished foresight work with which we have been aigted is shown in Figure 3 to Figure'§[while

the projections of the IEA are given later in tieyter in Figure 10 and Figure 11. The major mater
als in terms of volume, steel and cement, are eavier both sets of data, while others like woodsg|
and aluminum are not. The projections for theritoriginating from LEPII are shown according to
various scenarios. As the long term (2050) woukirséo be strongly determined by the strength of
the carbon constraint, it is indeed the key paramehich was studied in the underlying studies - Ref
erence scenarios are BAU kind of scenarios, whigeR2 world and 450 scenarios are roughly identi-
cal, although not exactly formulated in the samg (#2 is a factor 2 scenario for the world anddact

4 for Europe, while 450 assumes a final level of, @ahe atmosphere of 450 ppm).

Projections comparable in terms of volumes have bemked out by RITE in Japaff][(cf. Figure 5
and Figure 6) and worldsteel in Belgiuf, while lower estimates have been made, usinguifft
methodologies’f] (Figure 7); IEA projections are also somewhafediént from LEPII's (cf. Figure
10).

F2 World F2 World Diff GV
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Figure 7 - Forecast of steel demand by 2050: (lefg)region; (right) by end use (source: University ©bkyo)

Building and transport data are singled out in Feg8i to Figure 8, where this reinforces the analysi
Figure 2, on the other hand, singles out processéking steel and introduces the portfolio of krea
through technologies being developed by the ULC&§nam [7]. Incidentally, this shows that some
sectors have already developed an analysis to sloewa decarbonization of their industry can take
place to meet the kind of carbon-constrained soenlat are likely to be eventually adopted to figh
Climate Change and thus would become part of tlse-qgarbon world.

The 20" century past data show:
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a substantial increase in the production of allemals;

a time kinetics that reflects history and econohistory, as the wars, the great depression and
the lesser ones are easily visible in the blimphefcurves;

steel, cement and wood are running at the saméiteverms of weight from the end of the
2" World War until the T oil shock; plastics run parallel to them, with iattrical starting
point of significant volumes at the beginning of gecond half of the century;

then cement starts diverging: the other core nateslow down with the crisis of the 20
“piteous years” triggered by the so-call€ldll crisis, while cement does not. It actuallyuelo
bles its production compared to steel and woodndutinis period. This clearly means that
while the former materials were connected to GD&lwgion, the latter continued to increase
in terms of intensity per unit of GDP. A clear bs#&s of why this was the case is lacking, al-
though it is probably related to the fact that ceime more basic and more related to survival
than the other materials;

finally, with the economic boom launched by Chinare beginning of the 2century and
carried on by the other BRICS countries, an acattsr of growth takes place, which the
2008 crisis has slowed but not necessarily forrg g time, if present data are to be seen as
a sustainable trend.
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The foresight data also exhibit some interestimguies:

» the 2050 production of all materials shows a sigaift increase with respect to 2000, roughly
a tripling in volumes (a 2.2% average growth rdtm@ the period); this projects a strong in-
crease in material intensity per capita, as thddyaopulation is to increase by roughly 30%
“only” during the period. The intensity per unit @DP exhibits an elasticity of roughly one
with the increase in GDP.

* production level forecasts for 2050 are rathernsg®&e to the carbon constraint, like in the
case of steel where slightly lower and slightlyh@gvalues are projected by 2 widely differ-
ing variants of 2050 scenarios: aluminum and glasgections are slightly lower (signifi-
cantly?) and cement is slightly higher. Nothirigelthe uncoupling of cement from the other
materials, shown in the historical data recordexkibited here, which probably goes to say
that the underlying behavior of the markets hasbeein modeled into the studies as the effect
had probably not been identified by the researchiegsis certainly not well understood.

Is it possible to go beyond these general and westftements, for example by saying that the produ
tion of steel will double in 2050 compared to itegent level of production? The various projections
are compared in Table 1: they differ by almostllidni tons of steel and this figure is less tharatvh
would show if unpublished data had been taken @ardo Clearly, foresight studies are not predic-
tions and it is difficult and hazardous to takentheut of the context for which they have been pro-
duced - what we have been doing to a limited exXteng, though.

All these projections are based on rather diffenmatdels originating from different schools of
thought. POLES and Markal models, for example,baged on fairly different views of the way the
economy works: refer to the original documentsdorin-depth discussion of this point. One can't
simply say that one is more or less true than therpalthough one's school of thought would favor
one over the other, POLES over Markal models fangxe in the case of the preferences of one of
this report's author. What is interesting is thaspite of their diversity they do project trenddjich

are coherent, if they are taken as trends, notas guantitative projections.

Table 1 — comparison between the various projectiforssteel production in 2050

Sour ce of estimates Annual production (Mt/yr) comments
ULCOS-LEPII 2,450/ 2,550 POLES estimates
RITE 2200 Markal model
Tokyo University 1800 MFA model
IEA Blue Maps (low/high) 2350/ 2700

Thus a statement like: "in 2050, assuming thatet@nomy continues on its present tack without a
major paradigm shift such as negative growth, gpeatiuction will increase to a large extend com-
pared to today, more or less doubling from thegmekevel" can be made, with all the fuzzinesshef t
words that have been carefully selected. Thatlairtatement can be made for cement or aluminum
or glass reinforces the statement for steel anglipirt the family of positive visions of the fugur

How do these projections of production translateeims of GHG projections?

LEPII and RITE projections are shown in Figure 1@ &igure 13. Whereas we could point out to
similarity of the projections of both models, tigsno longer true as far as €@missions are con-
cerned. LEPII's projections are scenario depene@afatirly obvious consequence of the kind of mod-
eling that have been performed (top down). Noté¢ éimissions peak in the reference scenario around
2030 and then decrease slightly, due to the mahaate that recycling and the EAF route grasps, as a
mechanical consequence of the fact that past ptiodugenerates scrap that is “integrally” recytled

In the carbon constrained scenarios,,@@neration in 2050 drops, rather exactly by aofadtin the

* All scrap that can be collected is actually cdbek thus ensuring a high, but lesser than 1, liegycate.
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"F2 world" and by a factor 3 in the "F2 differenéid carbon value world". The differences may or
may not be significant: the very least that carcbecluded is that the Differentiated Carbon Value
(DCV) concept achieves a similar level of cutstes wsual uniform Carbon Value scheme. The re-
sults are due to the behavior of the overall econamt just of the Steel sector, as shown in Figure
14: the two models at this global scale are alssecin their prediction, but they also do not aehie
exactly the same level of cuts, because the sealaks selected for the DCV model have not been
fine tuned in order to show this exact balancedaue.
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Figure 12 - CO2 generation by the world steel indysintil 2050 (source: LEPII)
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Figure 13 — reduction of CO2 generation by the waitielel industry until 2050 (source: RITE)

RITE projections only show a carbon constrainedavarhe reduction posted are then of a similar or-
der of magnitude as those of LEPII. The way ths awe achieved, however, is not explained in Hetai
in the publications and the author of the preseustien is puzzled by the fact that energy savings
would bring a larger proportion of the reductiool]dwed by fuel switching and CCS, which is differ-
ent form his own understanding of the sector.

These results show what a top down modeling cadyoea the level of cuts achieved is at the level of
the pressure that is applied on the economy. larotlords, since the value of carbon, in the POLES
model for example, is calculated to produce a F8dythis is indeed what happens: the model shows
that it is possible, that there is a solution ia #tonomic space, by implementing the kind of break
through technologies that the models posit in ttezinnology database.

Whether this can be done in a practical and realisy is an altogether different matter...!
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Figure 14 — world global CO2 generation until 205@(rce: LEPII)
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There are similar projections for the other matsyibut it is irrelevant to this review to presémem.
The discussion indeed becomes technology focusithas clearly out of scope.

IEA projections are shown in Figure 15. The wed@ggram that is shown can be compared directly
to RITE's. Again, the overall level of cuts is ghly similar, but the levers for achieving the retion

are different: CCS, biomass use, switch to natgaal (DRI), recycling and energy efficiency, listing
them in a decreasing order of influence. Thisaeor less the reverse order of RITE's. Moreater,
one goes deeper into the analysis that is cartigdythe IEA, one sees that both the use of nlatura
gas and of scrap is allowed to increase fairlyteably without the kind of restraints that are esdb
ded in the economy: the amount of recycling is detey bound by past production and the amount
of natural gas that can be used for producing sdebund by costs and thus gas prices; these-short
comings are acknowledged in the IEA report.

Note that these constraints have been built itkoROLES model, because the model has the kind of
high level description of the economy that makgso#sible to take on board this level of complexity
and because it has been developed by collaborbétween economists and steel experts. This kind
of "detail" is not completely explicit in the putditions and there is a danger of accepting themt all
the same level, even though they deal with singitablems with quite different tools. This flattegi

of scientific results is akin to philosophical télesm and is due to the fact that very many stake-
holders express opinions and make decisions basadballow reading of existing results.

The technology options quoted iff][by IEA meet the expectations of this author, this is due to
the fact that the data come from worldsteel and fram ULCOS and other advanced Qg@itigation
steel technology programs. This however is ratimeelated with IEA's modeling: it is presented as
"options" that the user can shop from. It is alsgant, explicitly or not, to show that there are ynan
solutions around and that technology will alwaysehthe last word in solving this kind of problems.
Again, this is a technology-optimistic view, whichprobably true at a vague and global scale, but
does not necessarily apply to a narrow and focpsatllem.

Note also that in previous editions of the IEA neg], the options were quite different and rather ill
informed: in addition to the statements on usingevszrap and more direct reduction, which we have
already criticized, they singled out technologidscl have not been particularly successful in terms
of industrial implementation — probably based oailable information, published by technology pro-
viders with marketing and lobbying targets in mifiche conclusions at the time were the same,
though, which is technology optimism again! Thisibit worrying concerning the robustness of the
policy proposals that are put forward!
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As a summary of this section and to shed some sirigit in the complex storyline that has been
told, a simple model updated frof][has been worked out. It is based on the follgvassumptions,
which mirror the content of this chapter but ovexglify it for the benefit of making some important
points (cf. Figure 16):

» steel production in 2010 is assumed to be 1,300fMtude steel, 30% produced by the EAF
and 70% by the integrated route. Average emissao@sl.8 ¢oFtcrudesteer@and 0.6 and 2.3 re-
spectively for each route.

e in 2050, steel production is supposed to have @aljlble. reach 2,600 Mt, with 60% produced
by the EAF and 40% by the integrated route. Averagissions depend on scenarios:

0 a trend scenario assumes that emissions are cLE%y based mainly on more adop-
tion of advanced technologies (like BAT) and sonm@erenergy savings (1.1/0.5/1.9
tCOZI tcrude ste()l-

o a factor 4 scenario, called "Low Carbon" (LC) assarthat technologies are available
and policies have been designed and applied in sugly that global emissions are
cut by a factor 4 as compared to 2010 (0.2/0. 1 Acrude sied-  This is a prescriptive
scenario. It cannot be achieved with the CCS bbk&2iOS technologies as presented
today and needs either the use of biomass in Gugatities (like inT]) or new tech-
nologies or more simply applying CCS to ALL the &astacks of the Steel Mills.
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Figure 16 — simplified projections of CO2 emissionthe Steel sector
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Most of the complexity of the previous review ha&eib erased, but two important conclusions stand
out: an increase of production will lead eitheratemall increase in absolute emissions and not to a
doubling - mainly because recycling keep the phesram under control, or to a sharp cut in emis-
sions if the proper steps are taken to developkbiteaugh technologies and implement normative and
effective policies to implement them.

Another viewpoint 7] is analyzed in Figure 17, which focuses on vasiguoperties of materials
which reflect their use and their functions in adi to their volume, thus introducing a standpoint
close to that forming the basis of life-cycle as#éy The data refer to the use of material inbibiéd-

ing sector in Europe.
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Figure 17 — Three different viewpoints to compaggerials in the construction sector
(weight, volume and volume over resistance) (Europe)

The message is that materials are chosen for theations, e.g. their resistance which may be
weighted against their mass (but not in the constm sector) and that projecting production volsme
(i.e. weight, in the common understanding of thpregsion) may not be the most appropriate way to
get an insight into the future. What ought to beeli@ped is an Ecodesign approach, where needs in
terms of functions would be projected and materiedglirements computed back from this. Such an
analysis is not available from the literature akfight studies, yet!

2.3 Materials adaptation to Climate Change

A note has already been made regarding the adaptatisteel production technologies to accommo-
date Climate Change constraints. All material@scare likely to react similarly to the Steel Isthy,
although this is an optimistic and positive statetrtbat will have to be confronted to the factdhia
coming years.

One way of dealing with this issue consists insgyhat the political world will impose conditions
the economy for it to become carbon-lean and thiatvtill be translated in terms of a higher prioe t
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pay for CQ and for materials that generate @ their production stage. This is again a ratiner
gelic view of politics, especially world politicas the diplomatic path to such a global politigad a
proach is far from clear. On the other hand, & ¢larbon constraint is applied “fairly” to all econic
sectors (the so-called "level playing field"), theaterials will compete against each other on #stsb
of their Life Cycle carbon footprint, not simply tife footprint of the sectors that only show thésem
sions of production and not of the use phase oetiukof-life. Again, this is also a bit angelictas-
pipe emission standards or the version of carbothi was proposed in France do not adopt this Lif
Cycle Thinking approach. Anyway, any other apphoacout of reach of the present work. More-
over, since we are projecting 40 years into tharfytat least, these methodological adaptationls wil
likely be behind us by then and turn out to havenb&hort-term issues.

Another important point is shown in the foresighdjpctions of LEPII: whatever the level of carbon
constraint turns out to be, core materials areesural to our world, including the world that is to
come, mimetic or non-mimetic (see definition 1f)[ that the demand will remain at the same level.

Some further considerations will be needed, howdwanake the vision of the mid-?tentury world
detailed enough: the way that the various sectdisnake materials will need to be described and,
thus, the technology path that the sectors intenfibltow to decarbonize their production, is to be
specified, even so briefly, in a way similar to theCOS analysis.

Note that in the case of the Steel sector, decaimgnwill occur mainly by implementing CCS in the
sector: CCS, which is often described as a brid¢gahpnology in a rather loose way, is likely to re-
main a major element of steel production until@selloop economy can take over a large fraction of
steel production, something that will not happefoieethe population and world GDP peak, i.e. be-
fore the next century of the end of the present dnethe case of cement production, CCS also looks
like a necessary technology to accommodate cammmm-production. Even the Aluminum sector is
now speaking of CCSY.

2.4 Trends on structural materials for the PACT horizon
Based on the previous analysis, the trends formaéen PACT will be the following:

* the major materials described as structural withaen the same as today, i.e. steel, metals,
cement (or rather concrete), wood, glass and ptadtiecause of this time stability, they will
probably continue to be called traditional or cami@nal materials. New materials will not be
invented that can drastically reshape the markgtisnarea, which is determined by a century-
long investment in knowledge and in capital fordarction facilities. Of course, some small
market share can be grasped by new materials ire spplications, such as the switch of
commercial airliners from aluminum alloys to carlfdrer composites, but this will not turn
into a revolutionary, all encompassing new paradigmaterials within the PACT time hori-
zon.

* material production will continue to increase, rblygat the pace of increase of GDP. This
would seem to do justice to tdematerialization concepbe it expressed in absolute terms or
per unit of GDP. These projections are based erafisumption that growth is necessary to
increase the standard of living in the world, whlkew technological epistemes are ready to
take over the economy and decarbonize it to acieffi level for Climate Change to be
brought under control. This means in particulat tmaterial intensities per capita will in-
crease, thus expressing once more the fact thadestd of living and material intensities are
strongly correlated.

» these structural materials, in addition to beingessary to create the infrastructure of a mod-
ern society that can accommodate up to 9 billioopfeein this century, are plastic enough in
the set of properties that they exhibit that thap ecnake carbon-lean technologies happen.
Most structural materials, in that sense, will destoate how sustainable they are indeed,
mainly through the continuing introduction of highevel properties and thus throughde-
crease of their intensity per functional unit — aethivill probably end up being the only proper
definition of dematerialization.
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This vision may be different from that projectedoither circles, where new materials are seen as the
new frontier separating the present from some Bldiwifuture, as the revolution to come or already in
the making, as the new direction in which societty mvove, including in the field of structural mate
rials. The promise of these new materials, aparhthaving been restated regularly over the |&st fi
years on the basis of new classes of materiatdtéa described as a renewal of the material affet

as the waning of conventional materials: the bupzde today areanomaterials, nanostructures,
nanodevices and nanosysteffii When this is transposed to structural materialis mainly hype,
sometimes even science fictiof {3 °>. Governments have pushed very strongly to promate-
technology, led by the Clinton administration ire tiS and then followed by Asia and Europe. The
storyline today, however, focuses more on new desimciples and on new ways of teaching the sci-
ence of matter in universities than on the prealictf a radical shift in structural material pagads.

® The storyline of how a material with the maximumdretical strength can be actually made has Heearty
used by Arthur C. Clarke to explain how a spaceatt® would actually be built!
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3 Qualitative description of materials use in society

This section explores the connection between aqabion society and the artefacts that are used to
fulfill its social services in terms of materialseds.

It may be covering grounds that other work packaajee tackle, hopefully without contradicting
them.

The approach is necessarily qualitative, as thease construction which will be one of the keytgar
of PACT has not been carried out yet. The podtaraisociety is seen in a loose way as a desirable
transformation of our present world, a kind of iiletetual thought experiment.

What is said here is tentative and intuitive. il weed to be further reviewed when the full PACT
approach is fleshed out.

We have tried to project a post-carbon scenariachwis radically unrelated to the present situation
and not simply a business as usual (BAU) projectidasumptions have been stated below in order to
provide food for thought. Of course, this intuitipeojection shortcuts a lot of complex debates thase
on the intrinsic uncertainty of future studies anplain lack of vision in many areas, for exampuia-c
cerning agrofuels and land usage.

Production technologies are used to make the attefenich will be needed by society and people.

Artefacts are of course made of materials, andtated in the introduction to this section, theuts
on the following materials, consistently to whas lb@en stated in the introduction:

- Concrete, and cement or mineral materials for coogbn
- Glass, conventional and technical
- Metals, ferrous (mainly steel) and non-ferrous

- Plastics and carbon fibers-reinforced matrixes

- Wood.
Social services considered here are the followffrgen VLEEM's classification):
* Mobility
0 Passengers
o0 Freight

* Building and shelter
o Construction
0 Maintenance
0 Thermal and sanitary comfort
o Lighting

This section will identify the key drivers that Wilause the change over from today's society to the
post-carbon one. Then mobility and housing willdigcussed separately, with a rationale covering
drivers, technologies, infrastructure and materials

3.1 Images of the post-carbon society and key drivers

If we remember that PACT is targetinglesir able post-carbon society, we should state some general
assumptions that will help us frame something betwatopia and a likely desirable worttius giv-

ing cluesfor an estimate of the material demand.

3.1.1 Economic and social stability

In 2050, the World must be globally peaceful, pdeviood, health and well-being to a large part of
the population.
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Short of that, we would have to use crisis analgpisroaches, which are only beginning to be applied
to this kind of studies and are out of scope ofwlogk we can carry out here. For example, if rare
elements, necessary for electric vehicles batterndsdrogen fuel cells, are not available on tla-m
ket due to a disturbed and unstable world, sudténaobility would be compromised. Another as-
sumption concerns the global warming actual effect®050: indeed, at that time, there is no doubt
that some visible effects will be obvious, everthié strongest corrective actions were implemented
starting from today’f]; this could jeopardize for example water avaliior housing technologies
generating a high energy demand for cooling...

In the field of social acceptance of technologied eegulations, it is also necessary to assume that
people already have or will quickly demonstrateginttevel of consciousness regarding both risks and
duties related to the abatement of &nissions.

3.1.2 Population and cities in 2050
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Figure 18 — Spatial organization of cities (citytfgn)

- 84% of the European population will live in citiesurban areasy. The shape of European cities
will not have not fundamentally changed but urbarawling will have been mastered. Four urban
configurations, shown in Figure 18, have been &efif’]). The different patterns influence the
mobility solutions and the transport time-bud§etdost probably, many different mobility solu-
tions will be used by then.

- by 2050, a huge effort will have been carried outefurbish and modernize city centers, in com-
pliance with public regulations on thermal perfonoa of buildings and homes. It is easy to un-
derstand that the demand for materials best stotetiese services will increase.

- city centers will no longer accessible by pollutingnsport solutions. Eco-districts, green areas,
ecotowns... will have replaced parts of cities whefunbishment decisions will have been taken.
Regulations will also put strict constraints orfftcanoise in cities {%); this could be a driver for
silent transport solutions, favoring electric emginand for construction/infrastructure materials
that help reduce noise.

3.1.3 Materials in 2050

To a large extent, materials considered in the-padion society are the same that we use todag. Thi
topic was discussed in the section 2: we estintetgobssibility that new materials, not known today,
will replace previous ones as bulk and structurademals, for mobility and construction sectorsessp
cially, as low.

23 29 June 2011



Here the issue of nanomaterials comes up. Althdtighcompletely impossible that they replace bulk
materials, it is important to keep them in mind dese some bulk materials could have their intrinsic
properties improved by embedding nano-elementsemtf?]. But there are controversial issues about
their toxicological nature: for the moment, we ledkis issue open for experts.

3.1.4 An economy putting a strong emphasis on recycling2i050

The world population is expected to exceed 9 billyy 2050. This increase, by roughly a third from
6.8 billion in 2009, will have a huge impact on lghd resources. Therefore, a sustainable society is
one which uses fewer resources and energy duéstpdpulation-constrained context. This is impor-
tant for resource savings and is a strong incemtwards a recycling econorfly

Recycling is to become a strong paradigm of theD238st-carbon materials scenario, to a greater ex-
tend than it is today. The rationale is thatghenary routes for material production are sevénags
more energy-intensive than secondary routes andtliley destroy rather than preserve resources.
This greater emphasis on recycling is what shoeldiiderstood as a closed-loop production system,
although we have discussed elsewhere in this delile the limits that should be imposed to the con-
cept. (cf. section 5 in page 63): some materiasadneady very highly recycled and thus do not pro-
vide much leeway to improve recycling comparedhe present situation (e.g. steel), and material
demand will continue to increase beyond 2050, ab dhsociety completely based on recycling will
not emerge at this time horizon.

Recycling has a kind of inside dimension, relatethe fact that a material can be easily recycled e
ther once or indefinitely. Metals in general canrbcycled, while many plastics cannot. However,
indefinite recycling, which means reusing the mategxactly for the same applications, is not very
common. Only pure material are easy to recyclefinidely, which is the case of carbon steels and
pure aluminum, for example. Very alloyed metals akso be indefinitely recycled, if a proper recov-
ery system is set up to collect them at the soantkdo it at each recycling step: this is the dase
stainless steels, for example, for tool steef'ettf materials are not indefinitely recycled, thiey
entered a downgrading spiral.

From the standpoint of PACT, the need for matetialbe recyclable and actually recycled has to be
taken on board and contrasted to the statemendsdiag light materials (cf. again the caveats ex-
pressed in section 5).

From the standpoint of European regulations, é&xigected that landfilled waste must be halved from
2002 level. It is clear the post-carbon societydsematerials that can be recycled or valorizeteit t
end-of-life. For example, the European Directiv@@B3/CE on end-of-life vehicles imposes to recy-
cle or valorize 95% of the vehicle mass by 201% tonstraint could have a significant impact on
some materials if these cannot help car makerseeehhe goal, and material shares in a car could
change in favor of recyclable materials, modifyihg trends we have todaif][

3.1.5 Energy in 2050

- energy will mainly stem from nuclear power and reables, with hydrogen complementing
electricity as an energy vector. The rationalihét CQ and other pollutants will be strongly
limited by environmental regulations. As an eneogyrier, electricity will exhibit a large
share of final energy demand for all serviceshasMLEEM project has already pointed out
[*]

- peak oil will have passed by then, as the year 2@8Mns indeed to be an upper bound for this
phenomenon®J. The use of fossil fuel for mobility needs wily lthen have become mar-
ginal. Electric or hybrid or hydrogen-based vetsclill called for.

- many issues remain controversial, especially comoegrbio or agrofuels, as their environ-
mental footprint is unclear, whether they afe 2 or 3 generation. Moreover, they ought
not to be allowed to compete with land needed foming foodstuff or to replace forests.
Some level of biofuels will be usetf][
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- energy production will have decarbonized. Accordm@ACT assumptions and guidelines, at
horizon 2050, fossil fuels will no longer be domihand will have been replaced by non fos-
sil energies, assuming that low-g£@chnologies for services have successfully besmld
oped. This means that energy is drawn from nugle@mventional and maybe fusion), wind,
hydropower, solar, biomass. All these energiesuaesl together, interconnected when the
carrier is electricity and controlled by smart-gritf].

0 nuclear power is a very sensitive matter, because it ig @O,-lean while it gener-
ates problematic wastes and raises safety isslibs. PACT hypothesis of a post-
carbon society that does not use fossil fuels et #950 horizon, and which resorts
only marginally to CCS, implicitly assumes that leac energy (present generation Il
reactors and next generations, I, Ill ¥2 and gagdV or even V) will grasp an im-
portant share of the grid. Moreover, 2050 mightthoe time for transition to fusion
nuclear energy®[*J;should this be the case, scenarios of industiégiloyment will
have to be imagined to take into account nuclesiofutechnologies. This build up of
nuclear capacity will increase material demandis sector.

0 solar energy. It is an unlimited energy resource and, as swilhbe widely deployed
[*].  The technology portfolio is abundant and hatgf scaling up and moving
along the learning curve should remove the gap d&tvkWh cost compared to stan-
dard production. Demand for materials is impacted.

o wind. Denmark has demonstrated that wind power carsed to a high proportion of
grid power, as 22% of national consumption stemfmeah wind in 2007 {°. Wind
power will therefore develop, as part of the eleityr grid and as local initiatives
(homes, individual buildings, eco-areas), and faalimaterial to build new equipment
and to take care of a heavy maintenance and negesfarbishment.

o hydropower is mentioned here as a reminder. Indeed, theadriy of hydropower
might decrease by 2050 as a consequence of clehatege {Y]. Therefore, no visible
material demand will emerge from this sector.

o it is worth mentioning, though, that some appli@as of fossil fuels, like coal used as
reducing agent in the steel industry, will still beed as a major energy source by
2050. Climate Change will be dealt with in thisedy implementing CCS (cf. UL-
COS technologies).

3.1.6 Information technologies

Communication and information technologies willveiglely implemented in all social, technical and
processing activities, where information and cdniith be important. They will have to be takerion
account as they induce a demand for materialsn@allbut numerous communicating artefacts and
servers/network infrastructures, production proegssafety environments, etc. This will generate
material demand.

3.2 Mobility

By 2050, it is assumed that the transport infrastme in Europe will have fully matured and thus
stopped growing (roads, highways, rail, air, sed iatand waterways). The TEN-T European project
[*] gives an image of that infrastructure. Materiaéds, beyond 2050, will be only related to the
maintenance of the networks.
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Figure 19 - Trans-European transport Network (TEN-FPriority axes and projects by 2020
(European Commission, DGET, 2009)

3.2.1 Description and influencing drivers

The stakes are here to allow people to move fasqued or working needs over adequate infrastruc-
tures.

The shape of urbanization and the energy costscwiilbtrain the transport solutions. Intra-urbanr mo
bility will need small and low-pollution vehiclesln many parts of the cities car traffic will be-re
stricted (BedZED, Freiburg).

The maximum speed of individual cars will no lonferas high as today, due to regulations reinforc-
ing safety on roads; this will imply a downsizinfjemgines. ICE engines will have reached their op-
timal efficiency by then“f]: significant progress is expected in terms afl faonsumption and air
emissions, mainly through the technological improgat of mechanical parts and of combustion
quality.

Air travel and some limited amount of freight wi#dmain necessary for overseas or long continental
distances. This will be carried out by planesping biofuels, and maybe by blimps.

The mobility sharing concept will grow in importanin people's minds. Services will become avail-
able for cars and man-powered devices (e.g. bitestrically-assisted or not).

Transport solutions will be eco-designed in ordemiake them easy to disassemble, the components
going to their respective reuse or recycling cixuiMetals will be fully recycled, some of them in
definitely. Some plastics will be recycled, seV¢iraes, while others will be burned and the heat-g
erated by combustion recovered. Glass will bealed, but this does not include glass-polymer
composites used in windshields.

3.2.2 Technologies

City transport, inside the cities and within sulsyriwill be shared among public transport (buses,
streetcars, subways), man-powered vehicles, maythe electrical assistance, and automobiles. A
wide mix of vehicles - two, three wheels — carryorg or two people can be foreseen.

Inter-city transport will be carried out by highegal trains for long distance travel and conventiona
trains for smaller distances.
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Figure 20 — Concepts of small vehicles and of retidevanergy supply in a parking ramp

Post-carbon society transport will be non-pollutanmgl silent. Electric and fuel cell-powered cailé w
play an important role — assuming that the consisabn the development of hydrogen fuel cells
(HFC) will be removedf. Individual cars may favor electric solutions,ilerHHFC would be devoted
to public transport; hybrid solutions will probabdyso survive, as well as Internal Combustion En-
gines (ICE) exhibiting high efficiency and runniag biofuels or on some marginal fossil fuels. Hy-
brid technologies might actually profit from thegrmvement of ICE technology and thus maintain a
significant market share.

Electric vehicles will require special infrastruauo charge batteries based on local renewable ene
gies (cf. the solar-powered parking ramp showniguie 20). This will create some new material
demand.

3.2.3 Infrastructures for mobility

Current infrastructure for mobility is presenteddietails f°] in deliverable D12.1, where all modes of
transport are included. Some new types of infuasiire will be built, specifically developed foep
destrians and slow vehicles, for example footbrsddennels or bicycle storage areas, in cities and
their neighborhoods.

Figure 21 —Footbridge in Parigredit CSTB) and bus stagith interactive service (MIT project)

3.2.4 Materials and technologies

Vehicles
0 The recycling paradigm will remain a key driver tbe choice of materials in vehicles.
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o0 Metals, which are "naturally” recyclable, have begdely used in the design of vehicles and
this will continue to be the case in 2050. Todhg, balance is strongly in favor of steel, with
a small market share for aluminum and, to an eweadler extent, for magnesium. There is no
driver for changing this market share in the lortgem.

o0 Plastics and fiber-reinforced composites lack cooivig and massive recycling schemes. Al-
though progress is to be expected, a completeugonlis unlikely. This will severely restrict
the market share achieved by these materials.

Infrastructure

Materials for infrastructures will change from tgtdapanel. Innovation in the area is related tapsh
and esthetics, not materials.

Table 2. technologies and associated materialsrfobility services.

Service Specific Technologies Main materials

Individual mobility 100% Electric car

Hybrids
ICE
Metals
Public mobility Buses, streetcars, trains Glass
Aircrafts Plastics
Freight Road : hybrids and efficient diesel engines Reinforced matrixes
Rail

Road safety

Infrastructures

Water (inland waterways and sea)

Air transport

Signals

Barriers

Roads and railroads, waterways, airports
Energy supply —electricity, hydrogen

Metals
Concrete
Concrete, Bitumen, Metals

3.3 Buildings and shelter

3.3.1 Description and influencing drivers

The construction sector is a major energy consyr&9-180 kwWh/m? for example in France) and,CO
producer today. Regulations are being been pdsseat down energy consumption to less than 50
kwh/m2 in general, to less than 15 kwh/m2 for hreatilone and the path is open towards energy posi-

tive buildings. Their implementation will take &@nbut it might be effective in the post-carbonisoc

ety.

Figures for France'{] today are shown in Figure 22.
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Figure 22 — Trend of energy consumption in kWhrmnfousing in France from 1984 to 2006
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Figure 23 — A view of the BedZED eco-area

Prototypes of such efficient housing, for energd #ime embodiment of the green city concept have
been erected in the green areas of BedZED in thiedJKingdom and of Freiburg in Germany. Other
experiments (Amsterdam, Copenhagen, Oslo...) haeebalen conducted and carefully evaluafdd [

Of special concern is the stock of existing hougkiEh has to migrate at the 2050 horizon to a low-
carbon system.

By 2050 housing and the building sector will hagaahed a high level of energy efficiency and en-
tered a post-carbon system of housing services.

3.3.2 Means and technologies

The technologies necessary for housing servicesdbas “ecocity” principles, are given below and
are independent of the city pattern of Figure 18:

- Construction and maintenance: all materials available for construction are ysadoro-
portions that depend on the services to be perfdrasewell as local conditions. For ex-
ample, glass areas could be very different in tbetiNor the South of Europe, same thing
for cooling/heating technologies. Such parameseestaken into account in deliverable
DI1.1 [*¥]. Moreover, the expected rarefaction of water alor dry constructiontech-
nologies, where prefabricated elements are assdrohléhe erection site.

(Credit: Barrat Development PLC)

Figure 24 —Some principles of an eco-house.
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- Thermal comfort: depends on a complex mix of inertia, insulatiad air humidity inside
the building. Materials have an important roleegtablishing these conditions, along with
heating, cooling and ventilating devices on the baed and building design on the other
(surface active window panes, active or staticguriters, green roofs on a water-tight, re-
inforced structure). But insulation and thermaméort can also be achieved with green
roofs necessitating specific support structuresvfght and water tightness).

- Energy supply in a low-energy house comes from renewable ereigi@ar, wind, bio-
mass, waste), heat pumps and stationary fuel catlshe margin, energy can be bought on
a grid or sold to a grid.

- Lighting: has made significant progress recently with theduction of low-energy bulbs
and the emergence of LEDs. These technologiehapty LEDs, will be standard in
2050. Moreover, combined with intelligent contsgktems, lighting can be finely tuned to
match actual needs (no human presence, no ligith &chnologies can be extended out-
side to the street, as in Toulou§®. [

3.3.3 Materials and technologies

Table 3. technologies and associated materialfifarsing services.

Service Specific Technologies Main materials
Construction / Mainte- Dry building works Steel
nance Assembling-based technologies Concrete — bricks — stones
Green roofs Wood
Thermal comfort Thermal bridges avoidance Insulation materials
Thermal inertia control Glass
Solar radiation control Metals
Wood
Lighting LEDs Plastics/polymers
Metals
Sanitary comfort Damp control Metals
Air exchange Plastics
Energy supply Heating/cooling pumps Metals
Stationary fuel cells Plastics
Solar panels Wood
Wind mills
Biomass

3.4 Conclusions on solutions, technologies and materials

The main conclusion of this section is that sotietal social needs will change under the paradigm
shift imposed by a post-carbon society and that whil produce a shift in technologies to meet that
change.

Structural materials, however, are unlikely to ceuwrastically based on available information and
past record. Of course, they will have to answeeds phrased in a different and more demanding
way and this will probably accelerate or comfomtithevolution towards higher levels of properties.
The switch to new materials will concern functionaterials rather than structural ones. As a matte
of fact, this may reinforce the market share ofvemrional materials, which may cannibalize some of
the structural materials domain. They may actub#yboosted by new approaches: this are already
visible in the field of nanotechnologies, which baalready led to new kinds of glass, cement and
steels (e.g. photochemical layers for self-cleasimgaces and active photovoltaic layers).

This section is still preliminary, as the connestlzetween materials and technologies has only been
explained in a qualitative way. Quantitative scegawill have to be developed, but we need to pro-
gress some more in the PACT agenda and to cooedinatapproaches of the various work packages.
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4 Data for energy and CO; intensity of materials

Data on materials seem pervasive, but are actdéflgult to get in a format that is uniform forlaif
them and which relies on a safe methodological ¢packnd.

The most easily available source of data for enamgy GHG emissions is the IEA, which has col-
lected and published data on virtually everythipen there is information published by sectoral
sources, like the roadmaps that have been prodadedrope, the US, Japan, et].[ Countries and
World Regions (e.g. the EU) have also been regufarblishing on these issues.

There are several difficulties in assessing thditguaf available data:

* present data refer to various sectoral perimeters and to varsubsets of industrial activities.
A discussion of these issues is made in the sémtios of this report, as we have used steel,
with which the authors are more familiar than atlyeo materials, as a case study to find a
path to reliable figures. The differences can biteglarge, for example, between best per-
formers (i.e. the best operated plants, which eiHile best performance in terms of energy
consumption) and worst performers or average sagb@rformance. Some stakeholders also
specify the performance that should be obtainde@ {h specifying Best Available Technolo-
gies and adding them together in a virtual producplant that does not really exist), in a
normative way, and this may differ from what isumdly done by the best performers. Last
and not least, important perimeter issues arisetiven an LG is provided (implicitlyfrom
cradle to gatein the case of materials, plus a facultative efitife component) or plant
emissions only (which would be called fogate to gatenventory or ascope J orscope | and
I, in the case of GHG emissions).

» Future studies are even more difficult to analyze, as they aneneonducted with the same
methods and refer to widely differing ranges ofnses.

» last, some data are provided by organizations whéte their own agenda relative to energy
and GHG issues. When published by sectors, tteeadet be seen @aso domowhile interna-
tional organizations like the IEA promote their qwather angelic view of the future, which
derive from the world governance rules set by theddd the OECD.

We shall try to extract from this forest of dathe tones that summarize the various materials best,
from the standpoint of the present PACT project.

Elsewhere in society, these difficulties are nanptetely resolved and may lead to confusion, espe-
cially when decisions are made on the basis ofgbanformation: this is the area afboundandper-
verse effectsf regulations or legislations.

This is not a new phenomenon in political sciencé Wwhat is new is to base decisions on ill-
understood quantitative information: the tail-pgraission standards used in the automotive seaor ar
one such example, as are the recycled contentreegfar the production of some consumer goods, or
the specification of usage of biofuels, in the aaiskrst generation biofuels for example.

The analyses on the various materials are basemiioown data for steel, which take on board IEA
publications, but most of the other materials ar&yzed from IEA publications only. This clearhyi
troduces an editorial bias in the collection ofadat

® Life Cycle Inventory
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4.1 Steel

This section is an extraction of a more exhaustseument available as referenc®. [

4.1.1 Energy consumption - Steel

A detailed discussion on energy consumption, lileedne which will be conducted on €€émissions,
below, would be in order. The issue, howeverjrigpter as the ambiguities related to boundaries are
not as large: indeed, while G@& measured at the stack, thus at the exit ointthestrial plants, energy

is accounted at the gate, as an input.

According to the IEA, the steel industry's finakeegy use in 2005, for the world, was 560 Mtoe, or
21.3 GJ/t of crude steet'| page 476], which represents a sectoral average.

The Integrated Model Steel Mill needs 18.5 g/t

According to ESTEP and Eurofe¥]| best performers in an integrated steel mill cone 17 GJ/t, 16

of which are related to coal and 0.9 GJ/t to eleityr(250 kWh/t); in an EAF route, the best penfoer

ers are at 3.5 GJ/t of hot rolled product, of whicé GJ/t is related to electricity consumptiorthe
EAF (450 kwhit), 0.6 GJ/t of fossil energy (coadamatural gas) and 0.3 GJ/t (80 kwWh/t) of energy
for hot rolling plus 1 GJ/t natural gas for the @ating furnace. The sectoral EU 27 average for the
EAF route is 4.5 GJ/t.

Mixing IM and EAF routes at world level (70% IM aB8% EAF), this means a best performer figure
of 12.95 GJ/t, almost twice less than the IEA fegur

Thus the EAF, secondary route, uses about 20%ecdrkrgy of the integrated route.

Worst performers, according to the author's expeggare at the level of 50 G/and 30 GJ4s for
the IM and the EAF route; sectoral average aré a2l 13 GJ& The world sectoral average is thus
at 21.4 GJ, almost exactly the IEA figure.

60 - GJit B best performer
B worst performer
50 M sectoral average |-

40 + T
30

o

- m

M EAF route sector

Figure 25 — energy data (today)

4.1.2 CO, consumption - Steel

There is no comprehensive global registry of GH&®0s emissions published anywhere for the Steel
sector.

All figures found in the literature are thereforgtimates or are proprietary data of steel companies
Some are actually rather phantasmagorical, aotitprint of the sector on anthropogenic emissiens i
guoted between 3 and 9%! Some sectoral organizatiane published interesting analyses, though

7.
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Various efforts are under way to collect a compnshe set of emissions data for the Steel sectdr, b
they are still in the making at worldsteel and tk&a Pacific Partnership. They have developed
methodologies for collecting data in a coherent.wdye effort needed to duplicate or replace these
initiatives is out of scope of the present studynyway, the publication of the data is expectednsoo
from worldsteel and the APP, most probably in 2[167).

An example of the data which have been publishesgd@n information from Eurofer is shown in
Table 4 [7); they relate to on-going discussions about thechmark of the EU ETS. They show plant
by plant emissions calculated from scope | speeifiissions (i.e. emission factors), which, caladat
back from these data amount to 1.25/t:ude seefOr the years 2005-2009. As a matter of fact, this
back calculation constitutes a kind of tautologiesé of sparse data!

Table 4 — CO2 emissions by plant in a steel mill

Activity Production Approx. specfic Approx. GHG Share in total
vol. EU27 emissions emissions sector emissions

(Mt) (kg COy/t product) (Mt of CO;-eq.} (%)

Coke' 46 500 23 0.1
Sinler 128 250 32 12.7
Hot metal 113 1550 175 69.3
EAF steel 21 102 &3 33

of which

(EAF- non-alloy

(73) (100) (7.3) (2.9)

steel)

(EAF — high-alloy

and other alloy (8) (120} (1.0) (0.4)

steel)
Hot rolled steel 62 100° 6.2 25
Processed steel 90 7 4.5 1.8

of which

(Cold rolled

(Cold folled (50 (50) 2.5) (1.0)

steel)

(Coated steel)™ (40) (50) (2) (0.8)
Foundry products 4 400 — 600° 3-4 1.4
Total 252.5 100.0

Of course, there are national registries publigiegdilarly to comply with international commitments
of individual countries, to the Kyoto protocol fekample, but they do not provide the details needed
to access Steel sectoral daf2{.
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by the Greenhouse Gas Protocol (scopes |, Il anfg 11

Methodological issues ought now to be pointed bldst of them relate to the boundaries of the sys-
tem within which the C@emissions are accounted.

The Greenhouse Gas Protoct] has carried out an analysis in terms of scopesya in Figure 26,
that has become a standat{ fnd can simply be referred to as direct emiss{snspe ), emissions
related to energy production (scope Il) and upstraad downstream emissions, including credits for
co/by-products, for example (scope IIl). Thus &@ALdatabase will contain scope | + Il + Il emis-
sion data, while a registry for physical emissifnoen a production plant will contain scope | emis-
sions; on the other hand, technologists interestgorocess engineering will be more interested in
scope | + Il data.

Another level of ambiguity is related to the kindptants which are included in a steel mill, as som
may have coke batteries or a lime kiln, or an orygkant, or a power plant to recover process gases
and combust to generate electricity, and others fbere are no rules for these and therefore stope
data represent the actual direct emissions of tifls: rit is hard to compare these individual data,
unless the mill is fully described, but, on theasthand, this aggregation of emissions is reprasigat

of the emissions of a sector as a whole and theyezdily be compared to other sectors, and the dat
aggregated with those of other sectors to build spapshot of world emissions.

Table 5 — examples of specific CO2 emissions (erars§actors) for steel production

source Scope | Scope Il Scope I+
teodterude steel

Country A, global 1.67

IPCC 19

Country B 1.83 0.44 2.26

Source a Integrated route 2.0

Source a EAF route 0.15

Source a Steel sector 1.26

Still another difficulty is related to specific essions, i.e. emissions normalized by productior vol
ume. Usually, crude steel is used as the norntalizdactor, even though emissions for the whole
steel mill are shown (thus emissions from gateoibper ton of liquid steel).
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Last, data may refer tosectoral averageworldwide or regional, or tbest performersSome docu-
ments also refer tBest Available Technologi¢BAT)’, although there are difficulties in building co-
herent production routes based on BA® |

Raw data as published or communicated are showalde 5. The sources, most of them confiden-
tial, do not matter here. What is more importarthiat the data do not match, not necessarily lsecau
they are intrinsically different in terms of emimsiperformance, but because they refer to systems
which are most probably somewhat different, haighsl different boundaries and therefore cannot
be readily compared with the information availab{@ne major difficulty in a worldwide data collec-
tion exercise is that the data cannot be readiffyaed, and hence validated. In other words, Her t
purpose of our study here, they are not of mucp.hel

To move forward and avoid the intricacies of actlgta collection and of varying steel mill bounda-
ries, we will provide emission factors based omeaies, but as much as possible on rigorous ones.

We will use the same methodology as in the ULCQOfyfam, i.e. define a model steelmill, which in-
cludes coke ovens, adjusted to the capacity obtast furnaces, a lime production kiln, an oxygen
generation plant, a power plant to combust exctssnsill gases, etc. [see the details in reference
®tand Figure 30]: thus, scope | emissions also irckmissions from these plants, as they are by defi-
nition an internal part of this model steelmill.

We will provide estimates of the emissions of adbhenark steel mill, both in its Integrated Mill and
its EAF mill avatars, which will constitute a bagsel against which future technologies can be bench-
marked. However, estimates of present emissiolhdwimade with some assumptions regarding the
spread of emissions of actual steel mills, the dvorter. Because, this is a difficult exercisetha
absence of published detailed data, an uncertaiotynd these values will also be provided. No&t th
this is new, even if it seems like an obvious thimglo!

We will discuss scope |, Il and Il emissions. Weuld stress, though, that scope Il emissions giv
very special, Life Cycle centered, type of inforimat which is usually not reported by other sectors
the usual C@accounting:

» the benchmark steelmill is an integrated steel(l), which is a composite of best perform-
ers using a coherent set of plants from raw mdsegate to product's gate (hot rolled coils or
bars, or others). Its scope | emissions are 1@&1Q0, per ton of coil (not of crude steel);
scope Il, with a European electricity mix of 370fgCO, per kWh, is 0.03&, and scopes | +
II, add up to 1,84 — 1,664/t of crude steel.

* abenchmark steelmill based on an EAF, best pedotavel, has scope | emissions of 0.10 t/t
of coil. Scope Il emissions are 0.20t, i.e. GrBtbtal — 0.27 o/t of crude steel.

* a world mix of 70/30% IM and EAF routes has an emis factor, scope | + Il, of 1.384
per ton of hot rolled product — 1,25¥t of crude steel.

» estimating scope Il emissions would require aitetaanalysis, which is not readily available
in the public domain and therefore would embody@asensus of the various stakeholders on
the figures. The difficulty is related to the ffélcat scope Ill estimates are not exactly identi-
cal to a well defined part of an L€Cand that, moreover, LCA is a methodology defingd b
standards and not physics and therefore can Herped in umpteen different ways that
yield very different values, adding another layefuzziness in the datd’]. An example of
the LCI calculated for an actual steel mill is shaw Figure 27, Figure 28 and Figure 24;[
shown are emissions without any allocations, wikeope |, 1l and Il are more or less equiva-
lent to the GHG definitions, then total emissiossopes | to Ill) with allocations, which give
credits for co-products, with some rather spe@Bsumptions that are just given here for the
benefit of showing a trend, and the last graph shaat allocations have been taken on

" The EU publishes documents called BREFs (Best REfees) which spell out in details what BATSs are.
http://eippcb.jrc.es/reference/
8 Life Cycle Inventory
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board. Thus, depending on assumptions, scopeniBstonsin this examplecan range from
+ 0,40 todtire 10 - 0,41 Eodthre.
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Figure 29 — amounts of allocations taken on boarthie LCI for various co/by-products
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e in order to use a figure for scope lll, we arbityaestimated at 0.2 t for the integrated route
and 0.1 t for the electric route, which bring IMMIEand world sector in scope Il to 2.1, 0.4
and 2.0 t/t of caill.

* now, actual emissions are different from the orfethie model steel mill and, in Table 6, we
have presented an estimate of best performerst werformer$ and average sectoral mills
according to the typology presented before. Th& tolumn of data gives a scaling factor
with respect to the Scope I+Il emissions of the etatieel mill. The second column gives the
emission factor. This time the value are in erpissiper ton of crude steel.

« the uncertainty of the values, given from "experih is estimated at 20% in th& dase and
30% in the second case, i.e. 2.3 = 0,5 and 0,@ 4@/t of crude steel. The point about this
uncertainty is not to stress that the emissionshtriig 25% higher than shown, but, rather,
that they are rather uncertain.

Table 6 — estimation of the uncertainty on scopéllemissions
due to the dispersion of level of CO2 efficienapsas the world

scaling factor tcodt crude steel
model mill 1,0 1,7
best 1,0 1,6
worst 3,0 50
average 1,4 2,3
model mill 1,0 0,3
best 0,8 0,2
worst 5,0 15
average 1,9 0,6
model mill 1,0 1,3
sectoral, JoESs 0,9 1,2
world - rws: 36 3.9
average 1,6 18

0, N, Ar

Charbean

v Coke Acidrie
et
IIII Fj:f_ames
Cokerie Fonte YV )

A e ) 4

Adineral

Coil

R .

Coulés continue arilaaie s ob
Aggiomération Laminoir & chaud

Figure 30 — schematics of the plants included eriodel steel mill (oxygen, nitrogen and argon plame kiln, power
plant to combust process gases, coke ovens ared piant)

» total CQ generation can thus be estimated at 2.8 and 3id 2009 and 2007 with the same
kind of uncertainty as above.

° Worstis the contrary obest not any kind of judgment on the quality of theecgtor
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The reader will have noticed that one major reaaomng many, for the discrepancy between scope |,
scope Il and real physical emissions is the faat steel mills do not always include the same plant
foremost of which is the power plant, which, inioeg like Europe or Japan, are systematically built
to recover the energy of the process gases notinsele the steel mill to reheat furnaces, ladis.,

but may be part of the mill or constitute a sepauattivity contracted out to a utility company (cf.
Figure 30). These details are business-based @ngrocess-based and the aggregated emissions re-
flect this "biodiversity" of steel mills, not neasily causes of emissions on which action carabert

to reduce them: divesting the power plant fromatesl mill to a utility does not erase the corregbo

ing emissions, it simply shifts them to a differbnsiness entity.

If this is taken on board, then average emissi@amsrange from 1.3 t0 2.3dy/tcrude siee@N €VEN larger
bracket than the one mentioned before as an uindgrtan the data. It is part of the fuzziness @& th
data that are circulated around and used by vastakeholders, as are the scope Il estimates,hwhic
would compound this further.

4.1.3 Foresight projections
Foresight studies for steel and other material®yweesented under section 2.1.

The IM/EAF mix is assumed to switch from 70/30%awpdo 40/60% in 2050.

As far as energy is concerned, we have assumerta #(75%) drop in specific energy consumption
for the steel sector, which amounts to a factaddiction for each of the production routes: 145471
and 25 GJ/t for the best performers, sectoral geeeand worst performer in the case of the IM and
3.0, 3.8 and 7.5 for the EAF route. The world agerthus becomes 7.6, 8.5 and 14.5 respectively.

CO, projections are given at the end of section 2.1.
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4.2 Aluminum

This is a summary of an appended document (cficse6t3).

4.2.1 Introduction

This survey describes the main techniques to pealeminum, its corresponding energy consump-
tion and its contributions to greenhouse gas eomssiAluminum is produced by primary and secon-
dary production. Primary stands for the producfimm the original raw material which consists of
alumina. The most common ore is bauxite which isediin different places all over the world. The
second route, the so-called secondary aluminumugtamh is made from recycling of aluminum. The
primary route is by far the most energy intensigete and will also stand for the major greenhouse
gas emissions. Secondary aluminum production eaesfluenced by availability of scrap. The scrap
availability is influenced by both maturity of tonomy and countries' scrap collection rat&$. [
Figure 31 briefly describes the aluminum industryduiction flow (1Al 2010)
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Figure 31. Aluminum industry production flow (IAI1Z)

4.2.2 Techniques to produce Aluminum
Primary production

The resources of Bauxite are estimated to be 55 billfon tons, in Africa (32 %), Oceania (23 %),
South America and the Caribbean (21 %), Asia (18#%6) elsewhere (6 %) [65]. The most common
process to produce Aluminum from bauxite is throtigh well-established Bayer process. Aluminum
is extracted from bauxite as aluminum oxide ald@edaalumina. Through electrolysis the oxygen is
taken away by reaction with carbon anodes. The gwsmon aluminum smelter is the Point-Center-
Feed Prebake (PFBP) technology [66].

Secondary production
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Various technologies are used to recycle alumingrapsincluding reverbatory and induction fur-
naces. A number of new and emerging technologiesaing investigated including rotary arc and
plasma furnacesy. These are described B][and [? in more detail.

Casting

Liguid aluminum is most often cast into ingots wdhdrcan be alloyed with other metals. Ingots i th
forms of slabs, rolls, bars and blacks are coofetiteansported to end user.

4.2.3 Energy demand 2010

Various investigations have been made to calculaesnergy demand from primary and secondary
aluminum production. This survey has collected diaten different sources such &8,7,%",°%. From
these sources we have estimated best, average@stipgrformance cases for the current situation.
The data from the different cases are not alwagstidally specified so assumptions had to be made.
According to Worrel et al. the best performer foogucing primary aluminum uses 71 GJ/t Al.[
The best scrap based smelter uses 2 GJ/ t Al. gives a weighted average of 50 GJ/t Al in the best
case. The IAl presents information on energy denfeord different regions around the world][ A
weighted world average including both primary aedandary production corresponds to 58 GJ/t Al
and the worst performing region has a weightedgndemand of 67 GJ/t Al. The average energy
consumption from secondary aluminum production waSJ/t Al. These data are comparable with
calculations made by DOE, IEA and other authors @ act as a good range which represents the

energy demand for primary and secondary aluminwdymstion {*°,.

Table 7 shows the summary of the calculations forsty average and best performers 2010. The ma-
jor energy source is the electricity in the elelgsis. The energy calculation does not take intoaat

the source of producing this electricity. The firethe refining of alumina is natural gas and acdsu

for approximately 85 % of the energy input in thieduction of alumina’f]. Table 8 shows the total
aluminum production in 2010 and is estimated t&®&aét (million tonne). This will contribute to an
average process related energy demand of 79 Mtidleo(ntonne oil equivalent, 1 toe = 41.868 GJ).

Table 7. Energy consumption 2010 in primary andedeary Aluminum production.

2010
Aluminum energy Bayer process+ H.H. Cell Energy con-
consumption current situation sumption GJ/t Al

Process unit Best Average Worst
Alumina refining 20 24 34
Anode production 1.2 2.2 5.0
Aluminum smelting 49 55 57
Other 0.8 1.9 3.7
Total primary aluminum energy GJ/t Al 71 83 100
Total secondary aluminum energy GJ/t Al 2 5 9
Weighted world average GJ/t Al 50 58 67
Total Aluminum TJ/y 2638 3247 3828
Total process related energy demand Mto¢ 63 79 91

Table 8. Aluminum production 2010 in primary anda®lary Aluminum.

Aluminum production current situation 2010 Mt/year
Primary Aluminum production Mt 38
Secondary Aluminum production Mt 18
Total 56
Recycling rate 32 %
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4.2.4 Contributions to greenhouse gas emissions 2010

The greenhouse gases can be divided into thregorads. The process related emissions according to
scope | and the indirect emissions according tpedbd The scope lll emissions which consider
transports and other emission not related dirgotlgroduction are hard to predict and have not been
investigated in this survey. The definition of sedpll and Il is described in the Aluminum indost
greenhouse gas protocdf][ Most of the process emissions are produced duwlactrolysis, hence
from the carbon anode consumption.

The IAl identifies the following scope | emissioascording to the GHG protocdf:

e Fuel combustion in furnaces/boilers
e Coke calcination

* Anode production

* Anode consumption

 PFC Emissions

e Lime production

4.2.5 Scopel

Table 3 summarizes the calculated emissions far frestices, average- and worst performers. Be-
cause there is a huge difference in efficiency amtbie smelters depending on which type of cell is
used, the comparison only involves the Bayer poédowed by the Hall-Heroult cell. The processes

are described in more detail in referend@sdnd f]. The Al runs a global program to reduce the

perfluorocarbon (PFC) gas emissions. A comprehersivvey shows the differences in emissions be-
tween the smelting technologi€§'[PFC is a greenhouse gas with a much higher GH®rf#zan

CO..

The average direct G@missions for producing aluminum from alumina (@mnproduction) in 2010
was 3.9 t CO2/t Al as can be seen in Table 9. st performers emit 3.6 t GIDAI and the worst
4.5t CO2/t Al. However the major energy sourcthes electricity which will emit indirect emissions
dependent on the fuel mix to produce electricity.

Table 9. Scope | emissions 2010 in primary andrsgay Aluminum production.

Scope | 2010
Aluminum CO2 emissions Bayer process+ H.H. cell t CO2/t Al
Process unit Best Average Wor st
Alumina refining/fuel/lime production 15 1.8 2.0
Anode production 0.2 0.2 0.2
Anode consumption 1.4 15 1.7
PFC 0.2 0.2 0.3
Other 0.2 0.2 0.3
Total Emissions from primary production t CO2/t Al 3.6 3.9 4.5
Secondary production t CO2/t Al (Fuel NG) 0.1 0.3 0.5
Total direct emissions t CO2/ tAl 3.7 4.1 4.9
4.2.6 Scope ll

For the indirect emission according to scope llweat to estimate C£&missions from the consump-
tion of imported/purchased electricity, heat oragte Table 10 shows the electricity consumed to pro-
duce Aluminum from bauxite. To be comparable witheo materials such as steel the European elec-
tricity mix of 370 g CQ/kWh has been used to calculate scope Il emissidmsworld average elec-
tricitylgr;ix 2010 for aluminum industry was 220 g €kWh according to the calculation made by U.S.
DOE [].
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Table 10. Scope Il emissions 2010 in primary alummirproduction.

Scope || 2010

Aluminum Electricity Bayer process+ H.H. cell t CO2/t Al
Process unit Best Average Worst
Alumina refining, kwh/t Al 200 300 389
Anode production, kwh/t Al 56 100 120
Electrolysis, kwh/t Al 12900 14000 15400
Total Electricity kWh/t Al 13156 14400 15909
Total indirect emissions t CO2/t Al 4.9 5.3 5.9

4.2.7 Future scenarios

There are several investigatiorf8%"}, to predict the future energy demand, technicaresd GHG
emissions from the Aluminum industry. Some havertben simulation models described in detail
and others are more summarized.

The scenarios which have been built up in thisephave taken the results from other investigations
as input and simplifications and assumptions haenlmade to create a simplified but feasible sce-
nario.

The major assumptions made are that the technighieh will be used in 2050 are exclusively the
Bayer process for refining of alumina and Hall-Hétaell with wetted cathode and inert anode for
primary aluminum production. The two latter techrdg are emerging technologies which are as-
sumed to be fully developed and implemented in Z8%the calculations are made for these kinds of
cells. References$T, ['], [, [] and [7] describe these techniques in more detail.

There are different scenarios regarding the praciuctf secondary aluminum production in 2050. The
different recycling rates have a big influence hwf predicted energy consumption and,E@issions
because it needs about 5-6 % of the energy uspdnrary production. IEA predict baseline case of
33 % recycling and an optimistic recycling rate46f% in 2050 {}]. This has been representing the
range from worst to best scenarios in this caltutat

The lean carbon scenario for 2050 in this surveyosbs to use the known emerging techniques and
best available techniques which produce aluminumh Vass CQemissions. It will not necessarily
mean that it will be the most energy efficient teighue. As has been mentioned earlier the chosen
smelter technique is the conventional Hall-Héradll but upgraded with inert anodes and wetted
cathodes. The inert anode is the only known metbggroduce aluminum from alumina with elec-
trolysis without producing primary G@missions and it eliminates the production of perbcarbons
(PFC). IEA predict a full commercialization of ime@modes in 2030. To assume that all smelters will
be equipped with inert anodes in 2050 is highlyirojstic although it might be achievable. The esti-
mates for the electrolysis cell have been takem freference calculations and a more comprehensive
description of these calculations can be found®ii] In cases where no calculated reference has
been found estimations such as business as usrargss have been used. If the emerging technolo-
gies mentioned in this survey not follow the pregrassumed, carbon capture and storage can be a so-
lution for the aluminum industry as well. This isclissed in‘f].

4.2.8 Energy demand 2050

In the pathways to 2050 three scenarios has bdeunlat@d as can be seen in Table 11. The low en-
ergy consumption - low demand scenario estimatestatal aluminum production to be 142 Mt
(megatonne) with a recycling rate of 39 %. The ahammefining will according to business as usual be
15 % (authors own assumption) more efficient thatay's best performers and the electrolysis with
inert anode and wetted cathode is estimated toowepi0 % from today’s estimations (BAU). In this
scenario the total weighted energy consumption lpéli36 GJ/t Al. The total energy consumption in
the aluminum industry 2050 will be 122 Mtoe.
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In the average energy consumption — average deseamthrio the recycling rate decreases to 36 %
and the total production of aluminum is expectetde¢dl59 Mt. The predicted production is shown in
Table 12. In this scenario the total weighted epea@nsumption will be 42 GJ/t Al. The total energy
consumption in the aluminum industry increaseso® Mtoe.

In the high energy consumption — high demand séerlae recycling rate stays almost at the same
level as in 2010 at 33% and the total productioalominum is expected reach 190 Mt. The average
efficiency of the Bayer process will improve to teegel of the best performers in 2010 and the gnerg
consumption in the aluminum smelting with inert de® and wetted cathode will be at the levels esti-
mated in 2010. In this scenario the total weigh#edrgy consumption will be 48 GJ/t Al which is
about the same level as the best performer in ZXi®total energy consumption in the aluminum in-
dustry increases to 216 Mtoe. IEA 2010 predictalaminum production 142 Mt in low demand case
and 190 Mt in a high demand scenario, which repitegbe high and low value in this report.

Table 11. Energy consumption 2050 in productioprohary and secondary Aluminum.

2050
Aluminum ener gy BAT Bayer process + Inert Anode +Wetted
consumption future scenario Cathode GJ/t Al
Process unit Best Average Wor st
Alumina refining 16.5 18.1 19.4
Anode production 2.5 2.7 2.8
Aluminum smelting 39 43 47
Other 0.7 0.8 0.8
Total primary aluminum energy GJ/t Al 59 64 70
Total secondary aluminum energy GJ/t Al 1 2 2
Weighted world average GJ/t Al 36 42 48
Total Aluminum TJ/y 5096 6687 9041
Total process related energy demand Mtg 122 160 216
Table 12. : Aluminum production 2050 in primary asetondary aluminum with different recycling ratersarios.

Aluminum production futur e scenario 2050 Mt/year

Low Average High
Primary Aluminum production Mt 86 102 127
Secondary Aluminum production Mt 56 57 63
Total Mt 142 159 190
Recycling rate 39 % 36 % 33 %

4.2.9 GHG emissions 2050

4.2.10 Scope |

In the scenario where the prebaked carbon anoddsillyr replaced by inert anodes, the major emitter
of CGyin the primary aluminum industry will be the refigi of alumina from bauxite with 1.5 t G

Al in the best case and 1.7 t g€Qaluminum with business as usual improvementg dihect emis-
sions from the aluminum smelter will be almost éhated. With small emissions from anode produc-
tion and from heating and casting operations tleelipted average value for process related emissions
according to scope | is 2.2 t @OAI, see Table 13.
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Table 13. Scope | emissions 2050 in primary andrsggry Aluminum production

Scope | 2050

Aluminum CO2 emissions Bayer process+ H.H. cell t CO2/t Al
Process unit Best Average Worst
Alumina refining/fuel/lime production 15 1.6 1.7
Anode production 0.2 0.3 0.3
Anode consumption 0 0 0
PFC 0 0 0
Other 0.1 0.2 0.3
Total Emissions from primary production t CO2/t| 1.8 2.1 2.3
Secondary production t CO2/t Al (Fuel NG) 0.1 0.1 0.1
Total direct emissions t CO2/ tAl 1.9 2.2 2.4

4.2.11 Scope I

According to PACT the electricity sources to comesith year 2050 will not come from fossil fuel.
This as a consequence will result in 0 indirectssions for the aluminum industry. However this is a
very optimistic view considering the expected s in aluminum demand. Two cases where some
of the electricity used comes from fossil fuelsrees have been calculated. For these two cases car-
bon emission factors for 2050 are 92.5 g/kWh and d&Wh compared with 370 g/kwh in 2010.
The calculations are shown in Table 14.

Table 14. Scope Il emissions 2050 in primary amdsdary Aluminum production

Scope | 2050

Aluminum Electricity Bayer process+ H.H. cell t CO2/t Al
Process unit Best Average Wor st
Alumina refining, kwh/t Al 200 230 260
Anode production, kwh/t Al 56 100 120
Electrolysis, kwh/t Al 13000 14000 15000
Total Electricity kWh/t Al 13256 14330 15380
Total indirect emissions t CO2/t Al Case 1 1.2 1.3 1.4
Total indirect emissions t CO2/t Al Case 2 2.1 2.3 2.5

For case 1 a variation in the indirect emissionsfil.2 — 1.4 t C@t Al can be seen. In case 2 the in-
direct emissions increases to 2.1 — 2.5 t/G@\l. This can be compared with the IEA scenavith
2.1-2.8 t CQ t Al in 2050 in the blue map scenario high demand low demand case respectively

[
4.2.12 Conclusions

When looking at the results of this survey it fdéde the potential of reducing G@missions will be
more effective than reducing the energy demandhodigh the predictions to implement still emerging
technologies to full scale and on all smeltersghlly optimistic and these techniques has not shawn
net energy reduction so a big portion of electyigiill be needed to produce primary aluminum also
in the future. This fact drives location of the #tmeto areas where the electricity is cheap wliich
the future probably will mean carbon free electyici

Because the closeness to “good” energy is andbeilimportant the emission sources will be forced
towards GHG protocol scope 3 emissions (transpettd,which has not been covered in this survey.
A transition to use biofuels will reduce the scdp€O.,impact further.
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4.3 Cement

Cement is the largest structural material in teofngroduction volume in the world and, as cement is
used to make concrete (typically, 300 kg of cenpamtn? of concrete), concrete is several orders of
magnitude more ubiquous than steel or wood.

Cement production will continue to increase, asulised in 2.1.

Cement is produced today from raw materials inraes# kiln to produce clinker, which is then mixed
with other materials, usually secondary raw makerfalast furnace slag, fly ash), i.e. residuesnfro
other industries, but also gypsum, to produce c¢mense. The amount of each varies, depending on
the quality of cement.

The reference is always to Portland cement.

The information analyzed here originates frdfi§9.

4.3.1 Energy consumption

Energy in the cement kiln is used to calcinateigaiccarbonate at 950°C (i.e. decompose it in CaO)
and then to "burn" the clinker at 1450°C to gereitsthydraulic properties, and, in addition, eieal
energy is needed to run the equipment: 3,7.fad/ton the one hand, and 110 kWh/t.. According

to the IEA, this translates in 2010 into 3.9 Gd#. This should be viewed as a sectoral average
value, which leads to 3.1 Gdften:

This is a figure for "dry" kilns, the standard tactogy today; "humid" kilns need 50% more energy.
Some of the energy burnt in the kiln also oftenstsis of secondary carbon-bearing raw materials,
such as old tires or animal feed (up to 54% offtissil energy needs). IEA projection for 2050 atre
the level of 3.2-3.3 Gtker

4.3.2 CO, emissions - cement

Direct CQ emissions today, i.e. scope | emissions, (cf. le@@P) are at the level of 0.8, 0.6 and 0.2
tcoz per ton of clinker, cement and concrete, respelgtivThese include 0.53dYtcinker, Which come
from the decarbonizing of limestone. The emissidns to electricity (scope 1) would add 40 kg of
CO, with the average EU electricity mix (370 g/kWhg.iadd up to scope | and Il emissions of 0.640
tcodtcemen: These figures include 50% of alternative fueld hiomass: if one were to reintroduce the
avoided emissions in the total, this would add be@ot.18 ¢odtcinker i.€. @ global figure of 0.96

tCOZIthinker-

Whether these emissions ought to be included irethissions or not is a matter of controversy: in-
deed, they are based on two strong assumptiongieoone hand that these alternative sources avoid
the use of fossil fuel (a consequential LCA analysbuld be needed to establish that), and on the
other hand that biomass is carbon-neutral (thisdavdiscussing LUC). Both are conventions rather
than established results that can be safely indludean LCA approach. Moreover, they belong to
scope lll and LCI approaches even though theyradeded in a scope | analysis!

In the long term, the IEA roadmap projects emissiftmr the world sector at 2.34 Gt for the baseline
scenario and 1.55 Gt for the "Blue" scenario (canemlinker ratio of 71%), i.e. 0.42d3tjinker and
0.64. todtuinker, depending on the assumption regarding alternisis.

This lower scenario would include reductions due to
* 10% increase in energy efficiency
e 24% switch to alternative fuels and other fuels

* 10% of clinker substitution
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* 56% due to CCS implementation, i.e. 220 to 430skilquipped by 2050.

Seen from the eyes of an expert from a differentasethere are a lot of ad hoc assumptions in this
scenario, related mainly to the effect of clinked duel substitution. One of them, for instaneghiat
blast furnace slag is sold to the cement indusithlout any CQ allocation, which the Steel sector is
not necessarily willing to do.

CO, emissions of cement production |

30% fuel emissions

process emissions 60%

i : 10% electric power
from calcination of limestone

consumption, often
as indirect emissions

Cooler

— ﬂ
Cement
Baghouse | | Constituents
- N
]
I\.. Fan AL

Raw Mill

A -
Sl 1

Limestone Quarry ‘ gy B8

-
Crusher

Clinker burning

Calci-
nation

Rotary Kiln

Cement Mills

Clinker

Figure 32 — scheme of cement production and pietcfaCO, emissions categories

On the other hand, the roadmap projections donatide some possible breakthrough products for
the cement sector, which would decreaseg €fissions dramatically, such as:

* NOVACEM cemenmade from MgO (ex silicates) rather than CaOdgabonates)-based ce-
ment, would reduce significantly G@eeds and the product would harden by picking up CO
from the atmosphere, thus opening up the prospatthis cement would be carbon-negative
[*.

» CALERAproposes to mix calcium and magnesium carbonatéshgdroxides, to add brine,
sea water or brackish water and to use the wastiefiten a power station's flue gas and its
CO, content to precipitate carbonates and decreagalbgarbon footprint compared to Port-
land cement®].

» CALIX's cemenis produced by calcinizing dolomite rocks in suigated steam, the resulting
CO, being highly concentrated and easier to captuteiather store’].

* Geopolymer cementsse residues from other industries, concrete wasfleactivates the hy-
draulic properties using alkalis (NaOH or KOBj [

The potential of these solutions to cut emissisnreal but the market share that they can gratl®bg 2
is very uncertain.
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4.4 \Wood

Wood as a material can appear in very differenpebain a wide range of applications. What is writ-
ten here primarily aims to refer to wood as a $tmat material.

4.4.1 Wood has a complex carbon impact

Forests play a major role in our planet’'s carborieyThe biomass contained in our forests and other
green vegetation affects the carbon cycle by rengpwarbon from the atmosphere through the photo-
synthesis process. This process converts carbowddi@and water into sugars for tree growth and re-
leases oxygen into the atmosphere:

lenergy éunligh) + 6H,0 + 6CQ — CgH 1,0 + 60

A substantial amount of carbon can be sequestarfmdst trees, forest litter, and forest soilstbioa

in wood remains stored until the wood deterioratess burned. A tree that remains in the forest and
dies releases a portion of its carbon back intcathn@sphere as the woody material decomposes. On
the other hand, if the tree is harvested and us@daduce a product, this product stores carbotewhi

in use. A piece of wood lumber used in a buildiogstruction sequesters carbon for the life of the
building. At the end-of-life for the constructiowpod might be recovered for re-use in another con-
struction, chipped for use as fuel or mulch, ot $era landfill. If burned or mulched, stored cantis
released when the wood decomposes, in principléheiaeverse process of the photosynthesis.

From an industrial viewpoint Figure 1 can be useddscribe the different components of the green-
house gas profile of woodT:

=

Net sequestration of Gan forests (photosynthesis),

Net sequestration (life-time storage) in products,

Emissions (direct) during manufacturing of product,

Emissions from fiber production (in case of protutbf paper or other fiber based products),
Emissions from non-fiber inputs (indirect processssion),

Emissions (indirect) from purchased electricity,

Transportation emission before and after manufaagyur

Emissions from product use,

. Emissions from end-of-life,

10a. Avoided emissions due to using wood-basedugtedsubstitution),

10b. Avoided emissions due to recycling (for camgtion or fiber production).

© o NOOA~®WDN

To be consistent with the description of other mate we will try to give examples on energy de-
mand and C@effect of the manufacturing of structural wood gwots (Scope | and Scope II, which
corresponds to components 3-4-5-6).

Since this might be relevant for the PACT projéctyill be followed by a short literature review of
component 10a, i.e. the effect of substituting otmaterials with wood as construction material in
society.
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Figure 33: Elements of the forest products indusgigted to its greenhouse gas profile (1).

4.4.2 Energy requirements and C{emissions for structural wood

There are probably large variations in energy dehwepending on location and type of lumber. The
following numbers have been established for twesypf typical wood product&f®*:

- Framing lumber (plane dry lumber),
- Glued laminated timber (glulam).

Framing lumber is the traditional construction mialefor building of houses. A large portion of the
energy demand depends on the drying of the mat@iti@ glued-laminated timber is a structural tim-
ber product manufactured by gluing together indigidpieces of dimension lumber under controlled
conditions. This type of wood construction matedah be used as an attractive architectural and
structural building material.

The total energy use for production of both typésumber consists of purchased energy (fuel and
electricity) and wood based fuel (biofuels). Thstabution between the different energy sources de-
pend on local conditions. The technical developmerthe timeframe to 2050 will consist of im-
proved electricity conservation and fuel efficienye are not aware of any significant technology
shifts why the estimated efficiency improvementraime is estimated to be 25-3093[ Tables 15 &

16 summarize energy and €@f today, and the rough predictions for 2050.

Table 15. Typical energy intensities for the praéucof wood products, and predictions for 2050

GJ/t, Framing lumber Glued-laminated timber
2010 Typical total 7,0 9,0

- fossil + indirect 2-5 4-7

- internal (biogenic) 2-5 25
2050 Estimate 5,0 6,0
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Table 16. Typical CO2 intensities for the productidrwood products, and predictions for 2050

tcoa/tp Framing lumber Glued-laminated timber
2010 Typical total 0.18-0.35 0.22-0.44

- fossil + indirect 0.05-0.08 0.10-0.15

- internal (biogenic) 0.10-0.30 0.10-0.30
2050 Estimate 0.12 0.15

4.4.3 Displacement factors of wood product substitution

A displacement factor can express the efficiencygihg biomass to reduce greenhouse gas emis-
sions, by quantifying the amount of emission reiductchieved per unit of wood use. Usually this is
exemplified by comparing the use of wood producstdad of a cement-based product. The rationale
is to avoid CQ emissions from cement manufacturing and to takeustdge of the mitigation possi-
bilities from forest to end-of-life recovery. This a kind of life cycle analysis / life cycle inveny
approach.

The displacement factors can be defined as tonnegrloon, ¢, of emission reduction peg in wood
product . In case of negative displacement factors, the&Girhissions of wood products are greater
than that of alternatives. In case studies on mgkj the use of wood instead of cement/concraie us

ally leads to displacement factors in the rangé.ofto 3.0 {°°°°". The use of wood instead of steel

leads to lower displacement factors, in some cimstsvor of steel §,°°,%9. The concept of wood sub-
stitution in place of other products in order tduee greenhouse gas emissions requires that forests

are sustainable managed and that wood residuesedeesponsibly.
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45 Glass

45.1 Introduction

This text aims at estimating the energy demandHhermproduction of glass, globally and in the Euro-

pean area. Data have been compiled related torésemt technologies and predictions for the future
are based on the current best available technal@yid sector specific or general estimations of en-
ergy efficiency improvements from now until 2050.

Glass is a uniform amorphous solid material, ugyaibduced when the viscous molten material cools
very rapidly to below its glass transition temperat without sufficient time for a regular crystat-

tice to form. The most familiar form of glass i®thilica-based material (soda-lime-silica glasgdus
for architectural and automotive glazing, containeable glassware, glass wool for heat insulation
and decorative objects.

Producing glass demands a large amount of energijyghstemperatures are needed for melting the
raw materials. Due to its high share of energyymet of product it is usually referred to as anrgge
intensive industry in the literatur& f**).

Glass comes in a range of forms for a range oftioms. The majority of EU-27 glass production in
2007 was in the form of container glass (bottled mms used for preserving and packaging drinks,
food and perfumes among other products), the ptamuof flat glass (principally float glass for
buildings and automotive vehicles in the form oh@ows and windscreens) being about one half of
that of container glass. Another category of gladsvant as a construction and building material is
glass wool (fibrous material mainly used for insigia). The three categories container glass, flggy
and glass wool cover roughly 80% of the currersiltBt glass productior’].

frits special glass

glass wool
1.07 Mt (3%) 0.95 Mt (3%}
I

1.21 Mt (3%)

flat glass
continuous 9.26 Mt (26%)
filament fibres

0.82 Mt (2%)

domestic glass
1.61 Mt (4%)

container glass
21.40 Mt (58%)

Figure 34. Glass production by subsector in the EUZD07 (Schmitz et al, Energy Policy, 2011)

50 29 June 2011



4.5.2 GLASS production
Manufacturing processes
Production of glass involves five main procedures:

* batch preparation / mixing,

e melting,

e forming,

e annealing, and
e finishing.

The two principle kinds ofmixing are wet mixing and batch agglomeration. Glass Veitge silicon
dioxide content is wet mixed. Glasses with higlidlegide are mixed by batch agglomeration.

The type ofmeltingunit employed depends on the quantity and quafitylass to be processed. For
small production and special glass, melting isgrened in pot furnaces or crucibles. In large facto-
ries, a dozen or so pot furnaces may be heatedéycentral furnace. Larger batches are melted in
large covered furnaces or tanks to which heatpglged by a flame. For high quality glass, smalho
tinuous melting tanks are used to process low vekiof material. Large quantities of high quality
glass are melted in continuous regenerative fushéitat recover waste heat from burned gases. Flat
glass furnaces provide a larger amount of qualaggyand are longer than furnaces used by glass con
tainer manufacturers. Although glass tanks are fnggas or oil, supplementary heating with eleetri

ity is commonly used.

After the glass has melted, the molten glass isrtdkom the tanks to thflerming operation, which is
different for each type of glass product. Once fedall glass articles need to be slowly cooledrer
nealed usually in a long oven called “lehr”. The purpadennealing is to reduce the internal stresses
which can crack the glass during cooling. Interstaésses are created because of temperature varia-
tions throughout the piece; different parts of gleess become rigid at different times.

The two types ofinishing processes are mechanical and chemical. Mechanmedgses include cut-
ting, drilling, grinding, and polishing. Chemicaéatments are used to alter the strength, appegranc
and durability of the product. Once finished, ti&sg products are cleaned using several agents, in-
cluding aqueous solvents, organic solvents, anddegadbon or halocarbon solvents.

Product categories
Container glass

Container glass stands in contrast to flat glaseddor windows, glass doors, transparent wallsdwi
shields) and fiberglass (used for thermal insutatmastic reinforcement and optical communication)
Most container glass is soda-lime glass, produgebtldwing and pressing techniques, while some
laboratory glassware is made from borosilicategylabout 95% of the production is used for packag-
ing of food and drinks. The special products forkaaing of pharmaceuticals, perfumes and technical
products are subject to a higher degree of prawgsimpared to standard products. Recycled post-
consumer glass is used in extensive volumes fatymtion of container glass.

Flat glass

Flat glass is typically made by tfieat process. The raw materials used in this procedada silica
sand, soda ash, limestone, dolomite, cullet (piefdsoken glass), and small amounts of other mate-
rials. These materials are proportioned to medticephysical characteristics, mixed, and fed thio
melting tank, where temperatures of about 1,60@HTice the material to glass. Coloring agents may
be added at this time to produce differing degdesansiucence. The molten glass is then fed as a
continuous ribbon from the furnace into a bath altem tin where it floats (glass is lighter than)ti
and is fire polished. The ribbon of glass leavesftbat bath and enters the annealing lehr wheee it
gradually cooled to prevent flaw-causing stres$is.glass is then cut. At this point, the glass tmay
packaged and sent to a customer, immediately sebje¢o further processing, or sent to storage for
inventory or future processing.
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Glass fiber

Glass fiber manufacturing involves the high-tempeeconversion of raw materials into a homoge-
neous melt, followed by the fabrication of this meto glass fibers. The two basic types of gléssrf
products, textile and wool, are created by sinplacesses.

Glass fiber production can be separated into thheses: raw materials handling, glass smelting and
refining, and glass fiber forming and finishing.

The primary component of glass fiber is sand, baiso includes varying quantities of feldspar, so-
dium sulphate, boric acid, and other materialsthim glass melting furnace, the raw materials are
heated and transformed through a series of chemgiaations into molten glass.

Glass fibers are made from the molten glass byobteo methods. In the rotary spin process, which
dominates the fiberglass industry, centrifugal éocauses molten glass to flow through small hales i
the wall of a rapidly rotating cylinder to creatbefrs that are broken into pieces by an air strédra.
flame attenuation process utilizes gravity to fam@ten glass through small orifices to createdtse
which are attenuated, or stretched to the poibredking by hot air and/or flame.

After the glass fibers are created (by either megethey are sprayed with a chemical resin to hold
them together, formed, cured, and packaged.

Glasstypes

The majority of the produced glass volume is of &liahe type, made from silicon dioxide (sand), so-

dium oxide (soda), and calcium oxide (lime). Mokthe container glasses and flat glasses are of thi
type. Boron-glasses contain boron trioxide@B and are used for technical applications wheré hig

chemical resistance and low thermal expansionaesiee Lead oxide gives a crystal glass with higher
density and refractive index which are used foelfiglassware and decorative items.

Table 17 gives the theoretical melting energy lher glasses.
Table 17. Theoretical energy requirements to mémrnt glass types (IPPC 2010)

Theoretical Energy Requirement (GJ/ton)
Soda-Lime Boro-silicate Crystal (lead) glass
Heat of reaction 0.49 0.41 0.40
Enthalpy of glass 1.89 1.70 1.69
Enthalpy of emitted gases 0.30 0.14 0.16
Sum 2.68 2.25 2.25

Recycling

Crushed glass (cullet) can be re-melted and is irsall subsectors of the glass industry. The dse o
cullet substitutes virgin raw materials and savesrgy. As a general rule, the reduction in eneisgy u
is in the range of 2.5 to 3 % per 10% of culféL. [However, the use of cullet can be limited by the
type and color of the glass product made.

4.5.3 Energy demand and C£emissions in glass production

The specific energy of glass production dependsilyean the end product type (i.e. chemical com-
position), the percentage of cullet in the fee@, ¢ffficiency of the processes, and the type ofdoen
[*°. Table 18 summarizes the average specific enesgyof the major unit process steps in glass mak-
ing for three of the primary glass industry segreeilote that actual energy use may vary based on
the chemical composition and the use of cullet.tidgland refining are the most energy-intensive
processes within each industry segment, while bateparation is usually the least energy-intensive
process step.
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Table 18. Examples of reported specific energy wampsion per process in the glass sector (Worrekrgn eff..., 2008)

Average Specific Energy (GJ/ton)
Process step Container Glass Flat Glass Fiber glass
Batch preparation 0.5 0.3 1.1
Melting and refining 6.1 6.9 5.3-6.9
Forming 0.4 1.6 1.6-4.8
Post-forming/finishing 0.7 2.3 1.0-2.1

Batch Preparation

Electricity is used to power the conveyors, crusherixers, hoppers, and bag houses. Average values
of specific electricity use in batch preparationga from 80 kWh/t (0.3 GJ/t) for flat glass to 340
kWh/t (1.2 GJ/t) for fiberglass{.

Melting and Refining

The melting and refining of glass in continuoushAges is the most energy-intensive process step in
glass production. As already described, the thmadanelting energy is in the range of 2.5 GJ/trtdn
ality, however, most modern furnaces consume sagmifly more energy. In general, only about a
third or slightly more of the energy consumed lgoatinuous furnace goes toward melting the glass.
Up to a third of the energy consumed by a furnasel® lost through its structure, while the remain-
der can be lost through flue gases exiting thekgtac

The fuel consumed in melting and refining deperaierhost on the chemical composition and the
share of cullet used, but also on the type of feen@®epending on availability the furnaces can be
fired by natural gas, fuel oil, or other fuelsoiy-fuel is used, electricity is also consumed rtodoice
oxygen. In some sectors of the industry, electedtimy furnaces predominate.

Table 19 summarizes estimates for the specificggnesnsumption of furnaces in each glass industry
segment by fuel and furnace type. Table 19 alsuighes the estimated production output of each fur-

nace type by industry segment, to indicate thetivelgprevalence of each furnace technology in the

United[Q%tates. The numbers for Europe are diffédogniegion and country and on average reported as
lower [].

Table 19. Estimated specific energy consumptiagiiass melting furnace in the U.S. (Worrel, Enerffy.e2008)

Subsector/ Furnace type Aver age Specific Energy (GJ/ton)
SEEEL EC Nat gas | Electricity | Electricity losses | Primary energy
Container Glass
Regenerative 70% 5-11 0.1-0.5 0.6 8.9
Oxy-fuel 30% 3.9-4.6 0.6-0.8 1.6 6.5
Electric boost 15% 3.5-6.3 0.6-1.2 1.8 7.6
Electric melter n.a. - 2.6-3.2 6.1 9.1
Flat Glass
Regenerative 80% 6.5-12|5 0.1-0.6 0.6 9.9
Oxy-fuel 20% 5.0 0.7 1.6 7.3
Electric boost n.a. 5.3-6.6 0.6-1.2 1.8 8.6
Fiberglass Insulation
Electric melter 55% - 3.2-12.6 16.5 24.4
Recuperative 10% 6.3-8.5 - - 7.4
Oxy-fuel 35% 3.6-8.3 - - 5.9

As Table 19 shows, there is a wide variation incdgfgeenergy consumption between furnace types
and even among the same furnace type. Importaatmeders affecting furnace efficiency include the
basic design, size and age of the furnace, thedfgéass being melted, the pull rate, and the tyfpe
fuel used (most furnaces are designed for a spdua#i; using other fuels can reduce efficiency).

Full electric glass melting furnaces are mainlycubg smaller producers, as well as by producers of
specialty glass and fiberglass products.

Forming
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After glass is melted and refined in the furnaceltem glass is passed into the fore hearth whese it
conditioned to a temperature suitable for formiflge molten glass is then formed using any number
of different processes, which depend on the desihegbe of the final product. Natural gas and elec-
tricity are the main forms of energy used in forgiiMost of the electricity is used to drive forming
machines, fans, blowers, compressors, and convelof®rming processes where proper working
temperatures need to be maintained, fuels andielgctire used to control the process heat.

The energy used in forming is highly product degaridenergy use in forming can account for any-
where from 12% (for flat glass) to 34% (for fiberting) of the total primary energy consumed in
glass production. In flat glass production, eledtyiis used to maintain the molten state of thebtith
and to drive rollers. In the production of glassitainers, final form is obtained using either com-
pressed air (blow and blow method) or a combinatibcompressed air and electricity-driven me-
chanical pressing (press and blow method). The ginfiorming processes used in specialty glass
production - press and blow, press-forming, lampaiag, spinning, and drawing - are also electric-
ity-driven. In the production of glass wool, botearicity (for rotary spinners and conveyors) dad

els (for steam blowing or flame attenuation) carcbesumed. Estimates for the average specific en-
ergy use of forming processes in each glass indsstgment are 1.2-2.5 GJ/t for container glass,
about 5 GJ/t for flat glass, and in the broadensyis-18 GJ/t for fibre/woolPf7.

Post-Forming and Finishing

After being formed into its final shape, a glaseduct may be subjected to several different post-
forming and finishing processes, including curimgiitg, annealing, bending, tempering, laminating,
coating, cutting, drilling, and polishing.

Annealing is performed on all glass products exddprs and thin-walled products, such as light
bulbs. Annealing takes place in a lehr (electridassil fuel fired), where the rate of glass coglis
carefully controlled to remove internal stressesnilannealing lehrs are fired with natural gas. An-
nealing process typically consume 25% of the tiiial energy in a glass plant.

After annealing, some flat glass is subjected topiring to improve its strength. Tempering can oc-
cur in either an electric or natural gas-fired fze. Automotive flat glass typically undergoes me-
chanical bending prior to tempering to attain dasbiturvature.

Coatings are applied to glass containers afteatimealing process to improve scratch resistance.
Glass wool fibers are subjected to a curing anihgrgrocess after forming®**3.
Environmental issues

The combustion-based melting process inevitablyuped the air with NOx, SOx and particulates;
emissions of VOC, heavy metals, crystalline silicae particulate and greenhouse gas emissions are
concerns as well. Ever-expanding environmental legigus force the glass industry to find alterna-
tive, cost-effective melting technologies that nmizie energy usage and reduce atmospheric emis-
sions. Advances in glass melting technology mustidesloped for environmental compliance, fur-
nace durability and cost effective production. Castlon regenerative and recuperative-heated fur-
naces must be replaced, modified or equipped tgplomith clean air laws. Techniques to recycle
glass industry wastes and used glass products lmeudeveloped. Melting tanks could be replaced
with smaller, less expensive and more flexible imgltechnologies[].

Direct CG emissions result from process emissions as wdtbasfossil fuel combustion.

Process emissions occur due to the decarbonisattittre carbonate raw material in the process input,
mainly sodium carbonate MaQ;, limestone CaCO3 and dolomite CaMg (0O

4.5.4 Energy requirement and C@emission

Data have been derived from literature. The souroes
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- International Energy Agency IEA]

- Analyses of U.S. glass indust®][

- Analyses of European glass industfy [
- BREF technologies reported by IPP§ [
- Other sources'f,” % 10010110

The energy demand (Table 20) and,@@ission figures (Table 21 & Table 22) are giventpe of
product. In the case of contradictory data, recemhbers and data for Europe has been prefered to
older data, and other regions. The 2010 scope igsoms are calculated with the assumed European
electricity mix of 370 g of Ceper kWh, while the 2050 electric power has loweission factors. To

get a consistent methodology compared to otherrialtethe energy and emission numbers for the
glass sector are shown as Soda-Lime materialsithatsically container glass + flat glass) andaBor
Silicates (that glass wool + minor amounts of téchinglass). The energy intensity in the futurel wil
be influenced by technology development and theathehtor glass. It is foreseen that recycling will
continue to be important and that the current fenycates are maintained. Detailed predictions for
the glass sector have not been found. Thus, thesindis assumed to have the same potential as any
other non-specified industry to improve its elagtyi conservation and fuel efficiency.

Table 20. Energy intensities for the productiomlaiss today, and predictions for 2050

GIltgass Soda-lime Soda-lime Boro-silicate
(cullet * = 5%) (cullet ¥ = 45%)  (cullet ¥ = 55%)
2010 Best performers 7 4.7 7
Sector average 9 7 8
Worst performers 10.5 8.5 20
2050 Sector average 5-7 4-5 5-6

Table 21. Estimated CO2 emission intensities of $am@ glass today, and predictions for 2050

tcodltgass Soda-lime (low cullet 0-5%) Soda-lime (medium-high cullet 45-
50%)
Scope |  Scope II* Scope I+l Scope |l  Scope II* Scope I+l
2010  Sector average 0.75 0.12 0.87 0.50 0.11 0.61
2050  Sector alt | 0.50 0.04 0.54 0.32 0.03 0.35
Sector alt 11 0.50 0.02 0.52 0.32 0.02 0.34

*) Emission factors for Scope Il calculations: 264870 g/kwWh, 2050 alt | = 160 g/kWh, 2050 alt 192 g/kwh.

Table 22. Estimated CO2 emission intensities of ERilioate glass today, and predictions for 2050

tcoz/tgass Boro-silicate (cullet 40%) Boro-silicate (cullet 70%)
Scope |  Scope II* Scope I+l Scope |  Scope II* Scope I+l
2010 Sector average 1.35 0.42 1.77 1.05 0.32 1.37
2050 Sector alt | 1.05 0.14 1.19 0.75 0.10 0.85
Sector alt Il 1.05 0.08 1.13 0.75 0.06 0.81

*) Emission factors for Scope Il calculations: 264370 g/kWh, 2050 alt | = 160 g/kWh, 2050 alt 192 g/kwh.

4.5.5 Production foresight

The global glass production in 2010 is in the omfet40 Mt/y (extrapolated IEA data). Foresights fo
the total global glass manufacturing volume ur@b@ are uncertain, but can be assumed (in analogy
with other materials) to be between two to threees the current production, that is in the range of
280 to 420 Mtly.
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4.6 Plastics
This section is a summary of the document publishesection 6.

It aims at estimating the energy demand for thelgection of plastics, in the European area. Data are
calculated related to present technologies, frota @@m 2007 to 2009, and for the technologies in
play in 2050 when the best practice technologidisbeiwidely used by plants.

The table below summarizes the orders of magnitaderms of energy demand and £émissions
for an average plastic mix.

Table 23. Plastics data on energy needs and COXenis

2010 2050
Procgss Feedstock Cradle to Procgss Feedstock Cradle to
chain gate chain gate
Energy demand (GJ/ton plastic) 23,9 45,6 79,1 21,4 40,7 70,7
CO; (tonfton plastic) 0,46 0,74 2,69 0,31 0,50 1,81

Data are broken down into:

» the process chainshowing direct energy consumption and emissidnth® steps ranging
from the extraction of natural resources (oil, géis¢ production of chemicals intermediates
and the production of the polymer until the plaatey

» thefeedstocldatg which represents approximately the energy coréthe plastics, i.e. its
LHV or LCV. This represents the maximum amount oérgy that can be recovered from
plastic in a combustion process. £#nission values of the feedstock are calculatedredoty
to CO;released by incineration of the post-consumer ip&ast municipal incinerators.

» thecradle to gatedata which are the sum of the direct consumptimh @missions (process
chain), the indirect consumption and emissionsltiegurom energy production and delivery,
plus the transports of intermediates or feedstockie polymer production, and the energy
content of the feedstock.

CO,emissions can also be split into scope | and stdpable 24), for an average plastics mix:

Table 24. Scope | and scope Il CO2 emissions

2010 2050
scope | (tCO2/t) 0,46 0,31
scope Il (tCO2/t) 0,53 0,36

According to the sources used, mainly the 1B [the generalization of the best technologiesht t
whole industrial park would take place at the 2666zon. The best performing technologies mainly
involve the upstream processes in the process elmaimot only the polymer production step, the con-
tribution of which is rather low despite many prepd technical improvementS]. Forecasts project
the application of CHP (Combined Heat and Powedpection), recycling of polymers and process in-
tegration. Moreover, to achieve substantial extrargy savings, novel technologies will have to be
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implemented such as in the production of olefir@ygthylene and polypropylene based plastics), like
a greater use of catalysis and new chemicals s@paygocesses. Bio-based chemicals are an impor-
tant option that should lower G@missions. Others savings should also be dueetestutching, bet-

ter energy efficiency and reduction of direct fuse.

As far as C@emissions are concerned, it is a very challengiager for the plastic industry to reduce
them due to the high share of feedstock contemg, ltlee way for improvement goes through increas-
ing the recycling rate of plastics and the useiofass feedstocks.
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4.7 Summary on the carbon and energy footprints of sttural materials

Table 25. energy consumption of important matesgadtors (GJ/t)
best per- sectoral av-  worst per-

GJit
former erage fomer
SICEIREEN [ntegrated Mill 17.0 18.5 50
EAF mill 35 4.5 30
World average 13.0 14.3 44
SICEIRZSOM Integrated Mill 14.4 15.7 25,0
EAF mill 2.9 3.8 75
World average 7.6 8.58 14.5

Al - 2010 Primary Al 71,0 83,0 95,0
Secondary Al 2,0 5,0 9,0
Total 73,0 88,0 104,0

Al - 2050 Primary Al 59,0 64,0 70,0
Secondary Al 1,0 2,0 2,0
Total 60,0 66,0 72,0

[elEES el Bottles, vessels 4,70 7,00 8,50
Flat 7,00 9,00 10,50
Glass wool 7,00 7,50 20,00
(eI EESE508 Bottles, vessels 4,5
Flat 6,0
Glass wool 50

Clinker - 2010 3,9 6,0
Cement - 2010 3,1
Clinker - 2050 3,25
Cement - 2050 2,5

SESESTE0S Process energy 239
Feedstock energy 45,6
Total energy 69,5
SESEEE0E Process energy 21,4
Feedstock energy 40,7
Total energy 62,1

Table 25 and Table 26 summarize the data on stalahaterials presented in this section, except for
wood, where we have not solved the methodologgsalés related to it which are explained in section
4.4,
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Table 26. CO2 emissions of important material sec{éi: aluminum)

tCO2(eq)lt b;ast per- sectoral av-  worst per-
ormer erage fomer
Steel - 2011 Integrated Mill 1,6 2,3 5,0
EAF mill 0,2 0,6 15
World average 1,2 1,8 4,0
Steel - 2050 Integrated Mill 0,53 0,77 1,67
EAF mill 0,07 0,20 0,50
World average 0,3 0,4 1,0

Al - 2010 Primary Al 3,60 3,80 4,50
secondary Al 0,10 0,30 0,50
scope Il emissions 4,88 5,33 5,88
CFC in CO2(eq) 0,59 0,59 0,59
Total 9,17 10,0 11,5
Al - 2050 Primary Al 2,00 2,20 2,60
secondary Al 0,10 0,10 0,10
scope Il emissions 2,11 2,30 2,54
CFC in CO2(eq) 0,59 0,59 0,59
Total 4,8 52 5,8

(el EES e 0 Bottles, vessels 0,3 0,55 0,70
Flat 0,55 0,74 0,85
Glass wool 0,39 0,48 1,23
(el S0l Bottles, vessels 0,3
Flat 0,5
Glass wool 0,35
Clinker - 2010 0,64 0,96
Cement - 2010 0,45 0,68
Clinker - 2050 0,42 0,64

Cement - 2050

Plastics - 2010 Process emissions 0,46
Feedstock emissions 0,74

Scope Il emissions 0,53

1,73

Plastics - 2050 Process emissions 0,31
Feedstock emissions 0,5

Scope Il emissions 0,36

1,17

The data can be better understood with the follgweimmments:

the energy shown here is the physical energy netededduce the material, sometimes called
energy consumption (this is different from whatcadled primary energy in LCA studies,
where electricity for example is assumed to be peed from fossil energy with a yield of
about 33%).

in the tables, different methodologies have bedgcted for evaluating the various materials,
mainly to make the comparison between them meaumin@ther options are given in the text,
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which may be closer to how each material presésedf:i as the methodologies are to a large
extend left to the expert who makes use of theargetis a wide range of possible results.

* we have presented best performers, sectoral avenagjevorst performers data, whenever
possible. Available data, however, are such thatesof the figures are not comparable. This
is certainly true for worst performers, about whihst materials do not report.

* in the case of steel, we have integrated data baséutegrated mills and EAF steel mills. A
similar approach is followed for all materials, whiare actually recycled to a high enough
level, like aluminum and glass. However, the dads wot easily found to carry this out.

» projections for 2050 have not all been carriedayuta similar basis, so that the figures should
be compared only in a very general way. Thisue tvoth of the assumptions taken for model-
ing 2050 (we have adopted mainly scenarios whikh tan board strong carbon constraints)
and of the set of technologies chosen for produamagerials at this time horizon: some of
them stem from roadmaps, which express a visionhishaot always supported by actual re-
search and development at the level that ougheternigaged now in order to make credible
that such a vision turns into reality, and by mareust and credible projection which assume
simply that on-going programs for development agaithrough technologies will succeed
and then deliver process technologies which wilibed commercially.

» the materials discussed here are essentially veeyse as is their connection with energy and
CO, emissions. Energy is used for heating up raw rizgdée converting them to the final
product by chemical or metallurgical processes,etones melting them. Some materials like
plastics and wood have are embedding energy, feasilgy in the case of non-bio-sourced
plastics for example, which is not easily recovethds the oil that goes into the production of
plastic is to some extend identical to the coat thaised to reduce iron ore. In the case of
plastics we have provided both the process enengg (elated COemissions) and the feed-
stock energ¥: it seems to us that the two should be added hegéd measure the depletion
of natural resources; on the other hand, if a gmas® can be made for recovering this energy
at the end of life of the material, then it shoalslo be taken on board, but this is not the most
likely scenario today.

* we restrained from proposing average figures foodydecause the issue of biomass is ex-
tremely complex and carbon-neutrality cannot bendlor granted, as the on-going discussion
on bio-fuel is showing'fd.

The following figures compare the data between ralte As the data are not exactly comparable, the
results should be read and used with care, i.eenmor qualitative, order-of-magnitude way rather
than in a quantitative one.

19 cO2 emissions of plastics feedstock calculatedtarse of plastics being incinerated. Landfilled éost plas-
tics were not taken into account because we haireasd that their behaviour regarding CO2 emissiorstill
an open issue.
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Figure 35 — energy consumption for producing omedbstructural materials in 2010 and projected?®50
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Figure 36 — specific CQ(equivalent) emissions related to structural miaisrfor producing
and disposing (end of life) of them. Energy-ralagenissions (scope Il) are also included.

Absolute comparisons of energy consumption and éXssions are shown in Figure 35 and Figure
36.

A first order conclusion is that energy needs faking materials differ by an order of magnitude,
mainly due to the thermodynamical need of virginterial production. Metals like aluminum and
steel require more energy than ceramic materidiéctware "easier" to extract from raw materials;
aluminum, which is more electronegative than ino@eds 5 times more energy. Plastics is quite en-
ergy intensive with the analysis that has beeniegyplere, as a kind of worst case but likely saenar
has been assumed whereby the energy of the fekdstased and "lost" (the exergy is fully de-
stroyed).

Now, actual energy consumption differs from thergramical needs, when recycling is taken on
board. Recycling, with realistic recycling ratesjricluded in the steel analysis and in that ofatfer
materials, mainly aluminum and glass, possibly alsstics, which would bring the level of their en-
ergy needs a bit lower, quite a bit lower actuadl050, if the role of recycling is assumed to@ase
as is likely to happen.
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Similar comments can be made regarding €Qissions.
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Figure 37 — comparison between specific energy aopsion in 2010 and 2050 of major structural matésia
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Figure 38 - comparison between specific energy cmpsion in 2010 and 2050 of major structural matésia

Figure 37 and Figure 38 compare the progress #wdt material will accomplish between 2010 and
2050. This is probably somewhat biased, since 2888arios are not fully comparable for each mate-
rial.

Steel comes out as the most virtuous materialrmdenf evolution between 2010 and 2050. This is
partly due to the fact that the authors have dikecwledge about future plans for the sector, while
they had to rely on roadmapping for the other niaerBut, on the other hand, steel is the onlymec
where a program for developing breakthrough tedgiet that address the climate change issue such
as ULCOS {'] exists. And, additionally, that a large switchntmre recycled raw materials has been
taken on board for steel.

At the end of the exercise, one should be warphefquality of the data available in the "data spher
i.e. of whether these data can safely be usedqguaatitative manner. Practically speaking, it i$ no
possible to go beyond a "fuzzy" estimate, to whtod notion of uncertainty does not apply, as the
core issue is rather a matter of what can actlb&lygneasured, understood and disseminated.

This is something similar to the uncertainty prpleiin quantum mechanics: it is intrinsically
not possible to access better data, because thpledty of producing them goes beyond
what can be achieved by the data-producing episterder which our society operates!
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5 Methodological caveats - Life Cycle Thinking (LCT) & Social
Value of Materials and of other commodities and services
(SOVAMAT)

The vision of today's society and the projectidrat tire made for the future depend on holistieat
that are selected explicitly or implicitly for ongiaing discussions and analyses. They are notsnece
sarily intrinsic or universal and ought to be catly discussed.

For example, light-weighing in transport solutidies the future is often mentioned as a necessity
which is taken for granted - including in some watkeady performed in the present project. More-
over, in the transport sector tail pipe emissiomsaacommon standard, even though they neglect the
fact that the car has to be manufactured and thmeteids to be dismantled and its part recycletsat i
end of life, two "life phases" which may amount & much or more footprint that the use phase.

Light weighing is therefore not a robust criterifom making technological choices in the transport
sector!

Life-Cycle Thinking (LCT) has been developed inartb avoid this kind of bias and the SOVAMAT
[ agenda is aiming at one step further, i.e. atding some of the drawbacks of LCT.

Four points are made here:

e point 1: there is a need to include the wholediele in the analysis and not simply the use
phase, to properly and fairly describe the envirental footprint, but most especially €O
emissions (Greenhouse Warming Potential) and gnexg

* point 2: there is a need to take on board tlelahility and scarcity of raw materials, espe-
cially when some new and promising technology appéaat is based on some specific and
rare element

* point 3: the importance of some elements of therenmental footprint is often not appreci-
ated early enough, for example the issue of vellgmarticulate materials that might eventu-
ally lead to the waning of diesel engines, evegifipped with particulate filters.

* point 4: a discussion on recycling is also pr@uhsas this criterion has indeed a robust and
universal appeal, even though it does not necéssdfer much leeway in terms of change
and progress as the idea is not new everywheretlagicdfore has already been implemented
in some existing industries to a very large extend.

The present industrial organization has been st gpnnection with the robustness, expressed over
the historical timeline, of the process technolegised in the various industrial sectors: techrietog
which exhibit this behavior can be called enduriaghnologies that transcend changing economic
paradigms . They last and are used for long periods of tithey accrue a large capital stock and are
only slowly replaced by new technologies, if thiehappens.

Among structural materials, for example, biomatsr{aainly wood), minerals (lithic materials, ce-
ment and concrete) and many metals (copper, ieawl, ltin and their alloys) have been used by man-
kind for longer than the duration of history, whilew materials have appeared at the end of the 19th
or the beginning of the 20th century, like aluminuitanium, magnesium and polymers. Structural
materials have therefore been enduring, have rastgdd quickly and have not been replaced by new
materials in a significant way that would disturiesgy and raw materials budgets at a global scale.

An example of the LC issue — point I°} §an help get the gist of the argument in favoL@f. The
case study is that of a car, where the preserd sfahe art vehicle is upgraded through ecodelsign
using either aluminum in the body-in-white, or higfhength steel; the data come from a full LCA car-
ried out for a car that runs for 120,000 miles #rah is shredded.
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Material production and
Contribution in kg COxeq manufacture incl. EOL re- Use phase Total
cycling
Baseline 1,750 34,821 36,571
Advanced
High Strength Steel 1,487 33,038 34,525
Aluminum 2,557 31,967 34,524

While the use of aluminum decreases the GWP ofuiee phase by about 9% compared to that of
AHSS, there is absolutely no difference as farhasftill-life LCA is concerned: in other words, the
decrease achieved in tailpipe emissions due toialumis completely overcome by the higher foot-
print of aluminum production.

This is an example of the inadequacy of the lighighing paradigm, if it is not analyzed in a fufeél
cycle context.

The issue of material scarcity — point 2 — is gagnattention in relation with the sustainabilityraw
technologies or new materials, a concept that tHeCBmmission is exploring to introduce as a new
regulatory framework known as the sustainable assest of technologied][ an embodiment of the
precautionary principle. The issue can also b&ethin connection with mature materials or energies
oil or natural gas are perfect cases in pointtikeddo on-going discussions on peak oil or peak[gja

There are no outstanding issues due to resourékalziliy of mature materials, but minor materials
do exhibit some. For example, the future of alé&u@ powertrains for automobiles depends on the
availability of platinum for FC cars and of lithiufar electric cars - at least in the short/middents,
until other FC technologies (LCFC? MOFC?) becomeearaitractive than PEMFCs and until other
battery options than ion-lithium become availalfléhey ever do! Most “high-tech” products actyall
rely on some critical material and their future d@he scope of their market can be controlled by the
access to this material (e.g. gallium in LEDs dasoells, germanium in infrared lenses and soddr ¢
concentrators, indium in flat panel displays andtptioltaics, tellurium in solar cells, etc.). Tissue

of handling sensitive waste also comes up in tbigext, for example in the case of low-consumption
light bulbs, which exhibit low energy needs, if dsen a continuous basis, but raise issues about the
way end-of-life should be carried out. All of tkesre classic cases that call for a broad appribeth
balances competing constraints and weighs themmstgeach other.

Point 3 focuses on the fact that a multi-critera@proach is necessary, even if one entry like Géma
Change may be privileged to start the analysisisabe case in this PACT project. Introducing
changes in the technological paradigm and in kij#es is an enormous challenge and proposals for
doing this have to be based on a realistic anabfsike complexity of economy and society. Diesel
fuel cannot be a universal and robust and endyingosal for automotive transport if submicronic
particulate matter ends up behind a major heattheis Electric cars cannot replace ICE cars mas-
sively, if lithium is not available in sufficientugntities, etc.

Recycling is a holistic criterion, standing highr xample in the 3R'$%] or in the Green Chemistry
[1%9 agendas and more generally in Industrial Ecoleggmative principles. Recycling usually means
that secondary raw materials are used insteadraBpy ones, which, usually mean less energy needs,
less GHG emissions, less use of non-renewable nespand less environmental footprint in general:
this is true of many materials, like steel, norrdes metals, paper, glass, some plastics (thermopla
tics in particular).

Recycling is integrated in the value chain of neetéde steel, in as far as specific steel mills dedi-
cated to using scrap to the level of 40% of worlddpiction and operate in the framework of the mar-
ket global economy that prevails for this material.

Now, the proportion of scrap used in today's préiduc(40%) does not represent the recyclability of
steel (100%), or the level at which it is beingyaed at end of life (80%). The discrepancy is tue
the length of the life of steel-bearing producwu@hly, 20 years) and to the dynamic nature of the
steel market. If 80% of the steel produced todayp ibe recycled — a very "safe" projection, théwtv
can be gained from recycling in the future is laditin terms of solutions for cutting emissions: EAF
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production capacity will adapt dynamically to thdra supply of scrap made available when the steel
produced since the beginning of this century "dies"

The proportion of scrap use will increase with timprojections are at 60% in 2050, but when will we
reach a closed-loop society? Not in 2050 and plyssidt until the population reaches its peak and
steel production does as well. The shape of th&spedl be very important to project what happens
afterwards, in terms of the capacity of scrap t@ttiee demand for steel. The most likely conclusion
is that a close loop society, as far as steelns@med, may end up being closed at possibly eRfait
and will reach that level at the end of the cenamy possibly afterward$’[].
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6 Appendices regarding CO, and energy intensity of structural
materials

This section includes small monographs relatedaterals covered in this report, namely: Steel, Ce-
ment, Plastics, or references to this kind of meapl. Aluminum, Glass and Wood are treated in the
core of the text.

It should be stressed here again that the datacted originate from various sources, which do not
exactly follow the same methodologies and thus alocarry the same meaning. Most of reasons for
these discrepancies have been outlined in section 5
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6.1 Steel

Steel is one of the first completely artificial reaals that has to be "extracted" from the envirentn
as it does not exist in a "native" form. This @&réed out byextractive metallurgya concept and a se-
ries of technologies that represent a major breakth in the history (and prehistory) of mankind.
Steel has been extracted from "earths" (ores inemmothnguage), by a high temperature chemical
process which has led, step by step, to the md8lesst Furnace (chemical or metallurgical reduction)

The modern Steel Industry is unique in its corecpsses, because of the specific nature of iron,
mainly its relative abundance on Earth (planet cptanet crust and ores), its high melting point
(1534°C) and the strength of the chemical bond betwiron and oxygen in the major iron ores, which
are oxides. Steel technologies have been usedtiuge other high temperature metals, like zinc,
manganese, nickel, chromium, etc. and not the ethgrround:

Today, there are three process routes to prodeeé st

» the virgin route, based on the reduction of iromsousingcoal as a carbon/reducing agent
source. This is calleBmelting Reduction (SR). The major SR process is Blast Furnace
(BF), the principle of which consists in using pyzed coal ¢oke, i.e. almost pure carbon) as
a reducing agent in a counter flow gas-solid fiked reactor. The modern BF is a sophisti-
cated industrial process, which one of the largbsmical/metallurgical reactors in terms of
power, temperature and output: it is a high teabdpet of modern engineering expertise,
which is highly optimized, in terms of energy comgion in particular. There are other SR
processes, but they do not account for any signifipart of world steel production, such as
COREX, FINEX, HISMELT, etc.hic et nunc. SR produces carbon-saturated iron, called pig
iron or hot metal, which needs to be "refined" iateel (i.e. decarbonized), generated in a lig-
uid state. Steel is then solidified, mainly in@tnuous process called Continuous Casting,
and then rolled or otherwise formed into the shafpine intermediary products (plates, coils,
bars, wires, rails, beams, etc.) that are solchbySteel industry to its customers; this is done
by high temperature plasticity (hot rolling) bus@alby room temperature deformation (cold
rolling, wire drawing, etc.).

» another virgin route, based on the reduction af mees bynatural gas, or, rather, by reduc-
ing gas (syngas) produced by reforming natural fjas.calleddirect reduction. The inter-
mediary products it generates are directly-redypstbts DRI, Direct Reduced IrgnHBI),
which are then melted in an Electric Arc FurnacAKEto produce liquid steel. Then the
processes are the same as in the previous case.

» therecycling or scrap route, based on secondary raw material originating ftberrecovery
of end of life steel. This scrap is melted in &FEhence the name &AF route as opposed
to the BF route, which produces liquid steel disgawhich is then handled by further proc-
esses already described above. This route is hegstenergy intensive (1/4) than the SR and
BF routes, because steel is only heated up ancedpelith no chemical reduction taking
place.

» there are other minor routes, either about to gieap(Open Hearth Furnaces), or very confi-
dential. Interesting as some might be to steebdgpthey do not matter for the present PACT
analysis.

The Steel sector has been fairly original compaoeother material sectors in as far as recycling ha
been carried out for a long time at a very higreldvecycling rate of 85% of more of the materials
artefacts reaching end of life) under economic @, which are mostly handled by market forces
as they create business value. This has led tertion of specific steel mills, once callendni-
mills in contrast to thentegrated steel mills based on BF, which use scrap. These mills compete
with integrated mills rather fiercely, although,eswthe long time, prices equilibrate between the tw
routes to produce steel at roughly the same cost.

The proportion of integrated vs EAF mills is nanply equal to the recycling rate, because theitife-
use of artefacts containing steel varies from wée#ns) to almost a century (buildings). The agera
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life is about 20 years. Today, in the world, thda is 70/30%, while it was 60/40% in the pite@@s
years that took place before the economic explosiothe BRICS countries. Moreover, national
situations differ, depending on historical condigp with large stocks of scrap in countries like th
US, and very small stocks in China, for example.

This will also change in the future. The projectigiven in this report assume that the ratio wibhvim
to 40/60% in 2050.

Much of the further discussion on Steel has beeludted in the core of this report or in a parallel
document ] written at the same time as the present one dnichvean be consulted directly.

6.2 Cement

Cement is the most used structural material invibdd, close to wood, and its importance is even
greater as cement is almost never used alonen lautixture with sand and gravel called concrete.

Cement has its origin in prehistory and was usednsively by Roman architects, for example. It de-
rives from natural materials, although a concepteap was accomplished when the raw materials
were turned into the powder called clinker todayhlgh temperature processes.

The document related to cement is included diréotthe main text.

6.3 Plastics

This part aims at estimating the energy demandG@®@gdemissions for the production of plastics, in
the European area. Data are calculated relateltetpresent technologies and the best practice tech-
nologies are taken into account, with the view toviging the PACT project with information con-
cerning the plastics industry in 2050. Informataerives from roadmaps and professional platforms
as well as from document published by NGO or jolistsaclose to their views .

6.3.1 Definition

Plastic is a general term for referring to a widage of materials, synthetic or semi-synthetianste
ming from organic polymers®,**°*. Polymers (called also resins) consist of londenoles made
up of unit bricks called monomers which are chaitwggtther (Figure 39). The combination of mono-
mers into polymers is done by a chemical reactalled polymerisation.

H H o
| c—-c
—C—C—+ |
H
| | H—C —H
H H !
L Jy H 1s

Figure 39. Example of monomers used for polymedycton (resp. polyethylene and polypropylene).

The word plastic should in reality stand for polysé which are added several additives aimed at
giving useful properties for end use: pigmentsdoioration, stabilizers for resisting time and UA/ r
diations, fillers for enhancing mechanical propestietc.

There are two broad categories of plastic materiakrmoplastics and thermosetting plastics. Ther-
moplastics can be heated up to form products agnl iftthese end products are re-heated, the plastic
will soften and melt again. In contrast, thermgsestics can be melted and formed, but once they
take shape after they have solidified, they stdig smd, unlike thermoplastics cannot be meltedraga
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6.3.2 Brief history of plastics

Compared to metals or other structuring or bulkamals, plastics are recent in the history of mater
als [

The very first synthetic plastic, stemmed fromweke, called Parkesine, was demonstrated in 1862.

The timeline of plastics begins with the discovefyatural precursors such as rubber (Charles Good-
year, 1839), Vulcanite (Thomas Hancock, 1843). Teemi-synthetic plastics came (polystyrene
1839, polyvinyl chloride 1872, viscose 1894...) ahdse were followed by the era of thermoplastics
and thermosetting plastics among which vinyl-PVQ8a,9olyurethanes 1937, industrial polystyrene
1939, polyethylene terephthalate (PET) 1941, highsidy polyethylene 1951, polypropylene 1951,
and textile polyesters 1970. The latest big innovadccurred in 1985 with liquid crystal polymers.

6.3.3 Importance of plastics

The total amount of plastics produced worldwid@@99 was 230 million tonne&'j]. This represents
an increase of 360% since year 1976. Despite ptaatie not bulk structuring materials such as ce-
ment, steel, wood which are naturally within these of the PACT project, these now visible and non
negligible amounts show that plastic is becomirmyik material and should be considered in the pro-
ject (Figure 2). Plastics should be treated, from PACT project point of view, as a material which
bears energy and CO2 related issues.

From a social point of view, it is obvious thatgilas are widely spread in all the industrial sexand

in the every-day life of end-consumers, providingort for engineering other materials and social
services in many sectors (energy, home appliarfehcare, information technologies...); more-
over, some studies tend to show that plastics denmaboth world regions is projected to grow fast i
the century 4.

Moreover, the plastic industry is identified withime five key industries (aluminum, cement, plastic
steel and wood/paper) for which energy demand &d#@ €missions could be substantially abated, by
globally raising the plants to the best practi@ht®logies 1°, 9.

6.3.4 Overview of the plastic industry

The petrochemical sector produces a wide rangeoofugts among which ethylene is the most impor-
tant in volume. It is produced from steam crackafigoil and natural gas and is a precursor in the
polymer chain (Figure 40)
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Figure 40. The Ethylene chain (source IEA)
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Global performance

After a strictly ascending progression for manyrgeghe global plastics production reached 245 mil-
lion tonnes in 2008, and slew down to 230 millionrtes for 2009 as a consequence of the economic
crisis.

Figure 41. World production 1950 - 2009 Figure 42. Geographical share
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Europe and NAFTA together totalize almost halfte global production, followed by China and the
rest of Asia with more than 30%.

Market segments
The plastics flows to end-sectors have been estiiriay IEA '] for the global production and are
shown in Figure 43.

Film/Foil 39

) Hollow articles 19
Packaging (33%) 80 — Caps 6
Other 15

Profiles/Sections 19

. Pipes/Tubes 17
PP (18%) 43 Construction (25%) 60 — el =% 117
PVC (14%) 35 Othert12
LDPE/LLDPE (14%) 35
HDPE/MDPE (12%) 29
PUR (5% 12 i e hood
PS (4%) 10 Vehicles (9%) 23— U"g:rre:be ho?‘éi
EPS (3%) 6 ic equi ‘2 ot
ABS, ASA, SAN (3%) 6 e s
PMMA (1%) 2
Other 1|'|errrn:q':lﬂsiit:A l}';ﬁ?llg i e
Other plastics [16%) 40 Electrical and n“éh :elg:{fd . ;
Eleckonics (7%) 18 IR
Total Plastics 245 Other 5

Furniture (4%) 9
Domestic goods (3%) 7
Agriculture (2%) 6 —» Other 65
Medicine (2%) 6
Others (15%) 36

Figure 43. Estimated plastics flows to final produict the global economy,
based on values referring to years 2003 to 2007.
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These numbers are almost in line with the mosmnte2@09 data from Plastics Europgrelated to the
European market (Table 27).

Table 27. End-sectors share for plastics demartLirope, 2009.

Packaging 40,1%
Building & Construction 20,4%
Automotive 7,0%
Electrical & Electronics 5,6%
Furniture, Domestic Goods, Agriculture, Medicine, Others 26,9%

According also to the same sourék it is interesting to inspect which plastics atared out by end-
sectors as shown in Figure 44.
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Figure 44. Visualisation of the weighting of polysiey main end-use sectors, Europe 2009.

There are five high-volume plastics families; pdhydene, including low density (PE-LD), linear low
density (PE-LLD) and high density (PE-HD)), polypytene (PP), polyvinyl chloride (PVC), polysty-
rene (solid PS and expandable PS) and polyethy@weehthalate (PET). Together, the big five ac-
count for around 75 % of all European plastics deand he most used resin types are polyolefins
(PE-LD, PE-HD, PE-LLD and PP) which account forward 50% of all plastics demand. PVC is the
third largest resin type at 11% (Figure 45)

Others 18% PE-LD, PE-LLD 17%

PUR7% PE-HD 12%

PET &%

PS, PS-E 8%
PP 19%

PVC 1%

Figure 45. European plastics demand grouped bynrgges, 2009 situation.
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Previous data are useful for classifying the ptasfiroducts according to end-sector view and poly-
mer/resin view, so that it can help to decide whach the most important data to retrieve within the
scope of the present study. As PACT project wi# ksy drivers for estimating plastics demand, part
of the answer could be given by such classificatidocial services described in PACT should drive
the demand.

6.3.5 Energy demand for plastics production

M ethodology adopted
Calculations have been derived from the followiagadsources:
- BPT (Best Practices Techniques), from IEX][
- BAT (Best Available Techniques), from IPPC Europd |
- Current average technologies:
* A study on petrochemical key processeq |
* the polymer Eco-profiles from PlasticsEurop@|[
* the Ecoinvent databas€]
Have been taken into account:
- the process final energy demand (direct energywuopson of the polymer production chain)

- the Cradle to Gate aspect which gives values f@mtioduction from primary resources (oil,
natural gas) up to the polymer manufacturing plant.

This double point of view is useful because it desitto compare the respective weights of the de-
mand due to the processes themselves and the esralmpdied in the polymers used as physical mat-
ter which depletes natural fuel resources.

Energy demand profile

A group of results are carried out , representirigo&f the European polymer production. Data are
mainly broken down into:

- the main polymer manufacturing processes

- the life cycle view of the polymer production rositg.e. from primary resources to the deliv-
ery of the polymers at the plant gate).

The total energy demand, as well as the CO2-eqnvamissions (COZ2e), is calculated at the Euro-
pean global level of production, based on the 2@®&ence year. Considered are the process direct
consumption and emissions, the cradle to gate @mesthe total feedstock which will end its life by
incineration, landfilling, or recycling.

Average current technologies
The process chain is composed of:

» upstream steps which are oil extraction and refinsteam cracking, precursors gases, high
value chemicals and feedstock that will be tramaat into monomers

» the polymerization process itself which producegmers from monomers.

The cradle to gate view gives the total energy dehvehen all consuming processes and activities are
accounted for: oil and gas beneficiation, energysamed for fuel production, transport, energy bear-
ing chemicals used as feedstock, direct consumpfiemergy by the processes in the chain.
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The polymers which are considered in the presemtysare representative of more than 80% of the
European production. They are likely the most usdatie market and are the following, with their re-
spective production share:

* polyolefins class polymers, polyethylene low, lindaw, high density, and polypropylene
(47%)

» polyvinyl chloride PVC (11%)

* polystyrene PS (8%)

» polyethylene terephthalate PET (8%)

» polyurethanes PUR (7%)

» polyamides PA, nylons 6 and 66, (3%)

» polymers based on styrene, butadiene and acrylerBS, SAN (3%)
» Urea formaldehyde resin based polymers UF (2%).

The production shares above are from PlasticsEwtatistics 9, except for PA, ABS, SAN which
are estimated from data retrieved ][

Table 28. Energy consumption and GWP broken dowprnpeess activities, per cradle to gate view, aed feedstock
content.

Europe, current technologies, 2007 production.

Production Upstream Polymerisation| Whole Process  ..gstock Cradle to gafe
covered step chain
87% 966 PJ 127 PJ 1093 PJ 2081 PJ 3612 AJ

21 Mt CO2e 34 Mt CO2 123 Mt CO2

19}

The total energy demand (cradle to gate) adds @61@ PJ of which 2081 PJ are feedstock deriving
from oil or natural gas. The feedstock rolled-irigy is the theoretical energy that could be recave
using polymers as fuel. More precisely, the ratiedstock to cradle to gate varies from 34% (pokyure
thanes) to 72% (polypropylene). The energy consudiexttly by the chain of all the processes for
polymers production amounts to 1093 PJ, represgfess than one third of the total cradle to ghte.
comparison, the direct energy used by the polyragda processes is ‘only’ 127 PJ. Finally, the up-
stream direct consumption amounts to 966 PJ raguitom the difference: the process chain minus
the polymerization step.

Concerning the contribution of plastics producttorclimate change, emissions of greenhouse gases
have been accounted for, respectively on the p&imeradle to gate and process chain (direct GHG
emissions from the processes). The total amou@H® emitted within the cradle to gate frontiers is
123 Mt CO2-equivalent, of which 21 Mt stem fromedit process emissions. Concerning the CO2
emissions from feedstock, the value shown corredptmthe quantity of plastics burned in a Munici-
pal Solid Waste (MSW) incinerator, supposing albca content turns into CO2. No credit is given
here for eventual energy recovery at the MSW ineitee. The share of burnt plastics amounts to
31,5% and is drawn from¥]

One can hence understand that major ways to dimithis energy demand in the plastic industry
should be expected in the upstream activitiesfubkuse efficiency, and the fate of feedstockrat e
of life of the products. Section x discusses theseges.

The results above give an approximation of theggnand GHG per unit of mass for a plastics ‘mix’,
based on the current technologies:
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Table 29. Energy demand and emissions per toresfiplmix.
Feedstock emissions are here supposed to be prddiyciacineration in MSW.

Process Feedstock Cradle to

chain gate
Energy demand (GJ/ton polymer) 23,9 45,6 79,1
GWP (ton CO2e/ton polymer) 0,46 0,74 2,69

On average, current technologies need 79,1 Gbpgeetof plastic of which 23,9 are consumed in the
process chain as final energy. The process chalingstly responsible for almost one sixth of tbtat
cradle to gate emissions.

Best practicestechnologies (BPT)

According to IEA and other studie¥ | *,'*], best practices technologies are expected by roktre
following actions:

- increased use of CHP (combined heat and power ptiod) with benefits including energy
efficiency and CO2 emissions abatement,

- process integration at site level, including adyattse of waste heat and closer use of by-
products as raw materials,

- application of a new range of technologies (novefio production processes, separation
processes, bio-based plastics and CCS). This vematle reduction of energy demand as
well as CO2 emissions at process level. Also, $uglching to biomass or biopolymers is en-
visaged.

- recycling and energy recovery. Presently, aftetudeephase, the major part of plastics is land-
filled (voluntary action) or dispersed in the nat(fatality, or individual and industrial behav-
ioural issues). The European context seems mocedhle than the World situatitin com-
pares both case¥.

Table 30. Compared end of life for plastics, Eurapd World situations.

Landfilled or lost Recycled Energy recovery
Europe 50,4% 20,4% 29,2%
World 86,7% 8,3% 25%

Indicatorswith BPT

Table 31 compares data retrieved on energy usebgihavailable techniques, best practices, current
technologies and worst performers, at process [@adymerization step, gate to gate). The aim would
have been to estimate the energy need for polymoetuption, assuming that the BAT or BPT are
working at 2050 horizon.

M Numbers show only the order of magnitude becaasfdund do not refer to the same year of prodnctie.
2007 (source PlasticsEurope) and 2004 (source IAjeover, the European data are part of the Wataitd,
hence the World situation apart from Europe is everst.
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Table 31. Data on best, average, and worst techiedo@PPC, IEA)

Average cur-
Bel‘:’,tpiAT rent tg?:f\znolo- Worst IPPC BF;EO(LSA
gies
LDPE 2,59 5,94 1,4
LLDPE 2,09 3,20 2
HDPE 2,05 3,38 1,9
PP n/a n/a 1
PVC 2,7 4,10 2,3
PS n/a 1,80 0,9
PET n/a n/a 48
PUR n/a n/a n/a
PA n/a n/a n/a
ABS/SAN n/a n/a n/a n/a

These data raise two problems:

- not all data are available at process level,

- there is an incoherence between the IPPC BAT amtEA BPT, the latter showing lower
valued®

An explanation could be that given by IEA and engited by others'{’?2'29: there is a lack of sta-
tistical consistency between countries in the dgdim of energy and non-energy use, and sometimes
feedstock and process energy can not be sepatateacass or plant level. Other reasons are linked
anti-trust issues or limitations to statisticaladahd site energy integration.

Thus, for estimating the energy demand globallytparof plastics (an average mix of plastics), we
use aggregated data from IEAT at the process chain level, from cradle to atend based on
worldwide BPT.

The methodology adopted is the following:

« IEA [ has defined an energy improvement potential émnes major countries representing
the energy gain obtained by transiting from curpgactices to BPT, at the process chain level
for the global chemical and petrochemical indudtrilas to be noticed that the most of the
BPT take place on the upstream activities (nat@sdurces benefication and production of in-
termediate chemicals).

* We assume that the improvement potential can bkedpas well to the polymer chain pro-
duction as it is for the whole chemical and peterattal industry, and that the European pro-
duction of polymers can be given an improvemenéxioy averaging the European countries
having been reported (Table 32): Germany, NethdslaRrance, United Kingdom, and Italy
which totalize an important share of the Europesodpction. The improvement potentials
provided by IEA are:

12 Average current values are those of IPPC 2006 \afraitable, otherwise taken from Neelis’ study [[L19
13 Indeed, the BAT should represent more modern tlolgies than BPT, although they are often not yeven
at industrial or economical scale.

4 Only for direct energy use, not including impatenergy production (electricity, oil and gas egtian and
transports).

75 29 June 2011



Table 32. Improvement potentials of energy dematidation
for some European countries producing polymemsnfiEA (2007).

Reported energy use BPT calculated energy use I mprovement potential

(PJ) (PJ)
Germany 1157 1044 10,0%
Netherlands 618 508 18,0%
France 654 582 12,0%
United Kingdom 490 460 6,0%
Italy 389 365 6,0%
3308 2959 10,6%

* We also assume that the improvement index canfeaed to the cradle to gate range in-

cluding primary energy (electricity production, aitd gas extraction, transports).

Concerning the CO2 emissions, a similar index heenbset up by IEA which considers the CO2
abatement when BPT are applied to the processete(3a). According to IEA', it shows the total
direct emissions for the key chemical and petrocb@immajor producing countries in Europe. The
improvement potential reflects the €&avings from fuel switching as well as reductiatsch result
from improved energy efficiency if its use was lthea BPT. Doing the same as for energy, we esti-

mate that some assumptibhsan be used for inferring these values to therpehyproduction.

Table 33. Improvement potentials of CO2 mitigatimnsbme European countries
producing polymers, from IEA (2007).

Mt CO2/referenceyear | mprovement potential

Germany 46,8 38%
Netherlands 22,7 23%
France 24,3 30%
United Kingdom 19,4 29%
Italy 10,1 45%
123,3 32,8%

Under the assumptions above, after applying theageeimprovement potentials on energy and GWP,

the figure becomes (Table 34):

Table 34. Best performing indicators for energy eathand GWP per ton of plastic mix.
Feedstock emissions are here supposed to be prddiyciacineration in MSW.

Average Improvement Process chain Feedstock Cradle to gate
potential
10,6% energy demand (MJ/t 21,4 40,7 70,7
32,8% GWP emissions (tCO2jt) 0,31 0,50 1,81

Table 35 shows the CO2 emissions for scope | anjolesit.
Table 35 . Energy demand per scope

2010 2050
scope | (tCO2/t) 0,46 0,31
scope Il (tCO2/t) 0,53 0,36

15We have here to equate €é€missions with CQ as the IEA source does not consider other coringgases

to the GWP.
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